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Abstrakt

V ramci lest severni polokoule je pozar povazovan za piirozenou soucast dynamiky zejména
v mediterannich ekosystémech a boredlnich lesich a nové¢ také v temperatnich lesich Severni
Ameriky. V ptipad¢é temperatnich oblasti stiedni Evropy byl vSak ekologicky vyznam pozara
pro lesni ekosystémy tradicné piehlizen 1 pfes jejich relativné casty vyskyt, zejména
v nékterych oblastech a lesnich typech. Pficinou tohoto pfehlizeni nejsou specifické prirodni
podminky stiedni Evropy, ale spiSe tradi¢ni pfistup lesnické ekologie, ktery v uvahach o
fungovani lesnich spolecenstev nebere v potaz vliv disturbanci a striktné vyclenuje vliv
Cloveka z ptirodnich procest jiz od jeho prvopocatkli. Tento pfistup vedl k soucasnému
nedostatku studii o vlivu pozaru na vegetaci a zakonitostech vyskytu pozari v krajing.
Hlavnim cilem této prace bylo objasnit ekologickou roli pozari pro stiedoevropské lesni
ekosystémy se zaméfenim na borové lesy, pti¢emz tizemi Ceské republiky bylo vyuZito jako
modelova oblast pro Sir$i geograficky region.

Kapitola 1 se zabyva prostorovou analyzou vyskytu lesnich pozara v Ceské republice.
Zjistili jsme, ze vyskyt pozard v této kulturni krajiné je fizen piedevsim faktory prostiedi,
zatimco frekvenci pozarii ovliviiuji zejména lidské faktory, které jsou nej€astéjSim zdrojem
pozarl. Identifikovali jsme tak v krajiné oblastizvlasté nachylné k pozarim, které se
vyznacuji pfedev§im vysokym podilem jehlicnatych lesi v nizSich nadmotskych vyskéch,
Clenitosti terénu a vyskytem propustnych piid. Typickym ptikladem takovychto oblasti jsou
piskovcova skalni mésta severozapadni ¢asti Ceské republiky.

Kapitola 2 je zamé&fena na konkrétni piskovcovou oblast, NP Ceské Svycarsko.
Pouzili jsme kombinaci soucasnych lesnickych dat a hodnot koncentrace uhliki v pide k
porovnani faktorii, které ovliviiuji vyskyt pozari na desetileté¢ a tisicileté Skale. Vysledky
obou analyz si odpovidaly. Vyskyt pozari nejvice ovliviiovaly topografické faktory,
konkrétné index tepelného pozitku a vétsi zastoupeni skal. DalSim dilezitym faktorem bylo
zejména zastoupeni borovice, zatimco lidské faktory mély pouze okrajovy vliv. Vzhledem k
tomu, Ze topografické faktory jsou v Case neménné, dospéli jsme k zavéru, Ze poZary se
vyskytovaly na podobnych k pozarim nachylnych stanovistich pfinejmensim od Subatlantiku.
Na téchto lokalitdich se tak mohla béhem tohoto obdobi vyvinout vegetace podminéna
pravidelnym vyskytem pozart. Vysledky téchto analyz byly také pouzity pro vytvoreni
predikce pozarového rizika pro tizemi NP Ceské Svycarsko.

Kapitola 3 se zabyvd vyzkumem spontanni, 192 let trvajici sukcese vegetace
poloptirozenych borti ¢tyf piskovcovych oblasti po pozaru. Cilem vyzkumu bylo zjistit, jak
jsou tyto lesy rezistentni a resilientni k pozaru a jak intenzita pozaru a dalsi faktory prostredi
ovliviiuji dynamiku vegetace po poZzaru. Zjistili jsme, Ze rezistence stromového patra zavisi na
intenzité pozaru a jeho druhovém slozeni, zatimco i pozary nizké intenzity zpusobily vyrazné
zmeény druhového slozeni podrostu. Bory projevily znac¢nou resilienci k poZarim, coz vedlo
k rychlé obnové pokryvnosti vSech vegetacnich pater a podobného druhového slozeni jako
pfed poZarem po pfiblizn€ 140 letech. Zaznamenali jsme kontinualni posun od pocate¢niho
hojného vyskytu semendckt borovice a pionyrskych druhl listnaclh smérem k vySSimu
pomérnému zastoupeni zmlazeni stinumilnych a pozaru citlivych druhti dfevin. Proto se
pozary vyskytujici se s frekvenci nejméné jednou za 200 let zdaji byt faktorem udrzujicim
borové lesy v piskovcovych oblastech temperatni stfedni Evropy.

Tyto vysledky naznacuji, Ze vyskyt pozart ve sttedoevropské krajin¢é podléha podobnym
zakonitostem jako v jinych oblastech svéta, kde je pozar povazovan za nedilnou soucast
dynamiky lesnich ekosystémi. Pozar se navic zda byt dileZitym faktorem, ktery ovliviioval
podobu stiedoevropskych lest v dlouhodobém horizontu, coz se tyka alespon nékterych
lesnich typti a oblasti.



Abstract

Within the Northern Hemisphere, wildfires 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 of wildfire for forest ecosystems has been traditionally marginalised despite
documented frequent wildfire occurrence and existence of fire-prone forests. Apparently, the
reason of this rooted attitude does not lie in the specific environmental conditions of Central
Europe, but more likely in the traditional forest ecology approach, which generally does not
consider the effect of disturbances on the shape of vegetation communities and strictly
excludes human activity from natural processes since its beginnings. This attitude resulted in
the lack of knowledge about local vegetation-wildfire 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 forest ecosystems with a focus on Pinus sylvestris forests 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 of wildfire in this cultural landscape is controlled
mainly by the environmental factors, while wildfire frequency is driven mainly by human
factors, the most common ignition trigger. However, wildfire frequency was driven also by
the density of cloud-ground lightning strikes. We traced naturally fire-prone areas in the
landscape, which are determined mainly by a high proportion of coniferous forests in lower
altitudes, ruggedness of the relief and occurrence of drainable soils. Striking example of such
areas are the sandstone “rock towns” of the North Western part of the Czech Republic.

Chapter 2 is focused on one of such “rock town” areas in the Bohemian Switzerland
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 scales. The results of both analyses corresponded with the main driving factors of
the wildfire incidence being topographic features, namely the heat load index and presence of
rocks. An additional important factor was especially the Pinus sylvestris abundance, while
human factors were of marginal importance. Since the topographic factors were stable over
the time, we concluded that wildfires, regardless whether of human or natural origin, have
been occurring in similar fire-prone habitats at least since the Subatlantic period which could
result on such sites in the development of fire-adapted 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 years lasting spontaneous post-fire vegetation
development of semi-natural Pinus sylvestris forests 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 the post-fire vegetation dynamics. We found that the 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 to pre-fire stands after about 140 years. We
noticed a continuous shift from initial prevalence of the regeneration of Pinus sylvestris and
broad-leaved pioneer species towards higher proportional abundance of shade-tolerant and
fire-sensitive tree species. Thus, periodic wildfires occurring at least once in 200 years seem
to be a factor maintaining Pinus sylvestris forests in temperate sandstone landscapes.

These results indicate that 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, wildfire turned out to be an important factor shaping
Central European forest vegetation in the long-term, at least within certain regions and forest

types.



Uvod

Obecny viiv pozaru na lesni ekosystémy

Pozar je prikladem disturban¢niho faktoru, ktery ovlivituje lesni ekosystémy celého svéta
(Engelmark 1987; Pausas et Vallejo, 1999;. Skre et al., 1998; Podur et al., 2003). Plsobeni
pozaru, podobné¢ jako jiné disturbancni vlivy, doCasn¢ snizi biomasu vegetace a zméni lokalni
biotické a abiotické podminky (Agee, 1998; Lloret et al., 2005). Na rozdil od jinych typi
disturbance, pozar eliminuje nizké a citlivé druhy ve prospéch druhti, které¢ jsou schopné
piezit nebo zmlazovat na spaleniStich a pifimo ovliviiuje chemické, fyzikalni a biologické
vlastnosti pudy (Agee, 1998; Lloret et al., 2005). Pozar na rozdil od vétrnych disturbanci
snizuje mnozstvi lesniho opadu, coz je nasledovano rychlym uvolnénim Zzivin (Uotila et al.,
2005) a obnazenim mineralni pidy. Vitr poSkozuje hlavné vzrostlé stromy, coz uvolni zivotni
prostor spodni etazi stinomilnych stromt. Pozary naopak ptednostné poskozuji podrost, ktery
je pak obvykle nahrazen zmlazenim svétlomilnych dievin (Sinton et al., 2000). U¢inek
disturbance vSak zavisi na jeji intenzité. A tak se vliv pozari muze lisit od totalniho
odstranéni porostu v ptipad¢ korunovych pozari az po povrchové pozary nizké intenzity,
které téméf nenarusi porost (Baird et al, 1999; Weisberg, 2004). Pravidelné pozary mohou
proménit ekosystémy v "pozarovy klimax", v némz dominuji pozaru adaptované druhy
(Meeker et Merkel, 1984).

Globalni vyskyt poZaru a stiredoevropska perspektiva
V ramci lest severni polokoule je pozar povazovan za ptirozenou soucast dynamiky zejména
v mediterannich ekosystémech a borealnich lesich Severni Ameriky a Eurasie (Agee, 1998;
Engelmark, 1993; Skre et al., 1998; Pausas et Vallejo, 1999) a stale castéji také v
severoamerickych temperatnich lesich (Abrams, 1992, Odion et al., 2004, Sturtevant et al.,
2004; Hoss et al., 2008; Flatley et al, 2011; Brose et al., 2013). Specifické lesni formace,
podminéné Castym vyskytem pozard, jsou tzv. pine barrens, temperatni borové doubravy na
piscitych pidach severovychodniho USA (Boerner, 1981; Scheller et al., 2011). V ptipade
temperatnich oblasti sttedni Evropy byl vSak ekologicky vyznam poZart pro lesni ekosystémy
tradicné prehlizen (Clark et Merkt, 1989; Ellenberg, 1996; Tinner et al., 2005; Stdhli et al.,
2006; Niklasson et al., 2010) a poZar byl vniman jen jako neblahy produkt lidské ¢innosti
zcela nesouvisici s pfirodnimi procesy. Proto bylo toto téma v ekologickych studiich
tykajicich se stfedoevropského regionu témét opomenuto.

Dutvody pro takovyto postoj k pozarim neni nicméné snadné identifikovat. Nekteré
Casti severoamerického temperatniho regionu, odkud pochéazi cetné ekologické studie
zaméiené na pozary, maji podobné klima jako stfedni Evropa (Peel et al., 2006). Proto klima
sttedni Evropy zfejm¢ nebude hlavnim divodem. Stfedoevropsky postoj k pozaru spise
souvisi s mistni lesnicko-ekologickou tradici, kterda obecné neuvazuje vliv disturbanci na
dlouhodobé¢ slozeni vegetacnich spoleCenstev (Falinski et Falinska, 1986; Korpel, 1995;
Splechtna et al.,, 2005). DalSim divodem muize byt pomérn¢ husté lidské osidleni a
dlouhodoby land-use v tomto regionu spojeny se silnym ovlivnénim pfirody, ve srovnani s
napf. Severni Amerikou nebo borealni Eurasii (Angelstam et Kuuluvainen, 2004). Listnaté
lesy, které jsou potencidlné nejrozsifenéjSim klimaxovym vegetacnim typem stfedni Evropy
(Chytry, 2012), jsou obecné vnimany jako nehotlavé. Prestoze listnaté lesy jsou vskutku méné
hotlavé nez lesy jehlicnaté (Clark et Royall, 1996; Moreira et al., 2001; Sturtevant et al.,
2004; Parisien et al., 2011), k pozaru mize dojit 1 tam (Corona et al., 2014; Ascoli et al.,
2015). V disledku toho se pomérné casty vyskyt pozarG v soucasnych po generace
pestovanych jehli€natych lesich nedostal do ekologickych tvah vzhledem k jejich
nepfirozenosti. Na vyssi zastoupeni jehlicnani v ,,pfirozenych® lesich i1 niZSich poloh je vSak
poukazovano v nejnovéjSich paleoekologickych studiich (Novék et al., 2012, Bobek, 2013,
Abraham, 2014). Dal§i mozny diivod tradi¢niho ptehlizeni lesnich pozarii ve stfedni Evropé



ve srovnani se situaci v napt. Severni Americe by mohl byt rozdil v typickém priibéhu pozart
v jehli¢natych lesich. Lesni pozary v Severni Americe se Castéji projevuji jako spektakularni
korunové pozary velké intensity, zatimco v Eurasii pfevazuji povrchové pozary nizké
intenzity, které zfidka dosahnou do korun stromti. Tento fakt vSak nijak nesouvisi s klimatem,
ale spise s rozdilnymi pozarné-adaptivnimi strategiemi jehli¢natych dievin téchto kontinenti
(Rogers et al., 2015).

At tak ¢i onak, pozar byl v posledni dobé popsan jako diilezity proces také ve sttedni
Evropé, konkrétné v alpskych regionech (Delarze et al., 1992; Tinner et al., 1999; Stéhli et al.,
2006; Miiller et al., 2013; Valese et al., 2014) a v hemiboreélnich borovych lesich jizni Litvy
a vychodniho Polska (Marozas et al., 2007; Niklasson et al., 2010; Zin et al., 2015).
Statistické tidaje o lesnich pozarech v Evropé¢ ukazuji, Ze v soucasnosti se pozary vyskytuji ve
sttedni Evropé pomérné Casto, podobné jako napi. v jiznich castech severskych statt.
(www.eea.europa.eu/publications/european-forest-ecosystems, strana 43).

Ptestoze pozary jsou piirozenym jevem, hlavni pfi¢inou vzniceni v osidlené krajiné
byla jiz od svych pocatka lidska aktivita (Niklasson et Granstrom, 2000; Vanniére et al.,
2008; Molinari et al., 2013). Stejn& tak naprosta vétiina soucasnych lesnich pozart v Ceské
republice, hlavni oblasti této prace, je zpisobena lidmi. Z ro¢niho priméru cca 1200 lesnich
pozari je 69% zpusobenych lidmi, 30% vzniklo z nevysvétlenych pficin a 1,4% jsou zapaleny
uderem blesku (Kula et Jankovska, 2013). Vzhledem k tomu, ze vliv ¢lovéka je dlouhodobou
a integralni soucasti stfedoevropské krajiny, je tfeba piijmout i lidmi zplsobené pozary jako
faktor, ktery formoval stiedoevropské lesy v pribéhu holocénu, podobné jako v jinych
oblastech (Tinner et al., 1999; Abrams et Nowacki, 2008).

Vzhledem k témto skute¢nostem se diivod tradi¢ni negace ekologické role pozaru ve
sttedoevropské krajin€ zdéd byt spiSe zaleZitosti socio-kulturni paméti (Le Goff, 1992), nez
objektivnim dusledkem specifickych ptirodnich podminek ve stiedni Evropé¢.

Vyskyt pozaru v krajiné

Prostorové rozlozeni vyskytu pozaru v krajin€ zavisi na antropogennich a environmentalnich
faktorech, jako je klima, topografie a vegetace (Cardille et Ventura, 2001; Yang et al., 2007,
Avila-Flores et al., 2010). Frekvence pozart je obecné vysSi v suchych podminkach, na
konvexnich mistech terénu a na jizné€ orientovanych svazich a klesé s rostouci vlhkosti, napf.
smérem k polim, s rostouci nadmoiskou vyskou a oceanitou klimatu (Angelstam, 1998; Skre
et al., 1998; Pew et Larsen, 2001; Futao et al, 2016). Lidské faktory mohou vice nebo méné
zasttit vliv prostfedi (Flatley et al., 2011; Zumbrunnen et al., 2012), ale na druhou stranu,
prostorové rozlozeni i lidmi zplGsobenymi pozary miize byt siln€ zavislé na faktorech
prostfedi (Pew et Larsen, 2001).

Charakteristika lesni vegetace je jednim z nejdulezitéjsich faktord ovliviujicich vyskyt
pozaru, nebot’ ptimo ovlivituje kvalitu a mnozstvi paliva (Bessie et Johnson, 1995; Krawchuk
et al., 2006; Fang et al., 2015). Pozéary se vyskytuji s vétsi pravdépodobnosti v jehlicnatych
lesich nez v listnatych, coZ plati ve Stfedomoii, v temperatnich i borealnich oblastech (Diaz-
Delgado et al., 2004, Sturtevant et al., 2004, Parisien et al., 2011). V euroasijské borealni z6né
jsou pozary asociovany pievazné s borovymi lesy (Engelmark 1987, Tanskanen, 2007).
Borovice lesni roste obvykle v su$Sich podminkach, produkuje pryskyfiény a snadno
vznétlivy opad a starSi porosty maji pomérné fidky zapoj umoziujici vysychani hrabanky
(Lecomte et al., 2005). Zaroveii ma n€kolik uzplisobeni k pozarim: tlustou kiru; hluboky
kofenovy systém; odvrhovani spodnich vétvi; rychly rist a schopnost regenerace na
otevienych mistech s mineralni pidou (Agee, 1998; Rogers et al., 2015). Pravidelné pozary
tak mohou udrZovat borové porosty i na mistech, kde by jinak ptevladly jiné druhy dievin
vzhledem k edafickym podminkdm (Engelmark, 1987; Angelstam, 1998; Gromtsev, 2002).
V temperatni sttedni Evrop€ se jehli¢naté lesy prirozené vyskytuji také (napt. Bendel et al.,



2006). V Ceské republice je vyskyt ptirozenych (dubo-) borovych lest, tzv. reliktnich bort,
bézn¢ omezovan na mista s edaficky neptfiznivymi podminkami pro jiné druhy dfevin, jako
jsou skalni vrcholy nebo extrémné zivinové chudé a propustné pidy. Vétsi plochy ptirodé
blizkych borti na zivinové chudych substratech jsou dnes povazovany za obdobu boreo-
kontinentalnich bort vzhledem k jejich podobné fyziognomii a druhovému slozeni (Novak et
al., 2012, Chytry, 2012). Nejvétsi region takovychto borti se nachdzi v severozapadni Casti
Ceské republiky na piskovcovém podloZi. Soudasny vyskyt pozara v této oblasti je vyrazné
castéjsi (Kula a Jankovska, 2013) a recentni paleoekologické prizkumy zde potvrdily
kontinualni vyskyt pozart a borovych uhlikli v pribéhu celé¢ho holocénu (Pokorny a Kunes,
2005; Abraham, 2006; Novak et al., 2012; Bobek, 2013). Tyto skute¢nosti naznacuji, ze tyto
ekosystémy byly ovliviiovany opakujicimi se pozary v dlouhodobém horizontu. Nicméné
otazka, zda pozary mohly hrat dilezitou roli v dynamice a dlouhodobém vyvoji téchto lesi,
podobné¢ jako napft. v severoamerickych pine barrens nebo euroasijskych boreélnich lesich, a
piispé€ly tak k zachovani reliktnich borti az do soucasnosti, nebyla dosud uspokojivé vyfesena.

Cile prace

Cilem této disertaéni prace je objasnit ekologickou roli pozari v lesich na uzemi Ceské
republiky, slouzici jako modelovy prostor pro $irsi sttedoevropsky region. Prace je zaméfena
na borové lesy Ceskych a némeckych piskovcovych oblasti, kde se pozary vyskytuji napadné
Casto. Vyhodou této oblasti je také koncentrace chranénych pfirodnich oblasti, coz mi
umoznilo pozorovat vliv pozaru na polopfirozené lesni ekosystémy na plochach bez lesnické
intervence po pozaru.

Zajimalo mé zejména:

1) Které faktory ovliviiuji vyskyt pozara ve sttedoevropské krajin¢ na rtiznych geografickych
skalach?

2) Je prostorové rozmisténi pozaru v kulturni krajin€ ovlivitovano vice antropogennimi nebo
environmentalnimi faktory?

3) Jaké faktory prosttedi vymezuji v krajin€ oblasti ptfirozené nachylné pozarim?

4) Jaky maji pozary vliv na vyvoj a druhové sloZzeni vegetace borovych lest piskovcovych
oblasti?

5) Jak jsou tyto lesy resistentni a resilientni k pozarové disturbanci?

6) Je pozar dulezitym faktorem podminujicim zachovani reliktnich bord ve stiedoevropské
krajiné?

Hlavni vysledky prace

Kapitola 1: Faktory ovliviiujici vyskyt poZari v kulturni krajiné stfedni Evropy

V této studii jsme se zabyvali faktory ovliviiujici prostorové rozmisténi lesnich poZart v
krajiné Ceské republiky. Konkrétné jsme se zaméfili: Na srovnani vlivu environmentalnich a
antropogennich faktori na prezenci a frekvenci pozari na celorepublikové Skéle a v ramci
zvoleného, pozaru nachylného regionu v severozapadni ¢asti Ceské republiky; zjisténi vlivu
hustoty bleskii na vyskyt pozarh; zjiSténi oblasti se specifickymi pfirodnimi podminkami
podporujicimi vyskyt pozari. Pouzili jsme 15985 zdznamt lesnich pozari zahrnujici 12 leté
obdobi a snaZili jsme se objasnit jejich vyskyt s vyuzitim GIS vrstev antropogennich,
topografickych, klimatickych a vegetacnich faktort. Dilezité¢ faktory jsme identifikovali
pomoci GLM a metody hierarchical partitioning. Zjistili jsme, Ze na presence pozaru mély
vliv pfedev§im environmentalnimi faktory, kdezto frekvence pozari byla fizena hlavné
lidskymi faktory, zejména hustotou obyvatelstva. Identifikovali jsme pfirodni podminky
podporujici vyskyt pozarti v krajin€é: vyS$i zastoupeni borovice, smrku a bfizy v nizSich
nadmotskych vyskach, Clenitost reliéfu a vyskyt propustnych pud. Ptikladem krajiny, kde



vSechny tyto faktory interaguji, jsou piskovcova skalni mésta. Ve vybrané oblasti, kde
takovéto podminky pirevladaji, byl vliv environmentalnich faktor na vyskyt pozara jesté
vyrazngj$i, nez na celorepublikové urovni. Frekvence pozarti v mistnich, pozaru nachylnych
borovych lesich byla ovlivnéna také hustotou bleskii s pozitivnim nabojem. Kombinace
podminek podporujicich vyskyt pozart s dostupnosti zdrojii vzniceni pravdépodobné vedla k
rozvoji mistnich pozarem podminénych ekosystému.

Kapitola 2: Lesni pozary v temperatni krajiné: Dekadni a tisicileta perspektiva v
piskovcové oblasti stiedni Evropy

V této studii jsme zjistovali, zda mé piskovcova krajina NP Ceské Svycarsko kontinualni
dlouhodobou historii vyskytu pozari a zda je prostorové rozlozeni vyskytu recentnich i
davnych pozart fizeno stejnymi faktory prostiedi. Pouzili jsme soucCasnd lesnicka data z
obdobi 1974-2008 a pedoantrakologicky ptistup k odhaleni pozarovych udalosti v dne$ni
krajin¢ a v davné minulosti. Jako vstupni data jsme pouzili digitalizované lokalizace
soucasnych pozari a pidnich sond s naméfenymi hodnotami koncentrace pudnich uhlikd a
GIS vrstvy topografickych, vegetaénich a antropogennich faktort. Casovy rozsah
analyzovanych davnych pozart byl odhadnut na 0 - 3.500 let BP podle '*C datovani 14
uhliki. Soucasny vyskyt pozarit byl analyzovan ve vztahu ke vSem dostupnym faktorim
pomoci metody ENFA, koncentrace pidnich uhlikii byla analyzovana pouze ve vztahu
k Casové neménnym topografickym faktorim pomoci linearni regrese. Vysledky analyz
koncentraci pudnich uhlikd byly konzistentni s vysledky ze soucasnych lesnickych dat.
tepelného pozitku a pfitomnost skal. Dalsim vyznamnym faktorem bylo zejména zastoupeni
borovice lesni. I ptes to, Ze je tato oblast osidlena a turisticky atraktivni, antropogenni faktory
jako blizkosti vesnic, turistickych tras a silnic mély pouze marginalni vliv na vyskyt pozara.
Vysledky ukézaly, ze pozary se vyskytovaly na podobnych stanovistich nachylnych k
pozarim, jako jsou vyvySené skalni ploSiny a jihozdpadni svahy, piinejmenSim od
Subatlantiku. Vegetace takovych mist, v soucasné dobé hlavné polopfirozené porosty
s dominanci borovice lesni, tak musela byt ovliviiovana periodicky se opakujicimi pozary po
tisicileti.

Kapitola 3: Dlouhodoby vliv poZiri na temperatni borové lesy: Dynamika vegetace a
resilience ekosystému.
V této studii jsme se zaméfili na polopfirozené borové lesy Cctyf stiedoevropskych
piskovcovych oblasti. Zjistovali jsme schopnost téchto lesti spontanné regenerovat po pozaru.
Sledovali jsme konkrétné vyvoj druhového sloZeni a rozmanitosti vegetace, roli intenzity
pozaru pro dynamiku vegetace, schopnost jednotlivych druhti devin pfezit pozar a zajimalo
nas také, zda poZary mohou pfispét k pietrvavani borovych lesi v téchto oblastech. Nase
studie byla zaloZena na kvantitativni analyze vegetacnich dat sebranych v designu space-for-
time substitution. Zaznam vegetace probihal na spontanné regenerujicich spalenistich, starych
od 1 do 192 let po pozaru. Takové Casové rozpéti ndm umoznilo odhalit kompletni sukcesni
trajektorii a posoudit, jak jsou tyto lesy rezistentni a resilientni k poZaru, vzhledem k intenzité
disturbance a ve smyslu ¢asu potfebného k navratu vegetace do stavu pied pozarem.
Rezistence stromového patra zavisela na druhovém sloZeni a intenzité poZzaru.
Druhové slozeni lesniho podrostu naproti tomu bylo siln€ ovlivnéno 1 pozary nizké intenzity.
Lesy byly v8ak k pozaru resilientni, coZ vedlo k rychlé obnovée pokryvnosti v§ech vegetacnich
pater a navratu k podobné druhové skladbé¢ jako pied pozarem cca po 140 letech. V ranych
sukcesnich stadiich pfevladalo zmlazeni pionyrskych druhti listnaci a borovice lesni, ale v
prubéhu vyvoje porostu jsme zaznamenali kontinualni posun smérem k vyS$Simu zastoupeni
zmlazeni stinomilnych a zaroven k pozéaru citlivych druhd dievin. Pozéary vyskytujici se



s frekvenci alesponl jednou za 200 let jsou tak pravdépodobné faktorem, ktery udrzuje lesy
s dominanci borovice lesni v temperatnich piskovcovych oblastech stfedni Evropy.

Zavér

Vyskyt pozarti v kulturni krajing Ceské republiky ovliviiuji antropogenni i environmentalni
faktory. Faktory prostiedi fidi hlavné nachylnost stanovisté k pozartim, zatimco lidské faktory
ovliviiuji zejména frekvenci pozari. I na tak hust¢ osidleném tzemi neni vliv
environmentalnich faktorti, v€etné¢ hustoty bleskli jako potencidlniho pfirozené¢ho zdroje
vzniceni, zcela potladen lidskymi faktory. Tento vysledek ukazuje, ze vyskyt pozari se ve
sttedoevropské krajin€ fidi stejnymi zakonitostmi jako v jinych oblastech svéta, kde je
pozarova ekologie dobfe zavedenym védeckym odvétvim. Podminky prostiedi piirozené
podporujici vyskyt pozarti jsou vsak v ramci sttedni Evropy omezeny spise jen na konkrétni
oblasti. Tyto podminky zahrnuji zejména vyskyt jehlicnatych lesti v nizsich nadmoiskych
vyskach a Clenity reliéf s vyskytem propustnych ptid. Zamétime-li se na mista, kde se takové
podminky vyskytuji vice ¢i méné ptirozené, pak jsou napadnym piikladem takovych oblasti
nachylnych k pozarim piskovcova skalni mésta s vysokym podilem borovych lesii. NaSe
studie, zaméfend na jednu z téchto piskovcovych oblasti, do zna¢né miry potvrdila tyto
vysledky a jesté vice zdlraznila vliv environmentélnich faktort na vyskyt pozari v tomto
Clenitém terénu. Tyto vysledky byly konzistentni i ve srovnani mezi dvéma c¢asovymi
Skalami. Vysledky vegetacni terénni studie v borovych lesich piskovcovych oblasti pfispéla k
pochopeni mechanismu, jak pozar muze v naSich podminkdch udrzovat lesy s ptevahou
borovice lesni v dlouhodobém horizontu. Tyto vysledky jsou srovnatelné s jiz znadmou,
pozarem fizenou dynamikou euroasijskych borealnich lest, navzdory odliSnym druhiim
interagujicim v téchto ekosystémech. Tyto vysledky naznacuji, Ze 1 v temperdtni stiedni
Evrop¢ muze byt pozar dilezitym faktorem formujicim lesni vegetaci v dlouhodobém
méftitku, alespoil v ptipad€ urcitych oblasti a lesnich typil. Pfijmeme-li lidskou pfitomnost,
hlavni zdroj vzniceni pozard, jako dlouhodobou a nedilnou soucést stiedoevropské krajiny,
pak neni diivod pro dal§i marginalizaci vyznamu pozarQi pro pfirozené k pozaru nachylné
ekosystémy.



Introduction

General effect of wildfire on forest ecosystems

Wildfire represents a disturbance factor that shapes forest ecosystems worldwide (Engelmark,
1987; Pausas and Vallejo, 1999; Skre et al., 1998; Podur et al., 2003). Similarly to other types
of disturbance, its activity temporarily reduces vegetation biomass and changes local biotic
and abiotic conditions (Agee, 1998; Lloret et al., 2005). In contrast to other disturbances
types, fire eliminates low and sensitive species in favour of species that are able to survive or
regenerate in burned places and directly affects chemical, physical and biological qualities of
the soil (Agee, 1998; Lloret et al., 2005). 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. Wind blows down mainly large mature trees while shade-tolerant understory
trees are released. By contrast, fire preferentially destroys understory which is usually
replaced by the regeneration of light-demanding tree species (Sinton et al., 2000). However,
the immediate effect of a disturbance depends on its severity. Thus, the impact of fire varies
from totally stand-replacing crown fires to low-severity surface fires which do not almost
disrupt the tree canopy (Baird et al., 1999; Weisberg, 2004). Periodic fires can shift the
ecosystems towards “fire climax” dominated by fire-adapted species (Meeker and Merkel,
1984).

Global wildfire occurrence and the Central European perspective
In the context of forests of Northern Hemisphere, wildfires are considered to be an integral
part of natural dynamics mainly in Mediterranean ecosystems and boreal forests of North
America and Eurasia (Agee, 1998; Engelmark, 1993; Skre et al., 1998; Pausas and Vallejo,
1999) and increasingly also in Northern American temperate forests (Abrams, 1992; Odion et
al., 2004; Sturtevant et al., 2004; Hoss et al., 2008; Flatley et al., 2011; Brose et al., 2013).
Specific forest formations dependent of frequent wildfire occurrence are the pine barrens, a
temperate pine-oak forests on sandy soil of North Eastern USA (Boerner, 1981; Scheller et
al., 2011). By contrast, the ecological role of wildfire for temperate Central European forest
ecosystems has been traditionally omitted (Clark and Merkt, 1989; Ellenberg, 1996; Tinner et
al., 2005; Stéhli et al., 2006; Niklasson et al., 2010) and wildfire has been there perceived just
as an adverse human product without any relevance to natural processes. Therefore, this topic
has been almost left out from ecological studies of the Central European region.

However, the reasons for this attitude towards wildfire seem to be a complex matter.
Part of the temperate Northern American region of numerous fire ecology studies has similar
climate to those of the Central Europe (Peel et al., 2006). Thus, the climate of the Central
Europe does not seem to be an important reason. The Central European wildfire perspective
can more likely be related to the local tradition in forest ecology which generally does not
consider the effect of disturbances on the shape of vegetation communities (Falinski and
Falinska, 1986; Korpel, 1995; Splechtna et al., 2005). The other reasons can be relatively
dense human population and long-lasting land-use associated with strong influence of natural
vegetation and processes, compared to e.g. Northern America or boreal Eurasia (Angelstam
and Kuuluvainen, 2004). The broadleaved forest, hypotetically the most widespread climax
vegetation in Central Europe (Chytry, 2012), is commonly perceived as non-fire-prone
vegetation type. However, even though broadleaved forests are generally less fire-prone than
coniferous (Clark and Royall, 1996; Moreira et al., 2001; Sturtevant et al., 2004; Parisien et
al., 2011), wildfires can occur there as well (Corona et al.,, 2014; Ascoli et al., 2015).
Consequently, relatively frequent occurrence of wildfires in recent man-made coniferous
forests did not get into the consideration of ecologists due to unnaturalness of these forests.
The other possible reason of traditional overlooking of wildfires in Central Europe in
comparison with e.g. Northern America could be the pattern of typical wildfire behavior in
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coniferous forests. Forest fires in Northern America exhibit more likely as spectacular high-
intensity crown fires, whereas in Eurasia prevail low-intensity surface fires that rarely reach
tree crowns. It has not been explained by different climate but more likely by different fire-
adaptive strategies of the coniferous tree species (Rogers et al., 2015).

Either way, wildfire has been recently recognized as an important process also in
Central Europe, namely in Alpine regions (Delarze et al., 1992; Tinner et al., 1999; Stéhli et
al., 2006; Miiller et al., 2013; Valese et al., 2014) and in hemiboreal Pinus sylvestris forests of
Southern Lithuania and Eastern Poland (Marozas et al., 2007; Niklasson et al., 2010; Zin et
al., 2015). The statistics on forest fires in Europe indicate that wildfire recently occurs in the
Central Europe relatively frequently, similarly to e.g. southern parts of Northern countries.
(www.eea.europa.eu/publications/european-forest-ecosystems, page 43).

Although the forest fire is a natural phenomenon, the main cause of ignition in
populated landscapes has been, since its beginnings, the human activity (Niklasson and
Granstrom, 2000; Vannic¢re et al., 2008; Molinari et al., 2013). Equally, overwhelming
majority of recent forest fires in the Czech Republic, a main study area of this thesis, is caused
by humans. From annual average of about 1200 forest fires, 69% are human-caused, 30% are
of unexplained causes and 1.4 % are ignited by the lightning strike (Kula and Jankovska,
2013). Since human influence has been long-lasting and integral component of Central
European landscape, it is necessary to consider even human-caused fires as a factor shaping
Central European forest vegetation through the Holocene period, similarly like in other
regions (Tinner et al., 1999; Abrams and Nowacki, 2008).

Considering these facts, the reason of the traditional negation of the ecological role of
wildfire in Central European landscape seems to be mostly a matter of socio-cultural memory
(Le Goff, 1992) rather than an objective result of specific Central European natural
conditions.

Patterns of the wildfire occurrence in the landscape

The spatial distribution of the wildfire occurrence in the landscape depends on anthropogenic
and environmental factors like the climate, topography and vegetation (Cardille and Ventura,
2001; Yang et al., 2007; Avila-Flores et al., 2010). Wildfire frequency is generally higher in
dry conditions, on convex terrain sites and south-facing slopes and it decreases with
increasing humidity, e.g. towards poles, with raising altitude and oceanity of the climate
(Angelstam, 1998; Skre et al., 1998; Pew and Larsen, 2001; Futao et al., 2016). Human
factors can more or less obscure the effect of environment (Flatley et al., 2011; Zumbrunnen
et al., 2012) but on the other hand, spatial distribution even of human-caused wildfires can be
strongly dependent on environmental factors (Pew and Larsen, 2001).

Forest vegetation characteristics is one of the most important drivers of wildfire
occurrence, as it directly influences the quality and load of the fuel (Bessie and Johnson,
1995; Krawchuk et al., 2006; Fang et al., 2015). Wildfires occur more likely in coniferous
forests than in deciduous, correspondingly in Mediterranean, temperate and boreal regions
(Diaz-Delgado et al., 2004, Sturtevant et al., 2004, Parisien et al., 2011). In the Eurasian
boreal zone, wildfires are associated mainly with Pinus sylvestris forests (Engelmark, 1987;
Tanskanen, 2007). Pinus sylvestris grows usually under drier conditions, produces resiny and
easily flammable litter and its mature stands form a relatively sparse canopy allowing the
ground layer to dry out (Lecomte et al., 2005). At the same time, it possesses several fire-
adaptation traits: a thick bark; a deep root system; self-pruning of lower branches; fast growth
and an ability of regeneration in barren places with mineral soil (Agee, 1998; Rogers et al.,
2015). Regular fires can thus maintain pine stands also in places where other tree species
would otherwise prevail due to site conditions (Engelmark, 1987; Angelstam, 1998;
Gromtsev, 2002).
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In temperate Central Europe, the conifer-dominated forests occur naturally as well
(e.g. Bendel et al., 2006). In the Czech Republic, the occurrence of natural pine(-oak) forests,
so-called “relic pinewoods”, is commonly supposed on sites with edaphically unfavorable
conditions for other tree species, like rock tops or extremely nutrient poor and drainable soils.
Larger areas of semi-natural pine-dominated forests on nutrient poor substrates are nowadays
considered to be an analogy of boreo-continental pinewoods due to their similar physiognomy
and species composition (Novék et al., 2012, Chytry, 2012). The largest region of such pine
forests is situated in North Western part of the Czech Republic on sandstone bedrock. Present-
day wildfire occurrence in this region is markedly frequent (Kula and Jankovska, 2006) and
recent palacoecological surveys confirmed local continuous occurrence of wildfires and Pinus
sylvestris charcoals through whole Holocene period (Pokorny and Kunes, 2005; Abraham,
2006, Novak et al., 2012; Bobek, 2013). These facts indicate that such ecosystems have been
influenced by recurrent wildfires in the long-term. However, the question whether the fire
disturbance could play an important role in the dynamics and long-term development of these
pine forests, similarly to e.g. American pine barrens or analogous Eurasian boreal forests, and
contribute thus to preserve ,,relict pinewoods* until recent, still remains unresolved.

Aims of the thesis

The aim of this dissertation thesis was to clarify the ecological role of wildfire in forests of the
Czech Republic as a model area for broader Central European region. The main focus of the
thesis was pointed towards conspicuously fire-prone Pinus sylvestris dominated forests of
Czech and German sandstone region. The great advantage of this region was also the
concentration of protected natural areas, what enabled me to observe the effect of wildfire on
relatively preserved forest ecosystems and without post-fire forestry intervention.

Specifically, I asked:
1) Which factors influence the wildfire occurrence in the Central European landscape on
various geographical scales?
2) Is the spatial pattern of wildfire occurrence in the cultural landscape driven more by
anthropogenic or natural environmental factors?
3) Which environmental factors define the naturally fire-prone areas in Central European
landscape?
4) How does wildfire influence the development and species composition of the vegetation of
Pinus sylvestris dominated forests of sandstone regions?
5) How resilient and resistant are these forest to wildfires?
6) Is wildfire an important factor conditioning the persistence of “relict pinewoods” in Central
European landscape?

Main results / List of publications

Chapter 1: Adamek, M., Jankovska, Z., Hadincova, V., Kula, E., Wild, J. Drivers of Forest
Fire Occurrence in the Cultural Landscape of Central Europe. Manuscript

In this study, we aimed to reveal the factors influencing the spatial distribution of forest fires
in the landscape of the Czech Republic. Specifically, we aimed to compare the role of
environmental and human factors for wildfire occurrence and frequency on the country scale
and within selected fire-prone region of North Western part of the Czech Republic; to
examine the role of lightning strikes for the wildfire incidence; and to trace the areas with
specific naturally driven fire-prone conditions. We used 15985 forest fires records covering
12 years period and explained their occurrence by GIS layers of human, topographic, climatic
and vegetation composition factors. We detected important factors using GLM and
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hierarchical partitioning methods. We found that wildfire presence was controlled mostly by
environmental factors, while wildfire frequency was strongly driven by human factors,
especially by the population density. We identified the naturally driven fire-prone conditions
in the landscape, which consisted mainly of higher abundance of Pinus sylvestris, Picea abies
and Betula spp. in lower altitudes, ruggedness of the relief and occurrence of drainable soils.
An example of the landscape type, where all these factors interact, are the sandstone “rock
towns”. In the selected region, where such conditions are prevalent, the effect of
environmental factors on wildfire incidence was even more pronounced than on the country
scale. Wildfire frequency in local fire-prone Pinus sylvestris forests was driven also by the
density of lightning strikes of positive polarity. The combination of the fire-prone conditions
with the availability of ignition triggers probably leaded in the development of local fire-
dependent ecosystems.

Chapter 2: Adamek, M., Bobek, P., Hadincova, V., Wild, J., Kopecky, M. 2015. Forest fires
within a temperate landscape: a decadal and millennial perspective from a sandstone
region in Central Europe. Forest Ecology and Management 336, 81-90

In this study, we asked whether there is the continuous long-term fire history in the sandstone
landscape, the Bohemian Switzerland National Park, and whether spatial distribution of recent
and ancient wildfires is driven by the same environmental factors. We used a combination of
contemporary forestry data from the period of 1974-2008 and pedoanthracological approach
to reveal wildfire events in the present-day landscape and in the distant past. As the input
data, we used digitalized locations of recent wildfire occurrences and soil probes with
measured soil charcoal concentration and GIS layers of topographic factors, forest
composition and anthropogenic factors. The time span of analysed ancient wildfires was
estimated as ca. 0-3500 years BP by '*C dating of 14 charcoal particles. The recent wildfire
distribution was analysed with all available factors using the ENFA method, the soil charcoal
concentration was analysed in relation to temporally stable topographic factors only, using the
linear regression. The results of the analyses of soil charcoal concentrations corresponded
with contemporary forestry data. The main driving factors affecting the wildfire incidence
were topographic features, namely the heat load index and presence of rocks. Additional
important factors were forest composition features, especially the abundance of Pinus
sylvestris. Even though the landscape is populated and attractive to tourists, present-day
anthropogenic factors like the proximity of villages, tourist paths and roads had only marginal
effects on wildfire occurrence. The results indicate that fires have been occurring in similar
fire-prone habitats, namely the elevated rock plateaus and South Western slopes, at least since
the Subatlantic period. The vegetation of such sites, which is recently represented mostly by
semi-natural Pinus sylvestris dominated stands, thus has to be influenced by recurrent
wildfires for millennia.

Chapter 3: Adamek, M., Hadincova, V., Wild, J. Long-term effect of wildfires on
temperate Pinus sylvestris forests: vegetation dynamics and ecosystem resilience. Under
review in Forest Ecology and Management

In this study, we focused on semi-natural forests dominated by Pinus sylvestris in Central
European sandstone regions. 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 resist fire, and asked
whether wildfires can contribute to the preservation of pine-dominated forests in the region.
Our study took a space-for-time substitution approach based on a quantitative analysis of
vegetation data collected in spontaneously regenerating burnt forest plots of post-fire age
ranging from 1 to 192 years. This time span allowed us to reveal the complete successional
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trajectory and to assess how resistant and resilient the forests are to fire in terms of severity of
damage and time needed to return to the pre-fire state.

The 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. All study stands displayed structural and 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. In early post-fire phases, broad-leaved
pioneer species and Pinus sylvestris regeneration prevailed, but during stand development,
there was a continuous shift towards stands with higher proportional abundance of more
shade-tolerant and fire-sensitive tree species. Periodic wildfires occurring at least once in 200
years thus seem to be a factor maintaining forests dominated by Pinus sylvestris in temperate
sandstone landscapes.

Conclusion

The wildfire occurrence in the cultural landscape of the Czech Republic is driven by both
human and natural environmental factors. Environmental factors determine the fire-proneness
of a site while the human factors have stronger impact on wildfire frequency. Even in such a
densely populated country, the effect of the environment including the lightning density as a
potential driver of natural ignitions was not totally overridden by human factors. This result
indicates that wildfire occurrence in Central European landscape is subjected to similar rules
like in other parts of the world, where fire ecology is a well-established scientific line.
However, naturally driven fire-prone conditions are within Central Europe restricted to
specific regions. Such conditions encompass namely the prevalence of coniferous forest in
lower altitudes and rugged relief forms with drainable soils. When we focus on places where
such vegetation occurs more or less naturally, the sandstone landscapes with high proportion
of pine forests emerge as a striking example of such fire-prone area. Our study that focused in
detail on one of the sandstone regions largely confirmed the results from the country scale and
even more emphasized the driving effect of environmental factors on wildfire occurrence in
this rugged landscape, which was consistent also across temporal scales. The vegetation field
study conducted in pine forests of sandstone regions provided an insight into the mechanism
how wildfire can preserve local pine-dominated forests in the long run. These results are
comparable with the well-known fire-driven dynamics of Eurasian boreal forests despite
different species that interact in these ecosystems. These results indicate that even in
temperate Central Europe wildfire can be the important factor shaping forest vegetation in the
long-term perspective, at least within certain regions and forest types. When one accepts the
human presence, a major source of wildfire ignitions, as a long-term and integral part of
Central European landscape, then there is no reason for further marginalization of the wildfire
importance for naturally fire-prone ecosystems.
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