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Abstrakt

Naruseni hraji nezastupitelnou roli v dynamice lesa tim, ze ovliviluji strukturu a
druhové slozeni lesa. Nicméné role disturbanci v lesich stfedni Evropy je do soucasnosti
malo probadanou oblasti navzdory diilezitosti, kterou tyto znalosti maji pro hospodateni
V lesich. Tato prace se zabyva dendrochronologickou analyzou historického vyvoje,
historie a rezimu narueni horského smrkového lesa na Sumavé. 24 studijnich ploch
bylo rozmisténo ve starych porostech horskych smréin Sumavy, které se v soucasnosti
rozpadly na rozséhlych plochach. Na studijnich plochach byly ziskany zakladni udaje
popisujici strukturu porostu a navic byly odebrany vyvrty nejméné z 35 kmenti na kazdé
plose. Letokruhové série byly pouzity pro rekonstrukei historického vyvoje porostu a
vyskytu historickych naruSeni v prostorovém métitku od jednotlivého stromu az po
krajinu. Na pfiristovych sériich byly hledany udalosti, které indikuji historicka
naruSeni: 1) nahlé, setrvalé a vyrazné zvySeni ptirGstu (uvolnéni z potlaceni) a 2) rychly
pocatecni pfirtist (stromy vzniklé v otevienych podminkach porostni mezery). Silna
naruSeni, ktera odpovidaji mortalité¢ vice nez poloviny stromil, byla identifikovana
V historii vSech analyzovanych porosti. To znamend, ze porosty, které se v soucasnosti
rozpadly, vznikaly po podobnych narusenich v minulosti. Historicka silnd naruSeni se
vyskytovala predev§im pied 130 — 230 lety v obdobi 1780 — 1880. Nejrozsahlejsi
disturbance se vyskytla kolem roku 1820 a narusila vice neZ polovinu studijni oblasti.
NaruSeni byla synchronizovana napti¢ celym pohofim a mezi vzdalenymi lokalitami.
VétSina rekonstruovanych naruseni byla vysvétlitelnd zndmymi historickymi vichficemi
a gradacemi lykoZrouta smrkového. Dosli jsme k zav€ru, ze pfirozena naruseni (véetné
rozsdhlych, silnych a malo castych naruSeni) pfispivaji k Siroké variabilité
sttedoevropskych horskych smrcin. Udrzitelny management lesi by mél zahrnout
popsany rezim naruseni a jeho biologické dopady, protoze mnoho druht je na téchto
ptirozenych strukturach zavislych. Popsané vyvojové trendy po disturbanci mohou
navic pomoci pii predpovidani budouciho vyvoje porostii, které se rozpadly

V soucasnosti.
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Abstract

Disturbances play a major role in shaping forest structure and composition. Despite the
importance of the knowledge to forest management, their effects on forest ecosystems
in central Europe are poorly understood. Using a dendrochronological approach, this
research investigates the past development, disturbance history and disturbance regime
of the old mountain Norway spruce (Picea abies) forest in the high elevation Bohemian
Forest of the National Park and Protected Landscape Area Sumava. A total of 24 study
plots were established across the old mountain spruce stands in Bohemian Forest, which
were recently broken-up in large extent. Stand structure data was measured and
increment cores were collected from at least 35 stems for each plot. Tree ring
chronologies were used to reconstruct past stand development and disturbances across
scales, from individual trees up to a landscape scale. Growth series were surveyed for
events indicative of past tree mortality: 1) abrupt, sustained and rapid increases in
growth (releases from suppression), and 2) rapid early growth rates (gap origins). High-
severity disturbances, defined as the indication of dieback of at least half of tree
population in a given period, were identified in the history of all stands. This finding
indicates that stands that were severely broken-up recently were established after similar
disturbances in the past. The most severe disturbance periods occurred 130 — 230 years
ago during the period of 1780 — 1880. The most extensive disturbance occurred around
the year 1820 and affected more than half of the study area. The disturbances were
synchronized across whole mountain range. Most disturbances were explained by
known historical windstorms and bark beetle outbreaks. We conclude that disturbances,
including large, high-severity and low-frequency disturbances, contribute to the broad
range of variability of central European mountain spruce forests. Sustainable
management strategies should therefore incorporate disturbances of various severities
and their biological legacies, as many species likely depend on them. In addition, the
development trajectory of stands following stand-replacing disturbance, as described
here, can be used to predict future development of recently disturbed stands.
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1. Uvod

Druhé polovina dvacatého stoleti pifinesla zasadni zménu v chdpani dynamiky
vegetace a potazmo piirozenych lest (White, 1979; Wu and Loucks, 1995). Pivodni
predstava byla reprezentovana napiiklad teorii klimaxu a popisovala pfirozeny les jako
vysoce stabilni samoregulujici se entitu (Clements, 1916). V tomto pojeti byly
disturbance chépany jako vzacné udalosti, které iniciuji sukcesi sméfujici ke klimaxu.
Teorie klimaxu byla zavrzena na zéklad¢ zjisténi, Zze vékova, druhova a prostorova
struktura lesa je v dominantni mife formovana variabilnimi typy naruseni (Henry and
Swan, 1974; Oliver and Stephens, 1977; Pickett and White, 1985; Johnson and
Miyanishi, 2007) a Ze existuji typy krajin, ve kterych les v dasledku rozsahlych
naru$eni nedosahuje rovnovazného stavu ani na velkych prostorovych Skalach (Turner
etal., 1993).

Prestoze znalosti o charakteru (tj. struktufe a dynamice) pfirozenych lesi jsou v
soucasnosti pomérné dobré v Severni Americe, ve stfedni Evropé jsou stdle znacné
neuplné z nekolika divodi. Zaprvé, ptirodni lesy (nebo dokonce krajiny ptirodnich
lestt) jsou vzacné po rozsahlé exploataci téchto zdroji. Zadruhé, vyznam stanovisté
pro charakter vegetace byl v minulosti nadhodnocen pravdépodobné proto, ze vétsina
lest ve sttedni Evropé ma velice stabilni druhové slozeni (Splechtna et al., 2005).
Zatteti, chranéné pralesovité zbytky byly pravdépodobné zakladany na chranénych
mistech, kde sila a frekvence disturbanci byla mensi a kde se vyskytovaly heterogenni
porosty s obdivuhodnymi velkymi stromy (Angelstam and Kuuluvainen, 2004). Tim
padem zactvrté, byl maly zajem o studium role disturbanci v lesich a historické studie
(napf. dendrochronologické) byly malo provadény.

V soucasnosti je poznani dynamiky pfirozenych horskych smrkovych lest a
jejich ptirozené struktury zdsadnim a aktualnim tématem v né€kolika oblastech stiedni
a vychodni Evropy. Tyto znalosti jsou nutné pii rozhodovani o managementu lest.
Problematika rezimu disturbanci, pfirozeného vyvoje porostll a jejich ptirozeného
rozsahu variability je podkladem napf. pfi hospodateni v ochrannych lesich v Alpach.
Je snaha odpovédét na otazky jak se budou porosty vyvijet v budoucnosti, jaky vliv na
n¢ budou mit pfirozena naruseni a jaky efekt to bude mit na plnéni ochrannych funkci
téchto lestt (Bebi et al., 2001; Dorren et al., 2004; Kulakowski and Bebi, 2004;
Krumm et al., 2011; Kulakowski et al., 2011). Tato oblast by se koneckoncti dala
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zobecnit. Spolecnost v soucasnosti pozaduje od lesti plnéni také dalSich funkci nez jen
produkci dieva. Pro plnéni téchto dalSich funkci jsou pak casto dualezité znalosti o
ptirozenych strukturach lesa a rezimu naruseni, protoze vyuzivani pfirozenych procesii
pro plnéni hospodatskych cili vede k vyssi efektivité a niz§im ndkladim (Bengtsson et
al., 2000). Jednim z hlavnich cild Evropské unie do budoucna je zastavit vymirani
druhli a snizovani biodiverzity, které postihlo také stiedoevropské horské smrciny
zejména diky zpasobu hospodateni (Foley et al., 2005). Imitovani pfirozené variability
lesa pti hospodateni je cestou jak zajistit rozlicnym druhlim prostor pro zZivot a zajistit
udrzitelnost naseho poc¢inani v krajiné (Franklin et al., 2002; Lindenmayer et al.,
2006). V neposledni fadé¢ jsou znalosti o pfirozené¢ dynamice lest dilezité v
chranénych tzemich pro formulaci zasad jejich managementu, resp. pro vyliSeni
zasahovych a bezzasahovych tzemi. Pro takové tvahy je nutné odhadovat budouci
vyvoj z4jmovych porosti.

Oblasti zajmu v této praci bude zejména horsky smrkovy les v NP a CHKO
Sumava tedy oblast, kde je mozné (diky tomu, Ze se jedna o Gzemi zaméfené na
ochranu pfirody) jednak studovat pfirozenou strukturu a dynamiku lesnich porostt a
jednak jsou zde tyto informace potiebné v praktickém managementu. Diky tomu, Ze
lidské kolonizace dosahla k horskym hibetiim Sumavy relativné pozdg, az v 18. stoleti
(Benes, 1996), existuji v oblasti jeSt€ porosty s pifirozenym nebo polopfirozenym
puvodem (Cada, 2009; Hubeny, 2010a; Hubeny, 2010b; Janda et al., 2010; Svoboda et
al., 2010). Horské smréiny jsou podstatnym zakladem bohatstvi Sumavy, a jako
takové jsou samoziejmé predmétem nekoncicich diskusi. Nedostatek podlozenych
znalosti v takovém pfiipad¢ situaci jeSté¢ zhorSuje. Zakladnim ptedpokladem pro
pochopeni dynamiky (a potazmo charakteru) lesti je obsazeni co nejvétsSiho Casového a
prostorového rdmce vzhledem k dlouhovékosti stromi a lesi. Jinymi slovy situace,
kterda v lese nastala pfed stovkami let, mize ovlivnit jeho dnesSni charakter. V
Sumavskych narodnich parcich (NP Bayerischer Wald v Bavorsku a NP Sumava v
Cechach) postupné dochézelo béhem poslednich tfech dekad k rozsahlym narusenim
lesa zejména vlivem vichfic a gradaci lykozrouta smrkového (Lausch et al., 2011;
Fischer et al., 2002). Zasadni otdzkou pro management je, zaprvé, zda tyto udalosti
jsou piirozené pro stiedoevropské horské smrkové lesy a, zadruhé, jakym zptisobem se
budou naruSené plochy vyvijet v budoucnosti. Popsané vyzvy budou feSeny v ramci

této disertacni prace.



2. Rozbor problematiky

2.1 Sumavsky problém — historie se (ne)opakuje

Kolonizace Sumavy byla dokonéena pomémé pozdé. Jeji posledni etapa (tzv.
drevaiska kolonizace) vrcholila v 18. stoleti (Benes, 1996). V poloviné 18. stoleti byly
zalozeny Stozec, Borova Lada, PrasSily a dal$i v soucasnosti Casto jiz zaniklé vsi.
Obyvatel¢ téchto vesnic tézili dievo zejména ve svém okoli, proto neptekvapi, Ze i
v 19. stoleti byly zejména vrcholové vzdalenéjsi partie Sumavského hvozdu pokryty
puvodnim lesem. V téchto lesich ve vysokych nadmotskych vyskadch dominoval smrk
ztepily. Takové smrkové pralesy mohl (vzhledem Kk jejich odlehlosti) v minulosti
¢loveék vyuzivat pouze k pastvé dobytka a lovu (Macar and Marsik, 2005).

Teprve od poloviny 19. stoleti se zadinaji lesy ve vyssich partiich Sumavy
intenzivné vyuzivat k tézbé dieva. VéEtSinu lest tehdy vlastnily $lechtické rody
Schwarzenbergti a Hohenzollernti, kter¢ mély zdjem na jejich hospodarském vyuziti.
V té dobé tedy probéhlo prvni zatfizeni lesti pro hospodarské ucely, jejich rozd€leni na
porosty a také jejich dikladné zmapovani (Jelinek, 2005; Macar and Marsik, 2005).
Diky tomu se do soucasné doby dochovaly pomérné podrobné udaje o charakteru
tehdejSich lesi, z nichz vyznamna cast byla do té doby minimalné ovlivnéna ¢innosti
Cloveka (Jelinek, 2005). Predstavu o fungovani ptirodnich lestt mohou poskytnout také
dalsi historické materialy o vyskytu vichfic a kiirovcovych gradaci, které ovliviiovaly
historické lesy (Zatloukal, 1998; Skuhravy, 2002; Schelhaas et al., 2003; Brazdil et al.,
2004).

Z historickych materiald je patrné, Ze se v minulosti na Sumavé vyskytovaly
silné vichfice témét v kazdém desetileti, a ze se minimalné jednou za stoleti vyskytla
vichfice schopnd pusobit silné polomy na vétsich plochach (tab. 1; Zatloukal, 1998;
Brazdil et al., 2004; Jelinek, 2005). Dynamiku stfedoevropskych horskych smrkovych
lesti vSak muize navic vyrazné ovlivitovat lykozrout smrkovy (Ips typographus). Druh,
ktery je schopny se ve vhodnych podminkach rapidné mnozit a pisobit rozsahla
naruseni ptesahujici dopad ptivodniho vétrného polomu (Skuhravy, 2002; Okland and
Bjernstad, 2006). Vhodnymi podminkami, které zejména plisobi pozitivné na populaci
lykozrouta, jsou teplota, sucho a polomy (Marini et al., 2012). Prvni podminka ptisobi
pfimo na rychlost vyvoje lykoZrouta. Dalsi dvé podminky ovlivituji obranyschopnost

jeho potravy, smrku ztepilého, a tim nepfimo opét zvysuji jeho ispésnost (Marini et
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al., 2012). Lykozroutové gradace byly na Sumavé zaznamenany v praméru asi dvakrat
za stoleti (tab. 1; Zatloukal, 1998; Jelinek, 2005). Zajimava je synchronizace gradaci
na evropské urovni. Schelhaas et al. (2003) zdokumentovali pro oblast Evropy
nahodilé t€zby zpusobené lykozroutem smrkovym a zjistili jejich vyrazny dopad ve
shodnych obdobich, které udava tab. 1 pro Sumavu. To by nahravalo tvrzeni, Ze
prevazujici vliv na vznik gradace maji klimatické podminky, coz potvrzuje 1 Aakala et
al. (2011) z borealnich smréin na severozapadé Ruska, kde doslo k Ziru lykozrouta bez
vyrazného polomu.

V polovin€ 19. stoleti, v dobé zafizovani lesii a vytvofeni prvnich lesnickych
porostnich map, byl podil starych porosti (>120 let) na Schwarzenberském panstvi na
Sumavé asi 25% (Jelinek, 2005; Svoboda, 2006). Tyto porosty tedy vznikaly pred
kolonizaci Sumavy a byly vétsinou klasifikovany jako ptvodni pralesy (Jelinek, 2005;
Svoboda, 2006). Tuto hodnotu lze brat spiSe jako minimalni, protoze zbyvajici ¢ast
plochy byla vysledkem spolupiisobeni pfirodnich naruSeni (tab. 1) a téZebni Cinnosti
¢lovéka (Svoboda, 2006). Do popsané situace prinesla razantni zménu série vichfic
Z obdobi 1859-1870, ktera vyvrcholila ,,mocnym orkdnem ze 7. prosince 1868
(Macar and Marsik, 2005). V 70. letech 19. stoleti za ni nasledovala gradace
lykozrouta smrkového. Tato naruseni postihla odhadem 5-7 mil. m? dfeva (Zatloukal,
1998). Nejvice a nejintenzivngji byly postizeny prave staré lesy. Disturbance narusily
85% porosti starSich 120 let. Z pivodniho podilu 25% tak na konci 19. stoleti zbylo
V z4jmovém Uzemi pouhych ca 5% starych porosti (Svoboda, 2006). Z téchto
informaci vyplyvaji dvé skutecnosti. Zaprvé, Ze naruSenim v podobé vichfic a
ktirovcové gradace ve druhé poloving 19. stoleti nebyly schopné odolat ani piivodni
porosty. Zadruhé, Ze tyto disturbance zasadné zménily strukturu lesa na Sumavé
(Svoboda, 2006).

Popsand naruSeni byla samoziejmé hospodatsky zpracovavéana. Proto v soucasné
dobé neni mozné urcit, jak velkd Cast lesa v obdobi 1870-1880 byla naruSena
pfirozen¢, a jak velka c¢ast byla nasledn€ vytézena (Jelinek, 2005; Svoboda et al.,
2010). | v nasledujicich nékolika desetiletich podléhaly Sumavské lesy bezesporu
hospodéiskému vyuziti. V tomto obdobi, jak se domnivam, tim padem pravdépodobné
doslo k zéasadnimu ovlivnéni struktury krajiny horského smrkového lesa Cinnosti

¢lovéka. Doslo pravdépodobné ke zjednoduSeni krajinné mozaiky, protoze jiZ na
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prelomu 19. a 20. stoleti byly pravdépodobné vytézeny zbyvajici prezivsi porosty,

které by ptirozené piezivaly do nasledujici viny disturbanci.

Tab. 1: Pfehled historicky zndmych vichfic a gradaci lykoZrouta smrkového (/ps
typograhpus) na Sumavé. Informace byly ziskany z praci Zatloukala (1998), Brazdila et

al. (2004) a Jelinka (2005).

obdobi typ disturbance

1710 vichfice

1720-1730 vichfice a gradace lykoZrouta

1740 vichfice
1778 vichfice
1801 vichfice
1812-1813 vichfice
1818 vichfice
1821-1822 vichfice
1830 vichfice

1833-1840 vichfice a gradace lykoZrouta
1853 vichfice
1859-1863 vichfice

1868-1877 vichfice a gradace lykoZrouta

1903-1906 vichfice
1921-1922 vichfice

1929 vichfice
1939-1940 vichfice
1946-1954 gradace lykoZrouta

1955 vichfice

1957 vichfice

1960 vichfice

1967 vichfice

1976 vichfice

1983-1989 vichfice a gradace lykoZrouta
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V novodobé historii od roku 1984 po sérii vichfic dochazelo opét k rozsahlym
rozpadtim horskych smrkovych lesti na Sumavé (obr. 1; Zatlouhal, 1998). Dynamické
obdobi na &eské ¢asti Sumavy vyvrcholilo orkanem Kyrill z 18.-19. ledna 2007. Jesté
veétsi vliv nez vitr mély gradace lykozrouta smrkového se tiemi vrcholy aktivity
v obdobi 1984-1989, 1995-1999 a 2007-2012 (Santrtckova et al., 2010). Popsané
disturbance razantné zménily obraz a strukturu horskych smrkovych lesti na Sumavé a
odstranily naprostou vétSinu starych porostii (Lausch et al., 2011). Moderni naruseni
za poslednich 30 let postihly asi 4,5 milionu m® dfeva (obr. 1; Klewar ustni sd&len,

Zatloukal, 1998; Santrii¢kova et al., 2010).
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Obr. 1: Graf vyvoje objemu poskozeného dfeva vétrem a lykoZzroutem smrkovym (lps
typographus) v NP Sumava za obdobi 1984-2009 s uvedenim vyskytnuvsich se vichfic

o sile orkadnu. Pfevzaté z prace Santrickové et al. (2010).

Na zéklad¢ historickych materiall 1ze fici, Ze soucasny rozpad porosti horskych
smréin na Sumavé mél mnohé paralely se znamymi udalostmi z minulosti. Minimélng
1ze fici, Ze silné ptirozené disturbance v podobé vétru a gradaci lykozrouta smrkového
se vyskytovaly také v minulosti. Byly vSak zjistény nékteré odliSnosti soucasného
rozpadu od minulosti: 1) krajinnd mozaika lesa mohla byt zjednodusSena tézebnimi
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aktivitami na prelomu 19. a 20. stoleti, 2) fitness lykozrouta smrkového mohlo byt
vysSi diky klimatické zméné a vySSim teplotam (Seidl et al., 2011) a 3)
obranyschopnost smrku mohla byt nizsi v disledku znecisténi ovzdusi a meniciho se

klimatu (gantrﬁékové et al., 2007; Seidl et al., 2011).

2.2 Dynamika vyzkumu

Snaha o poznani zakonitosti, které formuji pfirozené lesy, sahd na Sumavé
hluboko do historie. Jiz z roku 1846 pochazi udaje od lesmistra Seidla o struktufe
pralesniho porostu ze esti vyzkumnych ploch na svahu Cerné hory (Bec¢ka, 2012).
Nedlouho poté byly zalozeny i véhlasné vyzkumné plochy lesmistra Johna
Vv Boubinském pralese (Macar and Marsik, 2005; Vrska et al., 2012). Kromé
strukturnich zékonitosti se John zajimal 1 o v€kovou strukturu porostu. Nejstarsi
nalezeny strom dosahoval v roce 1864 v&ku 580 let a nejvice stromt bylo asi 280 let
starych (Nozicka, 1959).

Podobné¢ také ve svété dochazi od 19. stoleti k vyuzivani informaci obsazenych
Vv letokruzich pro rizné védecké tikoly. K zasadnimu ptfevratu vSak dochazi na pocatku
20. stoleti, kdy Andrew Ellicott Douglass, ,,otec dendrochronologie®, objevuje princip
ktizového datovani, tedy principu, kdy na zakladé shodné meziro¢ni variability v ristu
a vzigjemného porovnavani je mozné priifadit kazdy letokruh konkrétnimu
kalendarnimu roku (Douglass, 1929; Speer, 2010).

Na zacatku 20. stoleti se formuje také ptedstava piirodnich ekosystémi jako
stabilnich, vyvazenych a harmonickych systémt v posledni fazi sukcese. Takové
predstavy jsou reprezentovany napft. teorii klimaxu (Clements, 1916). V tomto pojeti
jsou pfirodni disturbance vnimany jako externi faktor vychylujici systém z rovnovahy,
kam se posléze opét sekundarni sukcesi navraci. Castym problémem pii studiu
zakonitosti fungujicich v pfirodnich ekosystémech je zahrnuti nedostatecného
Casového a prostorového ramce nebo vyuzivani metody chronosekvenci (tj. substituce
Casu prostorem; Johnson and Miyanishi, 2007). S vyuZitim dendrochronologickych
metod bylo mozné obsahnout daleko vétsi Casovy ramec a sledovat tak, jakym
zpusobem vznikaly v sou€asnosti staré porosty (Henry and Swan, 1974; Oliver and
Stephens, 1977). Prukopnikem nejen v oblasti vyzkumu dynamiky lesa s vyuzitim

dendrochronologie ve stiedni Evropé byl Bohuslav Vin$ (1961), ktery rekonstruoval
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minuly vyvoj porostu smrko-jedlo-bukového pralesa. V historii porostu zjistil
dlouhodobé¢ kolisani v intenzité rastu a ndhla zvysSeni piirstu, coz je v soucasné dob¢
davano do souvislosti s historickym narusenim porostli (Vin$, 1961). Vysledkem
téchto pionyrskych praci bylo zjisténi, ze pfirodni disturbance jsou pfirozenou a
nedilnou soucasti dynamiky lesa, protoze 1) existuje gradient od slabych po silné
udalosti, které formuji strukturu lesa, a 2) nékteré disturbance jsou iniciovany nebo
podporovany biotickymi komponenty systému (White, 1979).

V soucasnosti se pomoci konceptu naruseni popisuje historicky vyvoj porostu.
Koncept rezimu disturbanci se, ve finale, stal velice uzitecnym pro definici celkového
charakteru, dynamiky a rozsahu variability lesa v krajin¢ (Frelich, 2002; Kulakowski
and Bebi, 2004). Naruseni je ,,jakakoliv relativné samostatnd udalost v Case, ktera
porusi strukturu ekosystému, spolecenstva nebo populace a zméni zdroje, dostupnost
substratu nebo fyzikdlni prostiedi (Pickett and White, 1985). Vyhodou tohoto
konceptu je jeho jednoduchost a obecna pouzitelnost. NaruSeni je mozné kvantifikovat
pomérné jednoduse s minimalizaci subjektivniho pristupu. Teze, Zze narusSeni se
vyskytuje v kazdém lese, je obdobna té, Zze stromy umiraji. Naruseni se vyskytne
Vv Case izolovang, tj. jedna se z pohledu vyvoje lesa o udélost; porusi predchozi stav, tj.
jedna se o relativni zménu; ale také podniti dalsi vyvoj (Pickett and White, 1985;
Frelich, 2002). Koncept rezimu naruseni je popis vSech typl naruseni, které se
v krajiné vyskytuji (tj. popis faktoru naruSeni, frekvence vyskytu, sily a rozsahu;
Frelich, 2002). Odpovédi na reZzim naruSeni je rozsah variability, tj. struktura lesa
Vv krajinném méfitku, kterd je vysledkem plsobeni naruSeni (Kulakowski and Bebi,
2004).

Pravé diky relativné radikdlnimu efektu, ktery naruSeni v lese ma, je mozné
rekonstruovat naruseni v minulosti. Nejen tim se zabyva obor zvany dendroekologie,
ktery na zakladé dendrochronologického pfistupu (studia charakteristik letokruhli a
jejich Casovych tad) ziskdva znalosti o ekologii druhli stromd, jejich populaci a
spoleCenstev. Retrospektivni  sledovani pomoci letokruhovych sérii  hraje
nezastupitelnou roli pii studiu dynamiky lesa, nebot’ ta se odehrava v daleko delSich
casovych méfitkach, nez které lze zachytit studiem na trvalych vyzkumnych plochach
¢i dokonce lidskou paméti (Vins, 1961; Henry and Swan, 1974; Cook and Kairiukstis,
1990).
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Obr. 2: Uvolnéni (nahlé a setrvalé zvyseni pfirdstu po odstranéni konkurence)

Pomoci konceptu naruseni Ize studovat rtzné typy naruseni od piirodnich
disturbanci vétrem, gradacemi rtuznych druhtt hmyzu apod. (Frelich and Lorimer,
1991; Swetnam and Lynch, 1993; Eisenhart and Veblen, 2000; Firm et al., 2009;
Fraver et al., 2009), ptes razné typy pozari (Niklasson and Granstrom, 2000; Gutsell
and Johnson, 2002; Peters et al., 2002; Wallenius et al., 2005; Lilja et al., 2006), az po
rekonstrukci minulych historickych tézeb (Motta et al., 1999; Storaunet et al., 2000;
Groven et al., 2002) nebo vypalovani (Ruffner and Abrams, 2002).

Vyskyt takovych naruSeni se rekonstruuje pomoci efektu, ktery tato naruseni
me¢la na porost a prezivsi stromy, nebot disturbance (jak bylo zmin€no) pilisobi
relativné radikdlni zménu a podnécuji dalsi vyvoj. Odstranénim stromi, které byly
vyvraceny vétrem, podlehly ataku lykozrouta smrkového, byly spaleny pozarem nebo
vytéZeny, dochazi k uvolnéni zdroji na stanovisti. Stromy, které piezily, reaguji na
snizeni kompetice ndhlym a setrvalym zvySenim piiristu. Takovd udalost
V letokruhové sérii se nazyva uvolnéni (obr. 2; Lorimer and Frelich, 1989). Dalsi
jedinci v uvolnénych podminkach kli¢i nebo dorustaji do vysky odbéru vzorkd. Jejich
rust je od pocatku rychly a jeho trend je rovny, klesajici nebo parabolicky (Frelich,
2002). Pokud byla obnova pod disturbanci odstranénym porostem malo pocetna, mala
nebo byla také odstanéna, 1ze pak rekonstruovat vyrazny pulz v obnové. Takto vzniklé
porosty jsou vyrazné stejnovéké a poukazuji na to, ze vznikly po silném naruSeni
(Gutsell and Johnson, 2002; Peters et al., 2002; Lilja et al., 2006). V n¢kterych
studiich, které se zaméfuji na dataci pouze silnych naruSeni vyrazn¢ devastujicich
porost, se disturbance datuji pomoci doby, kdy stromy doséhly korunové klenby.
V korunové klenbé je kazdy strom, ktery dostava pifimé slunecni zafeni (tj. 1 malé
stromKy Vv porostnich mezerach). Doba dosazeni korunové klenby je pocatek rustu pro
stromy vzniklé v porostni mezete nebo doba prvniho velkého uvolnéni (Frelich and
Lorimer, 1991).

Ne¢kterd naruSeni zanechavaji na piezivsich stromech dalsi stopy svého vyskytu.

Gradace defoliatorti pisobi vyrazné snizeni ptirtistu u hostitelskych stromi (Swetnam
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and Lynch, 1993), pozary vytvaii na popalenych stromech ohnivé jizvy (Wallenius et
al., 2002; Wallenius et al., 2005), stromy piezivsi vichfici mohou vytvofit reakéni

dfevo nebo zvysené mnozstvi pryskyfiénych kanalkii (Zielonka and Malcher, 2009).

2.3 Dynamika obnovy — vék

Ekologické chovani obnovy lesa mize byt ¢astecné popsano jednoduse pomoci
veékové struktury populace (Agren and Zackrisson, 1990; Hofgaard, 1993; Engelmark
et al.,, 1994; Brumelis et al., 2005). Znalosti o vztahu obnovy (v€kova struktura) a
minulych naruseni jsou pomérné dulezita. Nicméné zjistit skuteCny v€k stromu je
narocné (DesRochers and Gagnon, 1997; Niklasson, 2002). Bézna praxe odebirani
vyvrtl ve vySce pafezu nebo prsni vysce vede k podhodnoceni véku stromu a, co je
podstatnéjsi, k rozptylu vékové distribuce v fadu desetileti (DesRochers and Gagnon,
1997; Parent et al., 2000; Gutsell and Johnson, 2002; Niklasson, 2002; Peters et al.,
2002). Tyto problémy v minulosti vedly k chybnym interpertacim vékové struktury
lesa. Bylo zjisténo, Ze (oproti dosavadnim predstavam) se stromy v severni Americe
obnovovaly ithned po pozaru a nikoliv se zpozdénim. Podhodnoceni véku bylo tim
Zivota rostou pomaleji. To napt. vyvratilo domnénku, Ze listnaté stromy nalétavaji na
lokalitu dfive, a teprve v jejich podrostu se obnovuje smrk a dal§i druhy. Rozdily
existovaly pouze Vv intenzité¢ vySkového ptirtstu v mladi (DesRochers and Gagnon,
1997; Gutsell and Johnson, 2002; Peters et al., 2002). Niklasson (2002) zjistoval
skuteény vék stromtt u smrku ztepilého v severnim Svédsku, které se uchytily po
pfizemnim poZaru v podrostu borovic. Skute¢ny vek byl v priméru o 20-26 let vyssi
oproti poctu letokruhi pii zemi. O podobnou hodnotu byl navic zvySen rozptyl
vysledné distribuce vekil. NejstarSi ¢ast stromu (misto vykliCeni) se vétSinou
nachazelo pod zemskym povrchem pod nejvyse polozenymi kofeny (obr. 3; Niklasson,
2002). U smrku ¢asto dochazi v mladi k ohybani kminku vlivem napft. sn¢hu. Tento je
nasledné pfitlacen k zemi, v disledku ¢ehoz vytvari vyse polozené adventivni kofeny
(Niklasson, 2002).

V zavislosti na cili konkrétni studie nékdy neni tteba znat presny veék stromu. Pii
datovani minulych naruseni pomoci obnovy porostu je dobré dostat se v Case co

nejblize dobé disturbance. V ptipadé lesti ovliviiovanych pozary, kdy nové stromky

-16 -



kli¢ci az po pozaru, je dilezité zjistit vék stromu co nejpiesnéji (viz predchozi
odstavec). Nicméné v pfipad¢ vlivu vétru nebo hmyzu, kdy po naruSeni dochézi
K uvolnéni jiz existujici obnovy v podrostu, ¢asto neni nutné zjisStovat piesny vék

stromtl (Fraver and White, 2005a; Splechtna et al., 2005).

Obr. 3: Schématické zndzornéni ¢asti kmene a korfene smrku ztepilého s oznacenim
sekci po 2 cm. MO: horni okraj pfizemni vrstvy mechu; RC: nasazeni nejvyse
poloZzeného korene; AD: adventivni korfeny; HY: hypokotyl, nejstarsi ¢ast stromu,
ktery byl éasto velmi maly a umistény paralelné k mnohem vétSimu ,hlavnimu®
koreni, a proto byl ¢asto povazovan za koren a ztracen; Ml: minerdlni pida (prevzato

z prace Niklasson, 2002).

V ptipadé horského smrkového lesa stfedni Evropy jsou po naruSeni vétrem
nebo lykoZroutem smrkovym uvolnéni mali jedinci (JonaSova, 2001; JonaSova and
Prach, 2004; Ulbrichova et al., 2006; Svoboda, 2007; Svoboda and Zenahlikova, 2011;
Zenahlikova et al., 2011). Zmlazeni je pod zapojenou korunovou klenbou vyrazné
limitovano nedostatkem svétla, takze Casto neni schopné dosahnout vétsi vysky nez
0,5 metru (Holeksa et al., 2007; Saniga, 2007). Z toho divodu se domnivame, ze je
vhodné odebirani vyvrtd pifi zemi ve vySce pafezu — Vv souladu s dalSimi autory

(Veblen et al., 1994; Motta et al., 1999; D’ Amato and Orwig, 2008).
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Fischer and Fischer (2012) sledovali dynamiku obnovy po rozpadu vichfici
v roce 1983 (dorustani do vysSky 1 m). Zjistili, Ze podil vzrostlej$i obnovy z podrostu
ptedchoziho porostu je relativné mensi (100-650 smrkti/ha). VétSina nové generace
dorostla do vySky 1 metru v obdobi 1988-1998. Celkova pocetnost smrku dosahovala
v roce 2008 v praméru asi 3000 ks/ha. U smrki, které dorostly v roce 2003 (20 let po
disturbanci), uz byla vysokd Umrtnost (ca 80%). V obdobi 1988-1998 byl takeé
zaznamenan vyrazny pulz v obnové bfizy. Po roce 1998 jiz zacala ustupovat a
umrtnosti ca 50% trpély i nejstarsi jedinci. V roce 2008 vSak jeste stale rostla v hustoté
ca 3000 ks/ha a zaujimala asi polovinu dievni zdsoby (Fischer and Fischer, 2012).

Dynamiku obnovy ovliviiyje typ a sila naruSeni (tj. podil odstranénych stromil) a
struktura predchoziho porostu (Ulbrichova et al., 2006; Cada, 2009). Zde existuje
gradient od 1) slabsiho naruseni, které¢ ponecha ¢ast predchoziho porostu, ale umozni
dortstani obnovy do korunové klenby; pies 2) porosty, které byly pfed naruSenim
rozvolnéné, a proto v nich existovala i relativné star$i obnova; 3) porosty, kde sice
byla obnova mladd, ale kde zbyly nékteré plodici stromy; po 4) porosty, kde byly
odstranény vSechny dospélé stromy a nasledny porost miize pak byt (podle charakteru
obnovy) oproti predchozim pifipadim dosti fidky (JonadSova and Prach, 2004;
Ulbrichova et al., 2006; Cada, 2009). Hustota stromki se pohybuje od nuly az pies
15000 ks/ha, pti¢emz podil ploch s hustotou 0-500 ks/ha je 7 %, stejné jako podil
ploch s hustotou pfes 15000 ks/ha. Nejvétsi pocet ploch byl v kategorii 1000-3000
ks/ha (Cizkova et al., 2011).

2.4 Dynamika disturbanci

V casti lesti Newfoundlandu (Severni Amerika) dominuje jedle balsamova (Abies
balsamea). Na této jedli se Zivi obale¢ Choristoneura fumiferana a pidalka Lambdina
fiscellaria fiscellaria, kteri jsou schopni kalamitniho namnoZeni a ,,likvidace*
rozsahlych porostu této jedle. Gradace byly dobre zdokumentovany a ve dvacatém
stoleti se opakovaly u obalece kazdych 30 let a u pidalky kazdych 13-27 let. V téchto
podminkdch je ziejmé, Ze jedle, které se doziji 200 let, jsou vzacnosti. I presto si vSak
jedle udrzuje svou dominanci v téchto lesich, protoze jako jedina dokaze vytvorit
pocetné zmlazeni (az nékolik stovek tisic na ha), které odrista po odstranéni

materského porostu a vytvari dalsi husty porost této jedle (McCarthy and Weetman,
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2007). Zajimavé srovnani s problémy s gradaci lykozrouta smrkového v horskych
smrkovych lesich stredni Evropy poskytne mozna také studie Parent et al. (2001),
ktera potvrdila masivni produkci semen, potazmo obnovu, u jedle balzamové tésné

pred a na zacatku gradace zminéného obalece.
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Obr. 4: Schématické zndzornéni vyvoje porostu v jedlo-smrkovém lese ovliviiovaném

hmyzimi gradacemi (pfevzato z prace McCarthy and Weetman, 2007).

Dalsim prikladem muze byt vztah poZaru a nékterych druhii prizpiisobenych jim,
napr. vytvarenim tzv. serotinnich sisek, které se otviraji po pozaru a umozinuji obnovu
(napr. borovice banksova, Pinus banksiana, nebo smrk cerny, Picea mariana; Frelich,
2002). Tyto druhy zaroven lépe hori nez druhy bez prizpiisobeni k pozarum, cimz se
zvySuje pravdepodobnost vyskytu pozaru, a tim se udriuje dominance zminénych
druhu (Frelich, 2002). U jiného druhu smrku sivéem (Picea glauca) byla
zdokumentovana za priznivych podminek masivni obnova, ktera byla nejvyssi v prvnim
roce po pozaru a zcela ustala do péti let po pozaru (Peters et al., 2002). Frekvence

korunovych pozari ma razantni vliv na druhové slozeni lesa. V primeéru se vyskytne
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pozar kazdych 20-120 let. V takovém pripadé dominuje porostu borovice banksova.
V pripade, Ze se vsak vyskytne pozar drive nez za 20 let, borovice nema jesté
vytvorenou zasobu semen a ndslednemu porostu dominuje osika (Populus
tremuloides). Naopak, pokud se pozar nevyskytne déle nez 200 let, zvysuje se podil
smrku (Picea mariana), ktery v porostu casto v mensi mire existoval jiz po poZaru, a
jedle (Abies balsamea), briza (Betula papyrifera) a zerav (Thuja occidentalis) zacinaji

odriistat v porostnich mezerdch vznikajicich odumiranim borovice (Frelich, 2002).

Smrkové lesy celosvétové podléhaji velice riiznorodym rezimim disturbanci —
od systému, které jsou formovany silnymi korunovymi pozary (napi. Picea mariana
V borealnich lesich severni Ameriky; Frelich, 2002), silnymi vichficemi a gradacemi
hmyzich paraziti (napt. Picea engelmani v horském pasmu americkych Skalistych
hor; Veblen, 2000; nebo Picea glauca v borealnich lesich severni Ameriky; Berg et
al., 2006), az k systémim s pfevazujicimi starymi pralesovitymi porosty podléhajicimi
maloplo$né dynamice porostnich mezer (napt. Picea rubens v severovychodni
Americe; Fraver and White, 2005a). V borealnich lesich Evropy je smrk ztepily
(oproti borovici lesni) povazovan spiSe za druh stintolerantni a pozdn¢ sukcesni a
predpoklada se, Ze v dynamice boredlnich smrkovych lest pfevazuje spiSe dynamika
na mensich plochéch a ohen v ni je méné dilezitym faktorem (Shorohova et al., 2009;
Kuuluvainen and Aakala, 2011).

Jaké typy disturbanci jsou typické pro horské smrkové lesy stfedni Evropy, je
aktudlnim tématem soucasného vyzkumu. Je to také podstatné pro rozhodovani o
managementu chranénych uzemi a pftistupu k sou¢asnym rozsahlym disturbancim
(Vacek and Podrazsky, 2008; Prach et al., 2009). Historické znalosti a souvislosti
z prostoru Sumavy byly rozebrany v &asti 2.1 Sumavsky problém — historie se
(ne)opakuje. V této Casti byla zanedbana diskuse nad problematikou sekundarniho
ovlivnéni lesa lidskou ¢innosti pied obdobim intenzivni tézarské aktivity (tj. pred
rokem ca 1850). Bylo Casto spekulovano, ze pastva dobytka, aktivity uhlif, smolait a
popelait, ¢i mozné toulavé t€Zzby ovlivnily les natolik, ze ptestal byt odolny vici
pfirozenym narusenim (v moderni terminologii: zménil se jeho rezim disturbanci;
Zatloukal, 1998; Jelinek, 2005). Problémem je, Ze blizsi lokalizaci téchto aktivit (tedy
zda a v jaké mife se tykaly i vrcholovych partii Sumavy), jejich intenzity a vlivu na

dynamiku lesa v soucasnosti jiz pravdépodobné neni mozné zjistit. Popisovany postoj
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reprezentuje i nasledujici citat: ,,Vyznamna je skutecnost, ze jiz v letech 1833-39 (po
relativné malém polomu) a znovu v letech 1868-1878 selhaly samoregulacni
mechanismy v lesich, pokud nebyla ptedchozi vétrna kalamita véas zpracovana. Pod
tlakem pfemnozeného klirovce se hroutily i porosty ve stavu nepochybné lepSim a
prirodnimu bliz§im, nez lesy soucasné. Roli zde hral evidentné¢ ,,dominovy efekt”, kdy
ktirovci namnozenému v lidskou ¢innosti pozménénych porostech neodolaly nasledné
ani porosty relativné¢ zachovalé™ (Zatloukal, 1998). Ve svétovém méfitku nejsou
neznam¢ krajiny, které pfirozen¢ podléhaji rozsdhlym, malo castym a silnym
disturbancim v podobé vétru nebo hmyzich gradaci (Turner and Dale, 1998; Frelich,
2002; Kulakowski and Bebi, 2004). Takové krajiny se dochovaly zejména v Severni
Americe — severoamerickych Skalistych horach (Veblen et al., 1991; Eisenhart and
Veblen, 2000; Veblen, 2000; Kulakowski and Veblen, 2003), a také v dalsich
boredlnich a temperatnich lesich (Frelich, 2002; Kramer et al., 2001; Berg et al.,
2006).

Vstupni branou do problematiky moderniho pojeti dynamiky horského
smrkového lesa ve stiedni Evropé muize byt prace Holeksy et al. (2007). Autofi této
prace analyzovali pomérné velkou plochu horského smrkového pralesa v pohoti Zadna
Pol'ana na Slovensku. Pokud by se les vyvijel podle tzv. teorie malého vyvojového
cyklu (Korpel’, 1989), muselo by dochézet k relativné maloploSnému stfidani ploch
rizného stafi (tj. v rizném stadiu vyvoje). Nicméné i ptes fakt, ze studovand plocha
byla relativné rozsahla a vysoce variabilni pokud jde o faktory prostiedi, a Ze porostni
zasoba, prostorovéa struktura a vyska stroml prokazaly vyraznou variabilitu podél
nadmotské vysky, tloustkova struktura porostu a charakteristiky zmlazeni byly
uniformni. Vysledky naznacuji, ze doristani novych stromt do porostni klenby nebylo
Vv Case kontinualni dokonce ani v métitku nékolika ctverec¢nich kilometrti (Holeksa et
al., 2007).

Moderni ptedpoklady o dynamice stfedoevropského horského smrkového lesa
byly vzneseny v praci Kulakowski and Bebi (2004), ktefi pfedpokladaji, ze zdejsi
pfirodni lesy jsou pod vyraznym vlivem silnych a malo castych disturbanci podobné,
jako v severoamerickych Skalistych horach. V piipadé absence Castych pozari je
dynamika lesa fizena vétrem (Frelich, 2002; Panayotov et al., 2011). Vichfice ptsobi
nepravidelné rozmisténé polomy a vytvaii porostni mezery o velikosti jediného stromu

az po stovky hektarii. Dopad vichfice je zasadné ovlivnén topografii a dal§imi faktory
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(Frelich, 2002; Kulakowski and Bebi, 2004; Zielonka et al., 2010). Smrk ztepily vsak
muze odumirat také v disledku napadeni lykozroutem smrkovym (viz cast 2.1
Sumavsky problém — historie se (ne)opakuje). Lykozrout smrkovy miize
mnohondsobné rozsifit pivodné vichiici naruSenou plochu, a tak zasdhnout celou
krajinu (@kland and Bjernstad, 2006). Dalsi faktory naruSeni jsou mén¢, nebo pouze
lokaln¢ dulezit¢é — laviny, patogenni houby a herbivorni zvifata (Frelich, 2002;
Kulakowski and Bebi, 2004).

Predpoklada se, ze doba opakovani pozari v horskych lesich stfedni Evropy je
dlouha tadové dosahujici stovky az tisice let (Tinner et al., 1999; Beer and Tinner,
2008). Vichftice schopné rozvratit vétsi plochy lesa a gradace 1ykozrouta smrkového se
podle historickych materialti vyskytovaly na Sumavé asi jednou, resp. dvakrat za
stoleti (Zatloukal, 1998; Brazdil et al., 2004; Jelinek, 2005; Svoboda, 2006). Moderni
vyzkum dlouhodobych vyvojovych procesii a role disturbanci v horském smrkovém
lese zaCal pomérné¢ nedavno (Motta et al., 1999; Zielonka and Malcher, 2009;
Zielonka et al., 2010; Janda et al., 2010; Svoboda et al., 2010; Panayotov et al., 2011
Svoboda et al.,, 2012). Zielonka and Malcher (2009) a Zielonka et al. (2010)
rekonstruovali za poslednich 150 let tfi intenzivni vichfice, po kterych vznikal porost
ve Vysokych Tatrach, ktery byl znovu rozvracen vichtici v roce 2004. Byly to vichfice
z roku 1868, 1915 (nebo 1919) a 1941. Rozsah polom1l byl minimalné desitky hektart.
Déle vyvozuji, ze popsany rezim disturbanci miize mit na svédomi koexistenci smrku
a modiinu v téchto podminkach (modfin je v Tatrach Cast¢jSi na mistech vystavenych
vétru), protoZze modiin je schopny lépe preZzit silny vitr, a také intenzivné odriistat
v otevienych podminkach (Zielonka and Malcher, 2009; Zielonka et al., 2010). Vitr
byl za poslednich 150 let nejpodstatnéjSim faktorem naruSeni také ve smrkovém
pralese v Bulharsku (Panayotov et al., 2011). Panayotov et al. (2011) popsal v tomto
obdobi nékolik silnych vichfic, které vytvarely polomy v rozsahu 1-10 ha. Také ve
zbytku horského smrkového pralesa na Trojmezné na Sumavé byla na plose 20 ha
rekonstruovana nerovnovazna dynamika porostu. Porost byl pravdépodobné utvaien
malo Castymi, sttedn¢ az hodn¢ silnymi naruSenimi. V1iv minulych naruSeni vrcholil
asi pted 200 lety. Popsany porost se v soucasnosti rozpadl vlivem gradace lykozrouta

smrkového. Odumfiely téméi vSechny stromy piesahujici vySku 6 metri (Svoboda et
al., 2011).
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2.5 Dynamika rustu

Mensi pozornost byla vénovana dendrochronologické rekonstrukci chovani
individudlnich stroml v rdmci rezimu naruseni. Heterogenita ristovych reakci stromi
na disturbanci a jejich nasledna vyvojova trajektorie je pomérné¢ nezndma (Canham,
1990; Wu et al., 1999; Rentch et al., 2003; Dolezal et al., 2004; Weber et al., 2008;
Dolezal et al., 2009). Vyvoj lesa byl popsan na urovni porostu (Korpel’, 1989; Oliver,
1980/1981). Ve svété nejuzndvangjsi je prace Olivera (1980/1981), ktery rozdélil
vyvoj porostu po silném naruSeni do ¢ty stadii. Thned po disturbance ve fazi iniciace
porostu dochazi k obnové porostu a exponencidlnimu ristu stromid v otevienych
podminkach. Toto stddium je nasledovano fazi redukce kmentd, kdy se uzavira
korunova klenby, intenzita ristu se sniZzuje, zvySuje se asymetrickd kompetice a
dochdzi k samozfedovani. Vétsi stromy jsou bcéhem stddia redukce kment
zvyhodnény. Béhem tieti fdze dochdzi k druhé obnové porostu, hustota korunové
klenby se snizuje diky odumirani dominantnich strom a nové zmlazeni méa opét
prostor odristat (Oliver, 1980/1981; Dolezal et al., 2009).

Za uUcelem interpretace historie naruSeni Frelich (2002) popsal nékolik typi
rustovych trendi, které se u stromli obecné vyskytuji. 1) Uvolnéni, tj. ndhlé radikalni a
setrvalé zvySeni pfirdstu, jako reakce na odstranéni konkurence narusenim. Uvolnéni
se vyskytuje typicky u stromt potlacenych v podrostu po odstranéni horni urovné,
nebo u Urovilovych stromt po odstranéni jednoho nebo vice sousedicich stromi. 2)
Rychly pocatecni rlst se vyskytuje u stromi, které zacaly riist v jiz otevienych
podminkach po disturbanci. Jejich nasledny rtstovy trend je bud’ rovny, klesajici nebo
parabolicky. 3) Nejednoznacny trend ristu ma vétSinou pomérné dlouhou pocatecni
z6nu, pii které strom postupné zvysuje intenzitu ristu. V piipadé nejednoznacného
trendu se vstup do hlavni Grovné interpretuje v dobé€, kdy intenzita ristu piekroci
kritérium pouzivané pro rychly pocatecni rist. 4) Nepravidelny trend ristu je takovy
trend, ktery neni zahrnut do zadné z ptfedchozich kategorii. Tyto ristové kiivky
vétSinou nemaji zadny jednoznacny dlouhodoby trend, vyskytuji se v ném Casto nahlé
pulsy a propady vV pfirtstu, jejich hodnoceni nema obecna pravidla a zalezi na
individualnim posouzeni hodnotitele. Obvykle vSak lze vétSinu ristovych kiivek

zahrnout do kategorii 1 nebo 2 (Frelich, 2002).
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Pro stintolerantni dfeviny popsal Canham (1990) tii typy rtstovych strategii,
pomoci kterych stromy dosahovaly hlavni korunové urovné: 1) rychly rist od pocatku
bez obdobi potlaceni, 2) jediné pocatecni obdobi potlaceni, po kterém nésledovalo
uvolnéni v porostni mezefe, kterd umoznila odrist kontinudln¢ do korunové klenby, a
3) n¢kolik period potlaceni a uvolnéni pred zavéreCnym uvolnénim, béhem kterého
strom dosahl korunové klenby. Asi 80% buka velkolistych (Fagus grandifolia) a
javora cukrovych (Acer saccharum) rostoucich v pralese ve stat¢ New York (USA)
bylo potlaceno pted dosazenim korunové klenby (typy 2 a 3), pfi¢emz dominoval typ
s n¢kolikanasobnymi potla¢enimi (ca 60% stromil). Stromy zaznamenaly v praméru 2-
3 periody potlaceni. Finalni uvolnéni se pramérné objevilo ve véku 60-130 let
s tloustkou 6-12 cm (Canham, 1990). Podobné hodnoty se objevili i u smrku
cerveného (Picea rubens). 72% stroml bylo potlaceno pted dosazenim korunové
klenby a pocet period potlaceni byl v priméru 1,43 (Wu et al., 1999).

Obraceny pomeér byl zjistén u n€kolika druhti dubli na severovychodé Spojenych
statd (Rentch et al., 2003), a také u smrku ztepilého v horské smréiné na Sumavé
(Svoboda et al., 2011). Tyto druhy jsou obvykle povazovany za stfedné tolerantni
k zastinu. Rentch et al. (2003) pro duby popsal tii strategie pro dosazeni hlavni
korunové trovné na zéklad¢é pocatecni intenzity ristu, celkového charakteru piirastové
kiivky a vyskytu vyraznych uvolnéni. Prvni strategie se v podstaté shoduje se strategii
2 podle Frelich (2002), viz vySe. Jednd se o stromy bez vyrazného uvolnéni
S intenzivnim pocate¢nim ristem a rovnym, klesajicim nebo parabolickym celkovym
trendem. Druha strategie je podobnd ptedchozi, nicméné u téchto stromi byl ptirtst po
n¢kolika desetiletich potlacen v disledku uzavirani korunové klenby tak, Zze strom
potfeboval nésledné uvolnéni pro dosaZeni hlavni korunové vrstvy. Treti skupina
stromi vykazovala pomaly potlaceny rlst jiZz od pocatku a pottebovala jedno (ziidka
dvé) uvolnéni pro dosazeni hlavni korunové vrstvy (Rentch et al., 2003). Polovina
dubli pochazela z velkych porostnich mezer, které umoznily okamzité dosazeni horni
urovné (prvni strategie). 38% dubi vzniklo v menSich mezerdch (druha strategie).
Zatimco zbylych 13% zaznamenalo zpocatku del§i obdobi potlaceni. Podobné 74%
smrkd v horském smrkovém pralese na Trojmezné bylo klasifikovano jako vzniklé

V porostni mezefe (intenzivni pocatecni riist; Svoboda et al., 2011).
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3. Cile prace

Disertacni prace je zamétena na popis vyvojovych procest v horském smrkovém
lese na Sumavé. Soustfedi se zejména na historické souvislosti dynamiky lesa na
mistech, kde v soucasnosti doslo k zasadnim narusenim (rozpadu lesa), coz plati pro
vétdinu starych porostdl horskych smréin Sumavy. Historie porostii byla zkoumana
pomoci letokruhové analyzy, kterda umoznuje analyzovat vznik a vyvoj porostu a
historii naruSeni (Lorimer, 1985). V piipadé, ze bude potvrzena hypotéza o
pfirozeném, & polopfirozeném piivodu vyznamné &asti porostll na Sumavé, bude
mozné studovat dynamiku lesa v krajinném meéfitku, coz je potiebné pro kompletni

pochopeni fungovani lesa (Frelich and Lorimer, 1991). Prace feSila tfi hlavni ¢asti:

1) Cilem v prvni ¢asti bylo na tiech lokalitich v CHKO Sumava a) popsat
porostni strukturu pied aktualnim rozpadem a b) zjistit, jak pfedchozi porosty vznikaly
a srovnat to s aktudlni situaci. Byly kladeny otazky, zda tyto porosty vznikaly béhem
kratké doby po silném naruseni, nebo béhem delSiho obdobi? Byly stejnoveké, nebo
ruznoveké? Jsou aktudlni naruseni unikatni z historické perspektivy, nebo je soucasna
situace srovnatelna s minulymi narusenimi? Cilem bylo také diskutovat, které faktory
zpusobily nalezena historicka naruseni. Byla testovana hypotéza tvrdici, Ze Sumavské
horské smr¢iny vznikly uméle na vytéZenych plochach (Zatloukal, 1998; Vacek and

Podrazsky, 2008).

2) Druha cast feSila otdzku vyvojovych procesi a historie naruSeni na
mikrourovni porostu a jednotlivych stromi na lokalit¢ Jezerni hora. Cilem bylo a)
rekonstruovat minuld naruSeni (jejich nacasovani, frekvenci a silu) v porostu na
Jezerni hofe v severni ¢asti Sumavy, b) popsat vékovou strukturu (obnovu) stromi a
jeji reakei na naruSeni a c) popsat vyvojové trendy jednotlivych stroml po naruseni (s

pouzitim pfirastovych sérii).

3) Cilem ve treti Casti bylo popsat co nejpodrobnéji rezim naruSeni v krajinném
méfitku horské smréiny na Sumavé (sedm lokalit). Cilem bylo testovat hypotézu
Miillera et al. (2008), kterd tvrdi, Ze rozsahla a silnd narueni jsou pro studovany typ

lesa typicka. Tato hypotéza byla zaloZena na zjiSténi, ze vétSina druhl horskych
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smrcin reagovala pozitivn€ na aktualni silna a rozsahlé piirozend naruseni v Narodnim
parku Bavorsky les. Konkrétné bylo cilem a) rekonstruovat nac¢asovani, frekvenci a
silu (Castecné také rozsah) historickych naruseni a b) vysvétlit rozdily v historii

naruseni podminkami prostredi.
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4. Metodika

4.1 Studijni oblast

Disertaéni prace byla zpracovana v oblasti Sumavy, v NP a CHKO Sumava. Zde
se Vnadmotské vySce nad ca 1150 metri ve vrcholovych partiich hor vyskytuji
ptirozené horské smrciny. Ve stromovém patie vyrazné pievlada smrk ztepily (Picea
abies) s téméf stoprocentnim zastoupenim s malou piimési dalSich dievin (Sorbus
aucuparia, Acer pseudoplatanus, Abies alba, Fagus sylvatica a dalsi; Neuhduslova
and Moravec, 1998).

Geologicky Sumava patii ke krystaliniku Ceského masivu (Moldanubikum)
S pomérné pestrym zastoupenim hornin. Pievazujicimi horninami jsou ruly, svory a
diority (Chab et al., 2007). Pidy jsou slabé vyvinuté s ptevazujicimi podzoly a rankery
(Kozéak, 2010). Klima je studené s primérnou rocni teplotou asi 4 °C. Kontinentalita
podnebi se zvySuje od zdpadu k vychodu. Zatimco v zapadni ¢asti (napt. Jezerni hora)
dosahuji ro¢ni srdzkové thrny pies 1400 mm/rok, ve vychodni ¢asti (napf. Boubin) je
to pouze 800-1000 mm/rok (Tolasz, 2007).

V pohoii Sumavy byly vytipovany staré porosty horskych smréin, které vznikaly
pied rokem 1850. Vybér probihal na podkladé historickych lesnickych map (které na
Sumavé vznikaly po roce 1860; Jelinek, 2005; Statni oblastni archiv Plzen), literatury,
leteckych snimkl a soucasnych lesnickych map. Biotop horské smrciny byl ramcové
ohranicen vrstevnici 1150 m. n. m. Néasledné¢ vSak byly zahrnuty i nékteré dalsi
lokality s neznamou minulosti, pro néz neexistovali historické mapy (Mustek). Zde je
nutné upozornit, 7e vybrané lokality pokryvaly vétsinu horskych smréin Sumavy.
Sedm lokalit bylo vybrano pro tuto studii (obr. 5, postupné od severozapadu
k jihovychodu): Ostry, Jezerni hora, Mustek, Polom-Zdéanidla, Boubin, Plechy a
Hrani¢nik. Dvé zbyvajici lokality byly shledany jako nevhodné, nebot se zde
vyskytovaly pouze mladsi porosty. Byly to lokality Bfeznik a Polednik.

Vétsina starych porostii horskych smréin Sumavy se postupné rozpadala od 80.
let 20. stoleti vlivem vichfic, ziru lykozrouta smrkového (Ips typographus) a

asanacnich tézeb, coz kulminovalo vichtici Kyrill v lednu 2007.
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4.1 Sbér dat

Celkem 24 studijnich ploch bylo na Sumavé zaloZeno pro studium krajinného
meftitka disturbanci (obr. 5). PocCet ploch na kazdé lokalit¢ (v rozsahu od jedné do
osmi) zavisel na rozloze lokality. Plochy byly vybirany tak, aby pokryly co nejvétsi
variabilitu porosti (vétSinou na zakladé historickych porostnich map). Na kazdé
lokalité byla snaha zalozit alespon dvé¢ plochy, coz se nepodafilo pouze na lokalité
Ostry diky jeji malé rozloze. Plochy byly vybirany tak, aby byly homogenni a
reprezentativni co se tyce stanovistnich podminek. Byly zakladany v mistech, ktera se
rozpadla v dasledku vichfice Kyrill, nebo pozdé¢ji tak, aby bylo mozné z jesté
nezetlelych kment odebirat vzorky.

Vychozi velikost studijni plochy byla 50 x 50 metrd. Na vybranych lokalitach
(Ostry, Jezerni hora, Mustek, Boubin) byla struktura porostu na plose geodeticky
zaméfovana pomoci systému Field Map (Field-Map®, Monitoring and Mapping

Solutions, Ltd.; www.fieldmap.cz). Byly zaméteny pozice vSech zivych a mrtvych

stromt (s prumérem nad 10 cm) na ploSe. Pro kazdy kmen byl zaznamenan jeho druh,
tloustka ve vysce pafezu (ca 30 cm) a tfida rozkladu pomoci klasifikace Grovena et al.
(2002). Groven et al. (2002) pouzil osmistupiovou Skalu na zékladé pfitomnosti kiry,
tvrdosti bélového a jadrového dieva a viditelnosti struktury dieva. K této Skale byla
pfidana tfida 0 pro zivé stromy. Stromy, které odumiely pii vichifici v roce 2007 ¢i
pozdéji byly zatazovany do tiidy rozkladu 2.

Na tfech plochdch na lokalit¢ Jezerni hora byly nasledné¢ odebrany vyvrty
Presslerovym nebozezem ze vSech zaméfenych kmend, z kterych to bylo mozné.
Vyvrty byly odebirany ve vysce pafezu (30-40 cm nad zemi) z mrtvych stromi
(pafezii, wvyvratl, sou$i; viz vySe vybér ploch). Cilem bylo ziskat vyvrt
S reprezentativnim ristem (v piipadé excentrického stiedu) a neovlivnény kofenovymi
nab¢hy. Posléze byla vyhodnocena vékova struktura porostli na plochach na Jezerni
hote a bylo zjisténo, Ze rozdily v distribuci vékii mezi celym souborem dat a vybérem
z n¢ho klesaji pti pouziti 30-40 vzorkl. Bylo tedy usouzeno, Ze pro popis vékové
struktury porostu na ploSe je dostate¢ny odbér alespont 35 vyvrtd. Toto ¢islo je
konzistentni s dalSimi podobnymi studiemi (Frelich and Lorimer, 1991; Veblen et al.,
1994; D’Amato and Orwig, 2008; Fraver et al., 2009). Proto byl na kazdé ploSe
vytvofen transekt sttedem plochy (tj. dlouhy 50 metrt), ktery byl Siroky tak, aby na

ném bylo mozné odebrat vzorky minimaln¢ z 35 kmenl. Nasledn¢ byly odebrany
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vyvrty ze vSech kmend v transektu na lokalitdich Ostry, Mistek a Boubin stejnym

zpusobem jako na Jezerni hote.

Legend

@ study plots

I study area (above 1150 m.a.s.l.)

National Park and surrounding Protected Hrani&nik
D Landscape area Sumava

— T I
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Obr. 5: Lokalizace studijnich ploch na Sumavé. Vrstevnice 1150 m.n.m. ramcové

ohranicuje studijni lokality.
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Na zbyvajicich lokalitach (Polom-Zdénidla, Plechy, Hrani¢nik) bylo pracovano
jiz pouze s popsanym transektem (50 m dlouhy a Siroky tak aby zahrnul alesponi 35
vhodnych kmentl) bez geodetického zaméfovani. Na kazdé ploSe byla vytyCena
¢tvercovad sit 5 x 5 metri pomoci kompasu a dalkoméru Vertex (Haglof,

www.haglof.se). Pomoci této sit€ byla urCena piiblizna pozice kazdého Zivého a

mrtvého stromu, uréen jeho druh, tloustka a tfida rozkladu. Z kazdého kmenu na
transektu byl opét odebran vyvrt.

V laboratofi byly vyvrty vysuSeny, nalepeny do dfevénych prken s drdzkami a
sefiznuty ziletkou. U takto pfipravenych vyvrti byl pod binolupou pocitdn pocet
letokruhti a métena jejich Sitka pomoci posuvného stolku LINTAB piipojeného na
pocita¢ s programem TsapWin (RINNTECH, Inc.,, Heidelberg, Germany,

www.rinntech.com) s ptesnosti na 0,01 mm. Hranice letokruhii byly lokalizovany

s vyuzitim mikroskopu Olympus se zamérnym kiiZem.

Ziskané letokruhové série byly sledovany metodou kiizového datovani tak, aby
kazda informace o $ifce letokruhu byla pfirazena ke specifickému kalendainimu roku,
ve kterém byl vytvoien (Douglass, 1929). Pomoci této metody je mozné opravit
problematické pfirtistové série s chybé&jicimi letokruhy (chybéjicimi na vyvrtu, viz
napt. Peters et al., 2002) a posunout série z mrtvych stromu a stromd, u kterych nebylo
mozné ziskat celou sérii v disledku hniloby bélového dieva. Ktizové datovéani bylo
provedeno v programu Past4 s pouzitim vizualniho hodnoceni (Yamaguchi, 1991), a
také statistickych testd — Gleichlaufigkeit a t-test transformovanych sérii (Knibbe,
2007). Nékolik sérii, které nebylo mozné spolehlivé datovat, byly vylouceny.
Zaktiveni a primérnd Sitka prvnich péti letokruhti byla pouzita pro urceni poctu
chybéjicich letokruhti v pripad€, ze vyvrtem nebyl trefen stied (Duncan, 1989). Zde je
nutné podotknout, ze zjisténé veéky nejsou veéky absolutni, nybrz véky dorostu do

vysky odbéru vzorki (30-40 cm nad zemi), viz ¢ast 2.3 Dynamika obnovy - vék.

4.1 Zpracovani dat

Letokruhové série a v&k byly vyuzity k analyze toho, jak porost vznikl a jak se
dale vyvijel. Pro potencidln¢ stinné lesy mirného pasma, které nejsou pod vlivem
silnych pozarh, plati, ze distribuce vékli nemusi dobfe vypovidat o vzniku porostu,

protoze stromy mohou existovat dlouhou dobu v podrostu. Lepsi charakteristikou
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proto byva okamzik, kdy strom zacal intenzivné odrustat (Oliver, 1980/81). Takové
okamziky je mozné nalézt na piirGstovych sériich. Zacatek intenzivniho ristu indikuje
oteviené¢ podminky pro rist stromu, které byvaji vytvofeny umrtim stroma v okoli.
Timto zpusobem se daji odhalit minula naruseni, ktera se v porostu vyskytla. Na
letokruhovych sériich byly hledany dva typy udalosti: 1) rychly pocatecni riist — strom
zacal rust v otevienych podminkach, 2) uvolnéni — néahlé, setrvalé a vyrazné zvyseni
ptirtstu. Pokud jsou takovéto udélosti v ¢ase synchronizovany u vice stromtl, znaci to
dulezité naruseni, které se v porostu v minulosti vyskytlo.

Strom byl oznacen jako ,,vznikly v mezefe“ (s rychlym pocate¢nim rtstem)
Vv piipad¢, Ze jeho primérny ptirGst mezi 6. a 15. letokruhem byl vétsi nez 1 mm a
nasledujici trend pfiristu byl rovny, klesajici nebo parabolicky (Frelich, 2002;
Splechtna et al., 2005; Jonnson et al., 2009; Svoboda et al., 2011). Svoboda et al.
(2011) a Janda (nepubl.) sledovali pocateéni rist mladych stromu v porostnich
mezerach a zjistili, Ze maximalniho rstu (>1,88 mm) dosahuji stromy v porostni
mezefe ve&tsi nez 1000 m%. A minimélni hranice pro strom rostouci v otevieném zapoji
Vv porostni mezete byla 1,06 mm.

Uvolnéni byla v letokruhovych sériich odhalovana tzv. metodou absolutni
rustové zmény (Fraver and White, 2005b). Pro kazdy rok kazdé ptirGstové série,
vyjma prvnich a poslednich deseti let, byly spocteny ristové zmény odectenim
predchoziho desetiletého priméru od nasledujiciho desetiletého primeéru. Pokud
rustova zména byla vétsi nez +0,55 mm byla oznaena jako uvolnéni v ptipadé, Ze
byla zdrovenn maximalni zménou v intervalu +10 let (Jonnson et al., 2009). Na zavér
byly rtstové série prohlédnuty vizualné a subjektivné vyrazena uvolnéni, ktera nebyla
ziejma — napft. kratkodobé pulzy nebo propady v pfirtistu.

Dale byla provedena analyza dynamiky pfiristu. Rastové série byly
standardizovany ve tfech krocich. Nejprve byla data transformovana mocninou
transformaci. Optimalni exponent, p, byl vypocten podle vzorce: p =1 — m, kde m je
sklon regresni kiivky vztahu logaritmovaného primérného pfirtstu a rozdilu mezi
kvartily pro neptekryvajici se desetileti (Emerson, 1983). Vysledna hodnota p se rovna
0,3. Nasledné byl odfiltrovan vliv véku na ptirist metodou RCS (Grudd et al., 2002).
Tato metoda zavadi jedinou kiivku veékového trendu ziskanou regresni analyzou
vztahu pfirGst vs. vék zmnoha stromid. Ve tfetim kroku byla odstanéna

vysokofrekvencni variabilita prolozenim kazd¢ individualni série 40tiletou spline
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funkci (Cook and Kairiukstis, 1990). S vyslednymi spline funkcemi (rtstovymi
trendy) byla provedena clusterovd analyza pomoci metody ,,average linkage* s
,,Euclidean distance*.

Vztahy mezi nejriznéjSimi popisovanymi proménnymi (tloustka, vek, tfida
rozkladu, pocet udalosti indikujicich naruSeni, typy rastovych trenda) byly testovany
pomoci jednoduché neparametrické statistiky (Spearmantiv korelacni koeficient,

Kruskall-Wallis ANOVA).
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5. Vysledky

5.1 Cada, V., Svoboda, M., 2011. Structure and origin of mountain Norway
spruce in the Bohemian Forest. J. For. Sci. 57, 523-535.
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Structure and origin of mountain Norway spruce
in the Bohemian Forest

V. CapA, M. SVvOBODA

Department of Silviculture, Faculty of Forestry and Wood Sciences, Czech University of Life
Sciences Prague, Prague, Czech Republic

ABSTRACT: Information on the historical background of the present forest conditions is needed for proper decisions
on forest management. Disturbances play a major role in the formation of forest structure and composition. This
paper compares the present break-up of mountain spruce stands in the Bohemian Forest (in the Sumava Protected
Landscape Area) with conditions during their initiation using dendrochronological techniques. On three selected
localities we established two study plots within relatively old stands of unknown origin. Stands were recently broken
up by a windstorm. The present situation was described by diameter and decay class distribution. To describe the
situation at the stand initiation, we cored at least 40 stems on each plot to get the age structure and growth series
of trees. Disturbances were marked by discovering synchronous releases on tree-ring series. Main population waves
were initiated in association with severe disturbances during a relatively short period, leading to the establishment
of relatively even-aged, homogeneously looking stands. The disturbancees were synchronized between plots and ac-
counted for by historically known windstorms or bark beetle outbreaks; notwithstanding, logging as a disturbance
factor is also particularly possible.

Keywords: dendroecology; natural disturbance; Picea abies (L.) Karst.; regeneration; stand dynamics; disturbance history

Understanding the forest dynamics (and its
structural effects) is greatly needed for proper
management of protected areas as well as for ef-
fective utilization of commercial areas (KIMMINS
2004). The definition of a natural range of variabil-
ity is still missing for mountain Norway spruce for-
ests in Central Europe (KuLAkowski, BEBI 2004).
This is a problem because the degree of naturalism
(based on structural attributes) is used for manag-
ing the existing protected areas and establishing or
excluding others (MicHAL, PETRICEK 1999). The
disagreement about protected mountain spruce
stands in the Bohemian Forest (Sumava National
Park and Protected Landscape Area) is partly based
on the problems raised by the relative homogene-
ity of these stands and their present relatively large

break up (FiscHER et al. 2002; JoNASOVA, PRACH
2004; VACEK, PODRAzskY 2008; PrRAcCH et al
2009), which is not consistent with the original idea
of what constitutes a virgin forest.

The initial description of forest dynamics in Cen-
tral Europe arises from the work of KorprEer (1989,
1995). His model of a small developmental cycle
was developed mainly by studying stand structures
on study plots and was used for all forest types in
a similar manner. But even this author accepts the
possibility of “catastrophic break up” in mountain
spruce forests. Not until the last decade was it
discovered — based on studies of historical docu-
ments (SvoBopa 2006), extensive structural work
(HoLEksA et al. 2007) and dendroecology (MoTTA
et al. 1999; ZIELONKA, MALCHER 2009; ZIELONKA

Supported by the Czech University of Life Sciences in Prague (Project CIGA No. 20104302) and by the Sumava Na-
tional Park and Protected Landscape Area, by the Czech Science Foundation (Project GACR No. P504/10/0843) and
partly also by the Ministry of Education, Youth and Sports (Project No. MSMT LH11043).
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et al. 2010; SvoBoODA et al. submitted 2011) — that
this type of disturbance could naturally cause a
large break up on the landscape level. Other than
repeated measurements on study plots (which lasts
for many decades), only reconstruction by a den-
drochronological tree-ring analysis could describe
the past stand development (VIN§ 1961; HENRY,
SwAN 1974; OLIVER, STEPHENS 1977). Wave-re-
generated stands initiated after severe disturbances
in the past have subsequently a relatively homo-
geneous structure versus continually regenerated
stands affected by disturbances of low severity
(FRELICH 2002).

Disturbances play a fundamental role in vegeta-
tion dynamics. They have become the basic part of
the vegetation dynamics in the last 50 years (P1ck-
ETT, WHITE 1985). The disturbance is defined as
any relatively discrete event in time that disrupts
ecosystem, community, or population structure
and changes resources, substrate availability, or
the physical environment. The mentioned change
(resource openness) is usually followed by a re-
lease of smaller trees from suppression (growth in-
crease) or establishment of new cohorts (LORIMER,
FrReLICH 1989). A few main disturbance factors
exist in studies of tree population dynamics — fire,
wind, insects, other pathogens and animals, includ-
ing man-made harvesting (FRELICH 2002). But the
attributes of a concrete disturbance regime remain
unanswered — the rotation period, severity and ex-
tent of different types of disturbances occurring in
a landscape (FRELICH 2002).

A part of the regeneration ecology of species
could be described by the age distribution of a
population (AGREN, ZACKRrISsON 1990; HoE-
GAARD 1993; ENGELMARK et al. 1994; BRUMELIS
et al. 2005). The knowledge of its relationship to
disturbances is vital, but it is very difficult to de-
termine the real age of a tree (DESROCHERS, GA-
GNON 1997; NikLASSON 2002). Taking increment
cores in higher parts of stems (stump or breast
height) leads to an underestimation of tree age and
dispersion of age distribution in degree of decades
(DESROCHERS, GAGNON 1997; PARENT et al. 2000;
GUTSELL, JOHNSON 2002; NIKLASSON 2002; PE-
TERS et al. 2002). But instead, the aim could be to
describe the origin of a stand (relationship of forest
regeneration and disturbances). For this purpose,
it is not necessary to obtain the real ages of trees,
but it needs to get as close as possible (in time)
to the disturbance. It is possible to sample trees
at breast height in forest types where higher ad-
vanced regeneration is released after removing the
overstorey (FRAVER, WHITE 2005a; SPLECHTNA et
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al. 2005). In the case of mountain Norway spruce
in the Bohemian Forest, mainly small regenera-
tion is released after disturbance (JoNASOVA 2001;
JoNASOVA, PRACH 2004; ULBRICHOVA et al. 2006;
SvoBopA 2007; ZENAHLiKOVA, SvoBoDA 2011),
so we feel it is important to core trees as low as
possible at stump height consistently with other
authors (VEBLEN et al. 1994; MoTTA et al. 1999;
D’AMATO, ORWIG 2008).

In the Bohemian Forest almost all old mountain
Norway spruce stands were broken up since the
end of the 1980’s due to windstorms and attacks of
bark beetle. A notable proportion was broken up
by the Kyrill windstorm in January 2007. The goal
of the work was therefore 1) to describe the struc-
ture of those disturbed stands immediately before
the windstorm, and 2) to describe its origin and
to compare it to the present situation. Are these
stands wave regenerated or not, even-aged or
multi-aged? Are present disturbances historically
unique, or is the present situation comparable to
the past? In particular, we will solve what may be
the cause of the found disturbances, whether wind,
bark beetle or human activities. We will discuss
the hypothesis about the artificial origin of these
forests (ZATLOUKAL 1998; VACEK, PODRAZSKY
2008).

MATERIAL AND METHODS

This work was conducted within selected moun-
tain Norway spruce stands of the Protected Land-
scape Area (CHKO) Sumava located in the south-
western Czech Republic in central Europe (Fig. 1).
Pure Norway spruce woods occur mainly in iso-
lated upper parts of this section of the mountain
range. The tree layer is strongly dominated by
Norway spruce (Picea abies [L. ] Karst.) with only
an admixture of other species (Sorbus aucuparia
[L.], Acer pseudoplatanus [L.], Abies alba [Mill.],
Fagus sylvatica [L.] and others) (NEUHAUSLOVA,
MORAVEC 1998).

Threeseparatedlocalities of the Sumava Protected
Landscape Area were selected for this study: (1) Je-
zerni Mt. (1,343 m a.s.L, plots JEZ1 and JEZ2) on
the top of the Krélovsky hvozd ridge, and (2) M-
stek Mt. (1,235 m a.s.l., plots MUS1 and MUS2)
on the top of the Pancif ridge in the north-west-
ern range of the Bohemian Forest, and (3) Boubin
Mt. (1,362 m a.s.L, plots BOU1 and BOU2) on the
top of the Boubin highlands in the central part of
the Bohemian Forest (Table 1). Geologically, the
Bohemian Forest is a crystalline complex — the
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Fig. 1. Location of the
study area in the Czech
Republic. The Sumava
Protected Landscape Area
is in light grey (CENIA®

E?Z
7 i 5\?

20 Kilometers
I

CSU, ARCDATA, AOPK
CR, MZP; geoportal.ce-
nia.cz). Positions of the
study plots (Jezerni Mt. —
JEZ, Mustek Mt. — MUS,
and Boubin Mt. — BOU
— see Methods) are shown
by black squares

oldest (Hercynian) part of the Bohemian Massif
is called Moldanubicum. This complex consists
mainly of Eastern schist. Jezerni Mt. and Mistek
Mt. are pure (mica schist) and Boubin Mt. is rich-
er (gneiss) (CHAB et al. 2007). The same situation

Table 1. Basic characteristics of the plots

is found within the soil cover — from stony soil
on Jezerni Mt. to podsol on Boubin Mt. (KozAk
2010). The climate is cold with mean annual tem-
perature of about 4°C. The continentality increas-
es from west to east. Mean annual precipitation

Locality (plot)
Jezerni Mt. Mustek Mt. Boubin Mt.
JEZ1 JEZ2 MUS1 MUS2 BOU1 BOU2

Altitude (m) 1,337 1,321 1,200 1,175 1,280 1,317
Longitude (m)  SJTSK —846,106 —846,082 —-840,861 —-840,750 —804,794 -803,310
Latitude (m) SJTSK -1,131,124 -1,131,368 -1,128,668 -1,128,916 -1,158,897 -1,157,324
(sgerfc‘:;tage by number/basal arca)  °-61/9899 100 100 99.43/98.83 100 100
Additional species rowan fir, beech

density of trees (ha™!) 516 316 608 348 348 284
Living trees  mean diameter (cm) 35 40 32 40 46 51

basal area (m?-ha~!) 50.65 41.45 54.82 48.18 55.58 60.31

density of trees (ha™!) 512 448 80 244, 100 144
Dead trees mean diameter (cm) 26 31 24 22 37 33

basal area (m%*ha!) 30.36 36.64 3.93 10.17 12.63 13.25

density of trees (ha™!) 1,028 764 688 592 448 428
Sum mean diameter (cm) 30 35 31 32 43 45

basal area (m%*ha!) 81.01 78.09 58.75 58.35 68.21 73.57

Positions of the study plots (Jezerni Mt. — JEZ, Mistek Mt. — MUS, and Boubin Mt. — BOU — see Methods)

J. FOR. SCIL, 57, 2011 (12): 523-535

525



reaches about 1,400 mm~year‘1 on Jezerni Mt., over
1,200 mm-year~! on Miustek Mt. and 800-1,000
mm-year~! on Boubin Mt. (ToLAsz 2007). Vegeta-
tion communities are described as Calamagrostio
villosae-Piceetum (with transition to Calamagros-
tio villosae-Fagetum on Mustek Mt.; NEUHAUS-
LOVA, MORAVEC 1998).

A few authors postulated the unnatural planted
origin of mountain spruce stands of the Bohemi-
an Forest (ZATLOUKAL 1998; VACEK, PODRAZSKY
2008). But in fact no direct evidence exists before
the 1860s when the first management plans for large
land owners of forests were made (JELINEK 2005).
Hardly any stands older than 80 years, which were
described as virgin forests on these maps, have sur-
vived to the present. And there exists a high un-
certainty about the way of the origin and historical
management of stands younger than 80 years on
these maps.

For our study we selected forest stands of un-
known origin on the three localities. Two study
plots were analyzed on each locality. For Jezerni
Mt. a 41-60 years old patch was found surrounded
by more than 80-years-old stands on the first map
from 1876 (State Archive SOA Plzen, VS Zelezna
Ruda, map 2). Boubin Mt. is a part of the protection
forest where no logging has been set in prescription
since 1858 (VANEK 1985). The first plot on Boubin
Mt., BOU1, was placed into a stand younger than
20 years on the first map from 1868. This stand
was next to an area affected by the bark-beetle out-
break in the 1870’s, which was subsequently logged
(JELiNEK 2005). It was not possible to find the
boundary in the field. The second plot on Boubin
Mt., BOU2, was placed into a stand described as
being older than 80 years in 1868 (JELINEK 2005).
Mtstek Mt. was owned by the village of Javorna
and no direct evidence of management exists from
the 19 century (JELINEK 2005).

Data collection

Two 50 x 50 m study plots were established at
each locality (i.e. 6 plots in total). Plots were select-
ed in an area that was fully replaced after the Kyrill
windstorm from January 2007. Salvage logging was
done at all localities after the windstorm. There was
an effort to meet the requirement for homogeneity
and representativeness of each plot.

Electronic and laser measuring devices linked
to a GIS (Field-Map®, Monitoring and Mapping
Solutions, Ltd.; www.fieldmap.cz) were used to
measure the stand structures. All live and dead
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trees (diameter at stump height over 10 cm) were
positioned. For each tree we recorded its species,
dia-meter at stump height (about 30 cm) and de-
cay class based on the classification of GROVEN et
al. (2002). GROVEN et al. (2002) used an eight-class
scale based on the presence of bark, solidity of sap-
wood and heartwood and visibility of wood struc-
tures. We added to the scale the class 0 for living
trees. Unlike GROVEN et al. (2002) we were not able
to find any trees that could be listed in class eight
(totally decayed, found by pigmented soil) due to
the dense vegetation cover and soil disruption by
disturbances (windstorm as well as subsequent
logging). This problem is also likely responsible for
the slight underestimation of further classes. Trees
that died due to the windstorm in January 2007 or
later were included in class 2.

The aim was to describe the state of the stands
before break-up. Thus, trees in class 2, together
with classes 0 and 1, were further specified as “liv-
ing trees” and trees in higher decay classes were
further specified as “dead trees”.

We extracted one core at stump height from each
possible bole on the plots on Jezerni Mt. After sal-
vage logging we could almost always view the pith
of a stump, we focused on taking cores from the
side with representative growth (in cases with exo-
centric growth) and not affected by root swellings.
We then evaluated the age structure from Jezerni
Mt. and found that the average differences between
all ages of the sample and subsamples diminished
more slowly after taking 30-40 samples. Thus, we
realized (taking the plot as a point in space) that
it was sufficient to core about 30-40 trees. This
number is consistent with other studies (FRELICH,
LoRIMER 1991; VEBLEN et al. 1994; D’AMATO, OR-
wiG 2008; FRAVER et al. 2009). We established a
transect through the centre of each plot (i.e. 50 m
long) and wide enough to include about 40 boles
from which it was possible to take a core. We then
extracted a core from each bole inside the transect
on Mistek Mt. and Boubin Mt. in the same way as
described for Jezerni Mt.

Increment cores were air-dried, attached to a
wooden mount and cut with a razor-blade. The
contrast was improved by moistening and impress-
ing the chalk. Ring widths on all cores were mea-
sured to the nearest 0.01 mm using the LINTAB
measuring device connected to a computer with
TsapWin programme (RINNTECH, Inc., Heidel-
berg, Germany). Ring borders were localized using
an Olympus stereomicroscope with a cross.

To append the width of each measured ring to
an absolute year, it is necessary to do cross-dating
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(DougLAss 1929). This can solve the problem of
partially missing rings (missing on the core, for
example PETERS et al. 2002) and move series from
dead trees or trees with decayed sapwood. Cross-
dating was done in Past4 programme using visual
cross-dating as well as statistical tests — Gleichlau-
figkeit and ¢-test of transformed series (KNIBBE
2007). Sample chronologies were plotted against
the mean chronology made of series of well grow-
ing trees with wide rings (YAMAGUCHI 1991),
against the mean chronology from Trojmezna Mt.
in the southern part of the Bohemian Forest (JaAN-
DA et al. 2010) and verified by the light ring of 1912
(GINDL 1999) and marked rings found by CEJKOVA
and KoLAR (2009). Final verification was done in
COFECHA (HoLMES 1983; GRISSINO-MAYER
2001). A few series which did not fit well were ex-
cluded. Missing rings were inserted and given the
lowest measurable value of 0.01 mm.

To evaluate tree age, we estimated the number of
rings missed in cases when the core did not pass
through the pith. We estimated the distance be-
tween the first measured ring and expected pith by
placing a transparent sheet with concentric circles.
The number of missed rings was then acquired by
dividing this distance by the mean ring width of the
five rings closest to the centre.

Data analysis

There was a total of 281 series for Jezerni Mt.
(plot JEZ1 — 168, plot JEZ2 — 113), 89 series for
Mistek Mt. (plot MUS1 — 43 series, plot MUS2 —
46 series) and 90 series for Boubin Mt. (plot BOU1
— 46, plot BOU2 — 44). A total of 23 series of the
Jezerni Mt. had rotten centres and therefore it was
not possible to calculate their age. Of the remaining
258 series, 19% passed through the pith, 90% were
within 14.30 mm of the pith and the maximum dis-
tance to the pith was 39.90 mm. For Mustek Mt.
and Boubin Mt., 10 series had rotten centres. For
the other 171 series, 51% passed through the pith,
90% were within 6.73 mm and the maximum dis-
tance to the pith was 30.45 mm.

Ring width series were used for the dating of past
disturbance events. These methods are based on
the knowledge that a tree accelerates its growth af-
ter its competitors are removed by a disturbance.
This is called a release and is defined as a rapid,
sudden and sustained growth increase. Synchro-
nized release events indicate a relevant disturbance
(LOoRIMER, FRrReLICH 1989). To filter out other
changes in growth, releases are usually computed
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from 10-year running means and only changes
over a subjectively assessed threshold are marked
(LORIMER, FRELICH 1989). We used the “absolute
increase” method to determine releases (FRAVER,
WHITE 2005b). Absolute growth changes were
calculated for each year of each series except the
first and the last 10 years by subtracting the prior
10-year mean from the subsequent 10-year mean.
A year was marked as a release if the value was the
maximum of a 20-year interval (+10 year) and ex-
ceeded the threshold of +0.55 mm (JONSSON et al.
2009). This threshold was specified directly to Nor-
way spruce based on experience with its growth
variation (JONssSON et al. 2009). This threshold is
equivalent to 24% of the boundary lines used for
Norway spruce averaged across all prior growth
classes (SPLECHTNA et al. 2005; ZIELONKA et al.
2010). Finally we checked all series and their releas-
es visually. Releases were excluded if the growth ac-
celeration was not obvious (the average percentage
among plots was 18.4% of cases excluded) — for ex-
ample growth restoration after short-term growth
reduction, short-term pulses etc. Releases were
also added in obvious cases (the average percent-
age among plots was 11.8% of cases added). Vi-
sual checking is vital in this type of work, because
growth fluctuations due to environmental varia-
tion (climate, injuries, mast year etc.) have a high
effect close to the specified threshold. Basically it
is always a trade-off between positive and nega-
tive errors. Non-release growth changes are not
related only to climate variations, which is usually
used to test the criteria (NOwWACKI, ABRAMS 1997;
BrLack, ABrRaMsS 2003). There exists a great overlap
with changes caused by injuries, reaction wood etc.
(FRAVER, WHITE 2005b; FRAVER personal commu-
nication). To overcome the problem of subjectivity,
we also defined more strict criteria to detect higher
magnitude and longer duration releases (15-year
means, absolute increase threshold +0.75 mm)
where little subjectivity was used (on average 2.3%
of cases excluded). Results (Fig. 4) showed that the
dating of major disturbances was little affected by
a specified threshold. Releases connected to major
disturbances were both of higher magnitude and
longer duration.

All releases were then counted every year and
plotted proportionally to the sample depth in each
year. We wanted to show the real distribution of re-
leases and date the disturbances as closely as pos-
sible by peaks in distribution. We wanted also to
determine the rate of past break-up (immediate or
slower origin of stands). It is important to note that
mathematically derived criteria and tree reaction
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delay (mainly 1-5 years) could cause a few-year
dispersion of releases in time (NOWACKI, ABRAMS
1997; RENTCH et al. 2002; JoNES, THOMAS 2004).
Nevertheless, we found that releases were clus-
tered on the time axis. We then calculated also the
percentage of all older trees released in specified
periods and showed it above the chronology. The
chronology was truncated when the sample depth
dropped below 10 and the time axes were restrict-
ed to the period of main tree establishment on the
plots, i.e. 1750—1929.

Nonparametric methods were used to test our
results. Spearman’s correlation coefficient was
used to test relationships between basic charac-
teristics from Table 1 and the Kruskal-Wallis test
(subsequently also post-hoc multiple compari-
son tests) was employed to compare the distri-
butions of diameters, decay classes and ages. We
used the 0.05 significance level to reject the null
hypothesis.
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RESULTS
Structure of the tree layer

Forest stands on all plots consisted of nearly
100% Norway spruce. Basic characteristics are
shown in Table 1. A relatively high variation of val-
ues was found in the case of tree densities (316 to
608 trees per hectar). If we incorporate data from
the mountain spruce locality Trojmeznd in the Bo-
hemian Forest (SvoBoDA 2007; JANDA et al. 2010;
SvoBoDA et al. 2010) and also the historical situ-
ation (i.e. dead trees), then the range is from 200
to 1,600 trees per hectare. Basal area showed less
variation (note that our data were taken at stump
height) — i.e. from 40 to 60 m2ha!. This disper-
sion is attributable to recent mortality before the
windstorm on plots JEZ2 and MUS2 and less on
plot JEZ1 (Fig. 3). In these cases, it is probable that
the population of trees did not fill in the space re-

all: a all: b

live: a JEZ2 live: b

all: a all: a,b

live: a MUS2 live: b
iillli.

all: ¢ all: ¢

live:b,c  BOU?2 live: ¢
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Fig. 2. Diameter distribution of living (black columns) a
windstorm from January 2007. Results of the Kruskal-Wa
between plots, are shown on the right sides of the graphs

nd dead trees (grey columns) before the stand replacing
llis test, comparing distributions of all trees and live trees

(all: H =127.23, P < 0.001; live: H =141.23,P<

5, N=936 5, N=56

0.001). Distributions with different letters differed significantly (P < 0.05)
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leased by this mortality before the windstorm. Af-
ter exclusion of these plots, the range of basal ar-
eas narrowed to 55—-60 m?-ha~!. The proportion of
dead trees was higher if we used the tree number,
but it was lower if we used basal areas for the com-
putation. This means that dead trees had smaller
diameters than living trees. The largest differences
were on Miustek Mt. and Boubin Mt., while differ-
ences were less notable on Jezerni Mt. (Figs 2 and
3). This indicates recent mortality of thick domi-
nant trees caused by recent disturbances before
the windstorm at the latter locality and only recent
self-thinning at the other localities.

Spearman’s correlation coefficients were calcu-
lated for the variables in Table 1 (n = 6, P < 0.05).
Trees had larger diameters on Boubin Mt. (mean
diameter vs. longitude, » = 0.83), while more trees
grew on Jezerni Mt. and Mtstek Mt. A significant
negative relationship was found between the tree
number and their mean diameter (living as well as
all trees, r = —0.90 and r = —0.83, respectively). This
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is probably related to the differences in environ-
mental conditions (Material and Methods). There
was a higher proportion of dead trees on Jezerni
Mt. (basal area of dead trees vs. altitude, » = 0.89).
A positive relationship was found between the ba-
sal area of all trees and that of dead trees (r = 0.89).
There was a negative, non-significant relationship
between the basal area of living trees and the num-
ber of dead trees (r = —0.60).

The diameters of living trees generally showed a
modal type of distribution (Fig. 2). This distribu-
tion shows a tendency to the left asymmetry on
all plots. The distributions of all trees among plots
differed significantly (Kruskal-Wallis test, H; o,
= 127.23, P < 0.001). A distinct diameter structure
was found on Boubin Mt. with hardly any propor-
tion of stems below 10 cm. The result evolve if we
use only living trees (Kruskal-Wallis test: H; .. =
141.23, P < 0.001). The exclusion of thin stems and
development of a classical modal type continued
also at the other localities. The modes developed in
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b a
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a,C
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N
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Decay class

Fig. 3. Distribution of decay classes, after GROVEN et al. (2002), which show recent stand dynamics and lasting of break-

up. Trees died after the windstorm in January 2007 are in class 2. The break-up was more rapid when the dominance

of class 2 was stronger. Results of Kruskal-Wallis tests comparing distributions between plots are shown on the right

sides of the graphs (H

5, N=923
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= 95.56, P < 0.001). Distributions with different letters differed significantly (P < 0.05)
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the 45-50 cm class on Boubin Mt. and Mustek Mt.
and in smaller classes on Jezerni Mt.

The decay class distribution shows recent stand
dynamics (Fig. 3). Forests with continuous dy-
namics usually show a dominance of decay class 3
(GROVEN et al. 2002), however this was not attained
on the study plots. Instead, we found a high domi-
nance of class 2 on all plots (i.e. mainly trees de-
stroyed by the Kyrill windstorm or after it), which
indicates the unstable dynamics of these stands.
The strength of this instability is described by the
magnitude of the dominance of decay class 2. The
distributions among plots differed significantly
(Kruskal-Wallis test: H gy = 95.56, P < 0.001).
There was a low amount of dead wood on Mistek
Mt. and Boubin Mt. before the windstorm. Recent
higher mortality (before the windstorm) was found
on Jezerni Mt. This area was broken up more slowly.

Age structure and disturbances

Age distributions on the plots are closer to the
modal type of distribution than to the exponential
type of distribution (Fig. 4). This shows an unstable
type of forest dynamics. Peaks in age distributions
are quite narrow and located in only a few decades.
On the other hand, the age range is from 85 to 215
years. Other smaller peaks in tree establishment
could be found on four plots. The main peaks of
tree establishment occurred in the 1820s on plots
JEZ2 and BOU2, in the 1850s on plot BOU1, in the
1860s on plots JEZ1 and MUS], and in the 1870s on
plots MUS2 (and smaller ones also on plot BOU1).
Smaller peaks occurred also in the 1780’s on plots
JEZ1 and BOU2, and the 1910’s on plot MUSI.

Release events are clustered on the time axis
(Fig. 4). Continuous polygons of release events are
separated by periods with no releases. The peaks
in tree establishment are closely connected with
peaks in releases (i.e. with disturbances), occur-
ring mainly in the same decade. In a few cases on
Mistek Mt., the peak in ages preceded the distur-
bance by one decade. In one case, the peak in tree
establishment was delayed one decade after the
disturbance (plot BOU1, 1840-1850). Also, regen-
eration stopped 2 or 3 decades after the distur-
bance, with the exception of two plots (MUS1 and
BOU1), where the origin was connected with more
and separate disturbances.

The majority of trees which established before ma-
jor disturbances showed suppressed growth and ac-
cessed the canopy through release. Only a few trees
were left from the overstorey of the previous stand
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and showed no release in the time of the main tree
establishment. The proportion of trees older than the
main population wave (main peak in age distribu-
tion) highly differs from 5 trees to a half of all trees.
71-94% of these older trees showed synchronized
release events in the period of the peak in age distri-
bution (Fig. 4). Sometimes it is probable that two or
several close disturbance events in time caused the
stand initiation. For example, there are two separated
peaks on plot BOU2 in the years 1812 and 1824 or
prolonged releases over more than a twenty-year pe-
riod on plot JEZ1. Peaks in release chronologies were
synchronized to the early 1820s (JEZ2, BOU2), early
1860s (JEZ1, BOU1), 1870s (MUS1, MUS2) and early
1920s (MUSL1). Additional peaks were created in the
early 1780s (JEZ1) and between the years 1836 and
1843 (BOU1).

DISCUSSION

We found structurally relatively homogeneous
stands of mountain Norway spruce on the micro-
scale level at the three selected localities at higher
elevations of the Bohemian Forest. The tendency
to the left asymmetry of diameter distributions is
also a tendency towards heterogeneity. This ten-
dency was found in more uneven-aged stands and
younger stands. The distribution could also be
decreasing if the regeneration could grow to the
canopy in recent decades (Korrer 1989; MoTTA
et al. 1999; JANDA et al. 2010). This occurs in cases
of two-layered stands (ICORPEL 1989; JANDA et al.
2010), regenerated stands (KoRrRPEL 1989) or early
successional stands (MOTTA et al. 1999). This pat-
tern was not attained on our study plots, so that
no regeneration growing up to the canopy occurred
since the 1920s. This is probably the cause of the
visual homogeneity of these stands.

As the dynamics of dead wood follows the dy-
namics of living trees (SvoBopa, Pouska 2008),
we can describe recent dynamics by the distribu-
tion of the decay classes. Two different types of
pattern were found. A small portion of dead wood
occurred at two localities (Miistek Mt. and Boubin
Mt.) suggesting that the windstorm was the only big
disturbance event which caused the present break
up. On the other hand, stands were breaking up
more slowly on Jezerni Mt., which lasted for about
two decades (Fig. 3). This was even more evident
in the work of JANDA et al. (2010) from Trojmeznd
Mt. in the southern part of the Bohemian Forest.

The detected origins of the stands show rather
convergent than divergent character compared to
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Fig. 4. Distribution of ages and release events in the period of stand establishment. Ages are summarized in 10-year
classes (upper graphs, grey columns). For every year, the number of released trees is shown proportionally to the
sample depth in that year (lower graphs, columns). Black columns are releases of higher magnitude and longer dura-
tion (see methods). Releases are clustered on the time axis to separated periods. The percentage of released trees
in these periods is shown above. One thousandth of the sample depth is shown as lines on lower graphs. Release
chronology was truncated when the sample depth dropped below 10 (indicated by a vertical dotted line). Time axes
are restricted to the period of main tree establishment on the plots, i.e. 1750-1929. 5 individuals (3.11%) on plot
JEZ1 and 2 individuals (4.88%) on plot BOU1 established before the year 1750. Circles on the lower graphs indicate
known historical windstorms (BRAzDIL et al. 2004) and bold lines indicate known historical bark-beetle outbreaks
(SkUHRAVY 2002). Results of the Kruskal-Wallis tests comparing age distributions between plots are shown on the
right side of the graphs (H =154.12, P < 0.001). Distributions with different letters differed significantly (P < 0.05)
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the present situation. The main population waves
were relatively even-aged (two to three decades).
The proportion of trees older than the main waves
is dependent on the character of the preceding stand
(FRELICH 2002). Only a few trees existed in the pre-
ceding understorey for more than a decade on four
of the six plots. Our opinion is that this ratifies the
situation known in the present structures. New, rela-
tively even-aged stands grow up from small individu-
als after the breakup. These individuals have already
been mainly in the understorey. Some regeneration
is possible also shortly after a disturbance, but the
delay is not more than a few years. A smaller propor-
tion of individuals could be described as advanced
regeneration, being higher than 0.5-1 m (JoNASOVA
2001; ULBRICHOVA et al. 2006; SvoBoDpA 2007; ZE-
NAHLIKOVA, SvoBOoDA 2011). Some exceptions do
exist. This could be the case for the more heteroge-
neous, multiple-origin stands. We found popula-
tions with clearly two peaks in the age distribution
on two plots. Secondly, the present modal age distri-
bution does not necessarily mean that no regenera-
tion occurred after. Younger trees often experience
a higher probability of mortality, thus they may not
survive to the present (JoHNSON et al. 1994). This
could be the explanation for the peak of dead trees in
diameter distribution on plot MUS2 (Fig. 2), which
could be younger trees that regenerated later. We
reconstructed a disturbance from the 1920s on this
plot, which caused regeneration on the first plot of
this locality, MUSI.

Periods with increased numbers of release events
are coincident with periods of increased recruit-
ment and therefore the initiation of stands. These
periods are separated on the time axis, which in-
dicates that high severity disturbances regenerated
these stands. Consistent with the present situation,
the break-up of a preceding stand could sometimes
be caused by temporally closer disturbances, and
could last for two decades. But the stand initiation
connected with one disturbance event was also rec-
ognized. It is important to note that small under-
storey saplings could increase their growth (show
release) after a small canopy opening preceding the
main, severe disturbance (BACE et al. 2009).

Using only tree ring data, we could not deter-
mine which factor caused the past stand breakups.
We could not distinguish between windstorm,
bark beetle outbreak or harvesting. But we can
use other information to make one interpretation
more probable. Most disturbances were closely
(scale of years) synchronized between plots and
localities. And most of them are clearly accounted
for by historical evidence (Fig. 4). These include
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the windstorms of 1778, 1821 or 1822, 1833 and
a subsequent bark beetle outbreak in 1840, se-
veral windstorms in the 1850s and 1860s, 1870 and
subsequent bark beetle outbreak in 1921 or 1922
(SKUHRAVY 2002; BRAZDIL et al. 2004). As an ex-
ample, all three plots (JEZ1, JEZ2, BOU2), which
were old enough to experience the early 1820s
windstorms, indicated a disturbance during this
time. Disturbances in the 1780s and 1820s initiat-
ed also the stand on Trojmeznd Mt. (Svoboda et al.
unpublished 2011). Less synchronized is the origin
of plot BOUL1 in the 1840s.

It is more difficult to analyze the possible log-
ging of windthrows, bark beetle infested trees or
survived trees, which could come after the natural
event. We could perhaps get help from the informa-
tion that present logging usually destroys advanced
regeneration (JoNASOVA 2001; JoNASOVA, PRACH
2004). Since the second half of the 19" century, fo-
rests have been managed intensively in the Czech
part of the Bohemian Forest, including the harvest-
ing of left virgin forest (BENES 1996; JELINEK 2005).
We have evidence of the logging of trees after the
bark beetle attack on Boubin Mt. (plot BOU1) in
the 1870s (JEL{NEK 2005), which may also be the
cause of the release peak on plot MUSI in 1884.

Neither could we solve if all the trees regenerated
naturally or were planted. Based on historical evi-
dence the planting was carried out in the Bohemi-
an Forest since the second half of the 19" century
(JELINEK 2005). Therefore the regeneration of JEZ2
and BOU2 was probably fully natural. Many trees
regenerated before the disturbance on the rest of
plots. Underplanting is not probable on these inac-
cessible sites. The natural regeneration was there-
fore important but we do not know to what extent.

Furthermore, we were not able to solve the is-
sue of secondary interference of the forest dynam-
ics by humans. This interference is highly probable,
but it is not clear how strongly it could affect the
main pattern of the stand break up and initiation.
In the past, this was mainly livestock grazing, se-
lective logging, management of the state frontier,
roads and so on (JELINEK 2005). Presently, human
interference consists in thinning, harvesting in the
neighbourhood, logging of bark-beetle infested
trees, pollution and so on, some of which could in-
crease the stand homogeneity.

CONCLUSIONS

Severe natural disturbances have played a funda-
mental role in forest dynamics in the upper parts of
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the Sumava Protected Landscape Area. This type of
stand initiation results in a relatively homogeneous-
ly looking structure, which is not a sign of planted
origin. The described structure and dynamics could
therefore be probably taken as a part of the range
of natural variability of mountain Norway spruce
forests. This knowledge is important in natural con-
servation and ecological forestry. The information
about regeneration ecology and natural hazards of
these forests could be applied also in strictly com-
mercial forests. But more research is needed to
make these issues more clear and to support our
preliminary results with more replications and also
to improve our knowledge of human interference.
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Disturbances play a major role in shaping forest structure and composition. However, the effects of dis-
turbances on forest ecosystems in central Europe are poorly understood, despite the importance of this
information for forest management (e.g., for managing recent, large-scale, high-severity disturbances in
the region). Using the tree-ring approach, this work investigates the past development, disturbance his-
tory and historical range of variability of the old mountain Norway spruce (Picea abies) forest stand in the
high elevation Bohemian Forest (Protected Landscape Area Sumava) in the Czech Republic.

g.eg; ‘S’Zﬁ; The goals of the study were threefold: (1) to reconstruct the historical disturbances of the forest, (2) to
Stand dynamics describe the recruitment strategy of trees in response to disturbance, and (3) to describe the subsequent
Windthrow development of trees by their growth trends.

Bark beetle We cored all stems within three 0.25 ha plots. The growth series were surveyed for events indicative of
Dendroecology past tree mortality: (1) abrupt, sustained and rapid increases in growth (releases from suppression) and
Growth (2) rapid early growth rates (gap origins). We then conducted a cluster analysis of individual growth

trends by fitting splines to the power-transformed and age-filtered (RCS-method) tree ring series.

High-severity disturbances were identified in the 1820s and 1860s. Less severe disturbances also
occurred every 10-50 years. The disturbances were synchronised among plots and consistent with data
from distant locations in the Bohemian Forest. Most disturbances were explained by known historical
windstorms; some by bark beetle outbreaks. Most trees regenerated shortly before or after disturbance
and exhibited evidence of 1-3 disturbance events in their growth chronologies. A smaller proportion of
trees was suppressed before disturbance for more than 10 years. The cluster analysis of growth trends
revealed five types of tree behaviour classified according to their growth rate during (1) stand initiation
and (2) later development.

We conclude that disturbances (including large, high-severity and low-frequency disturbances) con-
tribute to the broad range of variability of central European mountain spruce forests. Sustainable man-
agement strategies should therefore incorporate described disturbances and their biological legacies,
as many species likely depend on them. In addition, the development trajectory of stands following
stand-replacing disturbance, as described here, can be used to predict future development of presently
disturbed stands.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

An understanding of forest dynamics is vital for the effective
management of both commercial and protected forests. Mimicking
the natural range of variability has become an important concept
in ecological forestry (Franklin et al., 2002; Kulakowski and Bebi,
2004) but the knowledge is also important for the effective utilisa-
tion of natural resources in commercial forests (Kimmins, 2004). In
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0378-1127/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
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the last half-century, disturbances have become integral to our
view of forest development and dynamics (Pickett and White,
1985) and have been used to describe forest history. Ultimately,
the concept of the disturbance regime has become useful for
describing entire forest dynamics and the range of variability of a
forest (Frelich, 2002). While the knowledge is now good in North
America, it is still limited in central Europe for several reasons.
First, natural forests and forest landscapes are scarce, having expe-
rienced extensive exploitation. Second, the role of disturbance was
not fully appreciated in the past, reflecting the existing paradigms
in forest ecology at the time (Splechtna et al., 2005). Third,
conserved remnants were likely often established in locations



protected from disturbances, containing heterogeneous old-
growth stands and large trees (Angelstam and Kuuluvainen,
2004). Consequently, disturbances were rarely studied and histor-
ical studies (e.g., dendrochronological) rarely conducted.

Less attention has been paid to the dendrochronological recon-
struction of the behaviour of individual trees within the framework
of disturbances. The heterogeneity of tree reactions to disturbance
and subsequent developmental trends and pathways are relatively
unknown (but see Canham, 1990; Wu et al., 1999; Rentch, 2003;
Dolezal et al., 2004, 2009; Weber et al., 2008). Forest development
after a major disturbance has been described at the stand scale. The
authoritative work of Oliver (1980/1981) divided the stand devel-
opment following severe disturbance into four stages. The general
model suggests that regeneration and exponential growth occur in
the open condition during stand initiation, immediately after a ma-
jor disturbance. This stage is followed by a stem-exclusion stage,
where the canopy closes, growth slows and asymmetric competi-
tion and self-thinning increase. Larger trees are favoured during
the stem-exclusion stage. During the third phase (i.e., understory
reinitiation), the density of the canopy decreases due to the die-
back of dominant trees, and regeneration is again favoured (Oliver,
1980/1981; Dolezal et al., 2009).

How should we view the natural dynamics of mountain Norway
spruce forest in central Europe? This is a fundamental question of
conserved forest management efforts in central Europe, and the ab-
sence of an answer is problematic for the National Park Sumava
(the Czech part of the Bohemian Forest), Tatra National Park (Car-
pathians, Slovakia) and other conserved areas (Fischer et al., 2002;
Jonasova and Prach, 2004; Vacek and Podrazsky, 2008; Prach et al.,
2009; Jonasova et al., 2010). Korpef (1995) work was authoritative
in describing forest dynamics in the Czech Republic. His develop-
mental cycles were primarily developed by studying forest struc-
ture on study plots and were similarly applied to all forest types.
Modern methods (which often use dendrochronology to recon-
struct forest history) have revealed the importance of disturbances
(moderate as well as wide-spread and severe) to the dynamics of
mountain Norway spruce forests in central Europe (Zielonka and
Malcher, 2009; Zielonka et al., 2010; Panayotov et al., 2011; Svo-
boda et al., 2012).

Globally, spruce forests exhibit heterogeneous disturbance re-
gimes, ranging from systems created by frequent and severe crown
fires (e.g., Picea mariana in the boreal zone of North America; Fre-
lich, 2002), those subject to severe windstorms or insect outbreaks
(e.g., Picea engelmani in the subalpine zone in the Rocky Mountains
of North America; Veblen, 2000; Picea glauca in the boreal zone of
North America; Berg et al.,, 2006) to those with prevailing old-
growth stands and patch or gap dynamics (e.g., Picea rubens in
eastern North America; Fraver and White, 2005b). Picea abies is
considered a shade-tolerant, late-successional species in the Euro-
pean boreal zone (Shorohova et al., 2009; Kuuluvainen and Aakala,
2011). Gap dynamics were most commonly reported forest
dynamics in boreal Fennoscandia (Kuuluvainen and Aakala,
2011). In contrast, in central Europe, P. abies is classified as mid-
tolerant species that can dominate already during stand initiation
following extensive disturbance (Fischer et al., 2002; JonaSova
and Prach, 2004; Jonasova et al., 2010).

Initial assumptions about the dynamics of central European
mountain spruce forest were described by Kulakowski and Bebi
(2004), who postulated that the natural variability of the forest is
largely determined by strong, infrequent disturbances. In the ab-
sence of frequent disturbances by fire, forest stand disturbances
are generally driven by wind (Frelich, 2002; Panayotov et al.,
2011). Windstorms cause irregularly spaced windthrows, creating
gaps ranging in size from the area of a single tree to several hun-
dred hectares. The severity of a windstorm is highly influenced

by stand location (e.g., topography) and other factors (Frelich,
2002; Kulakowski and Bebi, 2004; Zielonka et al., 2010). In addi-
tion, Norway spruce can also die due to the attacks by the bark bee-
tle Ips typographus, which can rapidly increase in number under
suitable conditions. When occurring along with windstorm distur-
bances, Ips typographus outbreaks can affect entire landscapes
(@kland and Bjgrnstad, 2006). Other disturbance agents are less
or only locally important, such as avalanches, fungi and other
pathogens and herbivorous animals (Frelich, 2002; Kulakowski
and Bebi, 2004).

The natural recurrence period of fire in central European moun-
tain spruce forests is expected to range from several hundred to
several thousand years (Tinner et al., 1999; Beer and Tinner,
2008). Windstorms that can kill a tree and increase forest hetero-
geneity can occur yearly. Severe windstorms that can cause stand
break-up over large areas have occurred every century, based on
historical evidence (Brazdil et al., 2004; Svoboda, 2006). The recur-
rence period for severe windstorms can be approximately
100 years at exposed sites (Zielonka and Malcher, 2009; Zielonka
et al., 2010). The impacts of bark beetle outbreaks often exceed
those of wind in global forests (Eisenhart and Veblen, 2000; Berg
et al., 2006). There is some (weak) historical evidence to suggest
that bark beetle outbreaks occurred approximately twice a century
in the Bohemian Forest (Zatloukal, 1998; Skuhravy, 2002).

Despite these observations, knowledge of disturbances in the
European mountain Norway spruce forests remains qualitative
and general. Modern research on long-term developmental pro-
cesses and the impact of disturbances on mountain spruce forests
has only begun recently (Motta et al., 1999; Zielonka and Mal-
cher, 2009; Zielonka et al., 2010; Janda et al., 2010; Svoboda
et al,, 2010, 2012; Panayotov et al., 2011), and further research
is needed. In addition to repeated measurements on study plots
(which take many years) and chronosequencing, reconstruction
of forest development using dendrochronological tree-ring analy-
sis is important for progress in this field (Ving, 1961; Henry and
Swan, 1974).

Extensive forest disturbances have occurred during the past
several decades in the national parks of the Bohemian Forest (Bay-
erischer Wald in Bavaria and Sumava in the Czech Republic; Lausch
et al., 2011; Fischer et al., 2002). These disturbances were primarily
caused by windstorms and bark beetle outbreaks. Therefore, the
question is whether these events are naturally occurring; i.e., are
within the boundaries of the historical range of variability for cen-
tral European mountain spruce forest. The second question is how
the disturbed stands will develop in the future. Several recent
studies address these topics in the Bohemian Forest (Janda et al.,
2010; Svoboda et al., 2010; Cada and Svoboda, 2011; Svoboda
et al., 2012). Svoboda et al. (2012) studied the disturbance history
of one old-growth fragment on a 20-ha study plot and concluded
that the forest was historically shaped by infrequent, moderate-
to-high severity natural disturbances.

The present study focuses on the developmental processes and
disturbance history at the micro-scale and is conducted at another
old forest stand (65 km away from Svoboda’s et al. (2012) study
site) to extend the current evidence. The goals of this study are to

(1) reconstruct the past disturbances in the mountain Norway
spruce forest at Jezerni Mt. in the Bohemian Forest of central
Europe; i.e., to determine the timing, frequency and severity
of past disturbances;

(2) identify the population development (primarily the pattern
of tree recruitment) of Norway spruce, with attention to
the response to disturbances; and

(3) using growth histories, describe the developmental trends of
individual trees after establishment.



2. Methods
2.1. Study area

This work was conducted within the National Natural Reserve
(NNR) of Cerné and Certovo Lakes (I. zone of CHKO Sumava - Czech
part of the Bohemian Forest) on the mountain plateau of Jezerni
Mt. (1343 m; 49°10'8”N, 13°11’4”E), located in the south-west of
the Czech Republic in central Europe (near the state boundary with
Bavaria, Germany). These nearly monospecific Norway spruce
woods are primarily restricted to isolated upper parts of the moun-
tain range. The tree layer is strongly dominated by Norway spruce
(P. abies L. (Karst.)), with minimal admixture with other species
(e.g., Sorbus aucuparia L., Acer pseudoplatanus L., Abies alba Mill., Fa-
gus sylvatica L.; Neuhiuslovd and Moravec, 1998; Cada and Svo-
boda, 2011).

The vegetation community is described as Calamagrostio villo-
sae-Piceetum (with patches dominated by Calamagrostis villosa, or
Deschampsia flexuosa, or Vaccinium myrtillus on more stony soils;
Sofron, 1981; Koutecky, 2005). The geological substrate is pure
mica schist (Chab et al.,, 2007), and the soil is stony (Kozak,
2010). The climate is cold and humid, with a mean annual temper-
ature of approximately 4 °C and a mean annual precipitation of
approximately 1400 mmy/year (Tolasz, 2007). The site is exposed
to west winds and is located at the end of a valley that rises parallel
to the prevailing western winds, creating an environment similar
to an anemo-orographic system (Jenik, 1998).

Human settlement began below the tops of the mountain ridges
in the Bohemian Forest in the 18th century (BeneS, 1996). Felling
by man may have subsequently potentially occurred in the study
area. Historical documents indicate a younger patch at this location
in the 1870s; this has been interpreted as logging activity (Sofron,
1971), but in fact, there was no direct evidence. The specification of
forest damage due to grazing is vague. The reserve was founded in
1911, but exploitation had already decreased following a bark bee-
tle outbreak in the 1870s (Sofron, 1971). Stands at Jezerni Mt. have
been breaking up due to wind, bark beetles and subsequent clear-
ance since the 1990s (Koutecky, 2005). This break-up culminated
in a windstorm, named Kyrill, in January 2007, which resulted in
stand break-up over most of the Jezerni Mt. plateau and surround-
ing area. Approximately half of the spruce stands in the reserve
were affected by a stand-replacing disturbance covering an area
of approximately 55 ha. An additional 65 ha was severely dis-
turbed near the Reserve. Reserve practices include active manage-
ment to avoid bark beetle outbreaks; therefore, all affected trees
were logged for the sanitation reasons, with most of the wood left
in the reserve.

2.2. Data collection

We established three 50 x 50 m study plots in the area where
the stands had been totally affected by windstorm and subsequent
sanitation logging. All stems thicker than 10 cm were positioned
(i.e., stumps, snags, uprooting and alive trees). Stem thickness at
stump height (30-40 cm) and species were identified for each
stem. For more details of stand structure, see Cada and Svoboda
(2011).

Subsequently, we took one increment core from each possible
stem thicker than 10 cm at stump height. We focused on taking
cores from the side with the most representative growth (in cases
with exocentric growth) and not affected by root swellings. Incre-
ment cores were air-dried, attached to a wooden mount and cut
with a razor blade. Contrast was improved by moistening and
impressing with chalk. Ring widths were measured to the nearest
0.01 mm using a sliding table, TimeTable (Vienna Institute of

Archaeological Science), which was connected to a personal com-
puter running Past4 software (Knibbe, 2007). Each tree-ring series
was cross-dated following the procedure of Yamaguchi (1991) and
using statistical tests implemented in Past4 (Knibbe, 2007) and
COFECHA (Holmes, 1983; Grissino-Mayer, 2001). A few series that
did not fit well were excluded from all further analyses. The curva-
ture and mean width of the five tree rings closest to the centre
were used to estimate the number of rings missed in cases where
the core did not pass through the pith (Duncan, 1989). We did not
correct for bias caused by coring height (Niklasson, 2002); there-
fore, “ages” referred to hereafter are not true ages but recruitment
ages at coring height.

A total of 382 growth series (168, 113 and 101 from plots 1, 2
and 3, respectively) were obtained. Twenty-six had rotten centres
and therefore, it was not possible to calculate their ages. Of the
remaining 356 series (161, 97 and 98), 28% passed through the
pith, and 90% were less than 12.6 mm from the pith. Additional
cores were rotten on the outside area beneath the bark. Thus,
323 series (150, 81 and 92) were terminated after 1955.

2.3. Data analysis

2.3.1. Analysis of disturbance events on growth series

Two types of events on the 382 growth series were assumed to
indicate past disturbance: (1) release from suppression (abrupt,
sustained and large increase in growth) indicates the death of sur-
rounding trees and (2) gap origin (rapid early growth rate) indi-
cates the existence of a tree in open conditions during its
recruitment (Lorimer and Frelich, 1989). Gap-originating trees
were defined as those trees whose mean width of the 6-15 ring ex-
ceeded 1.0 mm (Splechtna et al., 2005; Firm et al., 2009; Jénsson
et al,, 2009) and whose subsequent growth pattern was declining,
parabolic, or flat (Frelich, 2002).

We used the “absolute increase” method to identify releases
from suppression (Fraver and White, 2005a) because it is simple,
clear and poses no problems regarding the definition of the upper
boundary (Splechtna et al., 2005; Zielonka et al., 2010). Absolute
growth changes were calculated for each year of each series (ex-
cept for the first and last 10 years) by subtracting the prior 10-year
mean from the subsequent 10-year mean. A release year was iden-
tified by a growth change value that was the maximum of the sur-
rounding 20-year interval (+10years) and that exceeded the
threshold of +0.55 mm (Jénsson et al., 2009). This threshold was
specified for the Norway spruce, based on experience with its
growth variation (Joénsson et al., 2009). Finally, we visually checked
all of the series and their releases. Releases were excluded if the
growth acceleration was not obvious (24.2% cases excluded). For
example, growth restoration after short-term growth reduction
or short-term pulses were excluded. Releases were also added in
obvious cases (18.7% cases added). Visual checking is vital in this
type of work because growth fluctuations due to environmental
variation (climate, injuries, mast year, etc.) have a great effect near
the specified threshold. Basically, there is always a trade-off be-
tween positive and negative errors. Non-release growth changes
are not only related to climate variation, which is usually used to
test the criteria (Nowacki and Abrams, 1997; Black and Abrams,
2003), but there is also a large overlap with changes caused by in-
jury, reaction wood and other factors (Fraver and White, 2005a;
Fraver, pers. comm.; personal observation).

To mitigate the influence of subjectivity, we also defined stricter
criteria to detect “intense releases”: releases higher in magnitude
and longer in duration (15-year means, absolute increase threshold
+1.00 mm) than standard releases. They were defined such that a
subjective approach was little used (on average, 2.4% of cases were
excluded and no cases were included).
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Fig. 1. (a) The distributions of ages (lines) and first disturbance events in growth series (columns), summarised into 10-year classes. Two types of events indicative of past
disturbances were investigated: releases from suppression and gap origin events (see Section 2.3.1 of Methods). One main disturbance period, which initiated the stands, was
identified for each plot. (b) Disturbance chronologies. For each decade, the number of disturbance events is shown proportional to the sample depth at the end of the decade.
In this case, releases were categorised into two classes: higher magnitude, longer duration releases (“intense releases”) and ordinary releases (see Section 2.3.1 of Methods).
Chronologies were truncated when the sample depth dropped below 10. Several peaks, reflecting both low- and high-severity disturbances, were reconstructed. (c) The mean
growth trend (and its 95% confidence interval), calculated as the average value of the growth trends of individual trees (see Section 2.3.2 of Methods). Note the rapid change

and subsequent above-average growth rates during the establishment of the stands.

We then calculated the disturbance chronology (Fig. 1b) follow-
ing Lorimer and Frelich (1989) and Frelich (2002). All release and
gap-origin events were summarised into decades and plotted pro-
portional to sample depth at the end of the decade. The chronology
was truncated when sample depth dropped below 10. The result-
ing chronology, called a “tree-population-based” chronology by
Frelich (2002), shows the proportion of the population affected
by a disturbance within a given decade. The effect of an individual
tree is not weighted by its size. The calculated proportion does not
fully correspond to the affected area, because of the different areas
occupied by individual trees. However, we believe that this method
poses no problems for interpretation because the tree layer in our
study site was largely uniform, lacking any cohort of small trees
(Cada and Svoboda, 2011).

It is believed that this type of chronology overestimates some
disturbances because subdominant trees bordering the created
gap could show releases (Lorimer and Frelich, 1989; Svoboda
et al., 2012). Therefore, we also show the real distribution of first
events (gap-origin or release) on the growth series (Fig. 1a), with-
out plotting them proportionally to sample depth (Svoboda et al.,
2012). We used only 356 trees of known age. This distribution
should more accurately depict the origin of the stand. The time
when the trees started to grow faster towards the canopy is shown.
This distribution is more informative than simple age structure be-
cause the time of release better approximates the recruitment of
advanced regeneration than does the time of germination (Oliver,
1980/1981; Lorimer and Frelich, 1989). We do not use Lorimer

and Frelich’s (1989) term “canopy accession” because we do not
determine whether the first event is the “major” event.

2.3.2. Analysis of growth trends

We investigated the growth trends of trees to describe stand
development from this point of view. For this analysis, we used
323 series of known ages that terminated after 1955. For computa-
tions, we used the statistical software R (version 2.10.1, R Develop-
ment Core Team, 2009) and the package “dplr” (Bunn, 2008).
Growth series were standardised in three steps to obtain growth
trends:

(1) The data were power transformed. The optimal power, p, for
transformation was computed as

p=1-m (1)

where m is the slope of a regression of the log10 median ring width
against the log10 interquartile range ring width of non-overlapping,
10-year segments (Emerson, 1983). Medians below 0.1 mm were
excluded from this relationship. The resulting power, p, is equal
to 0.3.

(2) The age trend of the transformed data was excluded using the
RCS method (Grudd et al., 2002). The transformed series were
scaled by their biological age, and the mean value for each
year was calculated. The trend displayed a linear pattern
between the approximate ages of 5 and 229 years (beyond
which the sample depth dropped to low values). Therefore,



0.8

3rd-> event

c
2 o6 m 2nd event
£
o
8 H 1st event
O o4
o

0.2

1st event

2nd event

3rd event

b) the age of a first event
0.4 <12yrs 212 yrs
no event 2%
5 s oneevent  27%  14%
£ more events 38%  19%
2
(<)
S
0.1
! 0

0 20 40 60 8 100 120 140 160 180
age (years)

0 1 2 3 4 5
number of events on growth series

Fig. 2. (a) The frequency of a disturbance event in the growth chronologies of individual trees by tree age. Lines depict cumulative values. First, second and subsequent events
in the growth chronologies are distinguished. Events are significantly associated with ages <12 years, with the probability slowly decreasing thereafter. (b) The frequency of
the number of events in individual chronologies. Typically, 1-3 disturbance events were identified. Data from both graphs are combined in the table to describe several tree
behaviour types; i.e., the number of trees exposed to disturbance before or after age 12 and the total number of events observed per tree.

0.7 A3% B-2% A-2% ———B-25% A-1% —_—s-2% 1%
— C - 12% —D - 4% e C - 11% —D - 17%
— e E - 63% F-5% =
2 2
€ €
£ 3
g0 3
© ©
€ £
5 5
c c
m© ©

1

1

! plot 1

0.7 +—V——7T T T 71T T T T T T T T T T T T T

(=} o =) Q (=3 (=} o (=) Q o o (=] (=] o (=] o
(=] N < O 0 (=] N < O 0 o o o < ©O [=9)
] 0 0 0 0 a () () D a o 0 00 0 0 0
— — — — — — — — — — ~ - - — — —

time (years)

Fig. 3. Mean growth trends (and 95% confidence intervals) calculated as the average values for groups identified by cluster analysis. For each group, the designation and
percentage of all trees in the plot are included in the legend. Graphs show the differentiation of growth rates after stand initiation following severe disturbance. The
approximate timing of the severe disturbance is indicated by the vertical dashed line. Five types of tree behaviours were interpreted based on two measures: the occurrence
of rapid growth during stand initiation and the occurrence of rapid growth during later development. Later development was affected by less severe disturbance.

we fitted the line of the intercept equal to 1.093 and the slope
equalto —0.017 (r* = 0.16; p < 0.001) for all of the transformed
data in the interval of 5-229 years. Subsequently, the fitted
line was subtracted from all the transformed values. Data
from before the age of 5 years were eliminated.

(3) High-frequency variability was excluded using 40-year
spline functions individually fitted to each series (Cook and
Kairiukstis, 1990). Gained splines are used in further analy-
sis and referred to as trees’ “growth trends”.

Finally, all growth trends were entered into the cluster analysis
separately on three plots. We used the average linkage method of
Euclidean distances. Based on the resulting dendrograms, six
groups were distinguished on each plot. Each group was marked
by the capital letter (group A-F on each plot), and its proportion,
mean growth trend and 95% confidence interval were calculated
(Fig. 3). Based on the interpretation of the Fig. 3, we described five
types of tree behaviour following the stand-replacing disturbance
(Types 1-5, see Section 3.2 of Results).

Nonparametric statistical tests (Spearman’s correlation coeffi-
cient, r; Kruskal-Wallis ANOVA, H) were used to identify rela-
tionships among the four different variables used in the paper
to describe the origin, past development and structure of the for-
est and, therefore, to link up the different aspects of the stand
dynamics. We tested the four variables: age, diameter, number
of events per growth chronology and group (as identified by

the cluster analysis). Additionally, Spearman’s correlation coeffi-
cient was used to test for a relationship between age and the fre-
quency of disturbance events in growth chronologies, and
nonparametric Friedman'’s ANOVAs were used to test for differ-
ences in the length of intervals between disturbance events in
the growth series.

3. Results
3.1. Stand initiation and disturbance history

Each plot was dominated by one dominant population wave.
The predominant peaks in age distribution (Fig. 1a) occurred in
the 1860s (in plot 1) and 1820s (plots 2 and 3). The proportion
of trees older than the main population wave ranges from only a
few trees in plot 2 to one half of the population in plot 1. The dis-
tributions of first disturbance events in the growth series (see Sec-
tion 2.3.1 of Methods for definition; Fig. 1a) indicate more precisely
the origins of the stands. The distributions show a few separated
periods when trees started to grow towards the canopy. Peaks in
this distribution indicate past disturbances and the time of stand
origin. The period corresponds also to peaks in the age distribution.
These data suggest the occurrence of severe disturbance in approx-
imately 1860 (in plot 1) and 1820 (in plots 2 and 3). These distur-
bances led to the initiation of the stands in our study plots. The



Table 1

Nonparametric statistics (Spearman’s correlation coefficient, r, and Kruskal-Wallis ANOVA, H) of the relationships among age, tree diameter, number of events in the growth
chronology and group (as identified through cluster analysis of individual growth trends, Fig. 3). Kruskal-Wallis ANOVA was computed for the variable “group” separately on each
plot (H1, H2 and H3 refer to plots 1, 2 and 3, respectively). p-Values appear in brackets after the statistics, and values below 0.05 are in boldface.

Diameter (N =323)

Age (N=323)

Group (N=6) No. events (N=5)

Diameter (N = 323)

r=0.38 (<0.001)

H1 =49.12 (<0.001);
H2 = 17.08 (0.004);
H3 = 23.15 (<0.001)

H =22.00 (<0.001)

Age (N =323) r=0.38 (<0.001) H1=8.23 (0.14); H=6.39 (0.27)
H2 = 8.65 (0.12);
H3 =1.47 (0.92)
Group (N =6) H1=49.12 (<0.001); H1=8.23 (0.14); H1 = 20.69 (<0.001);
H2 = 17.08 (0.004); H2 = 8.65 (0.12); H2 = 15.25 (0.009);
H3 = 23.15 (<0.001) H3 =1.47 (0.92) H3=8.69 (0.12)
No. events (N =5) H =22.00 (<0.001) H=6.39(0.27) H1 =20.69 (<0.001);

H2 = 15.25 (0.009);
H3=8.69 (0.12)

events in the growth series during those periods are spread across
2-3 decades.

The disturbance chronologies (Fig. 1b) reveal distinct periods of
disturbance that are synchronised among plots. In addition to the
one severe disturbance period on each plot described above, there
are additional, less severe disturbances. The significant peaks in the
chronologies (i.e., with more than 10% of trees indicating distur-
bance) occurred in the 1780s, 1810-1830s, 1850-1870s, 1920s,
1940-1960s and the 1990s.

During the severe disturbances that initiated the stands, 85%,
82% and 94% of the existing trees displayed the disturbance event
in plots 1 (1850-1889), 2 (1810-1849) and 3 (1800-1830), respec-
tively. Releases were of higher magnitude and longer duration dur-
ing severe disturbances. During this period, 72%, 17% and 76% of all
intense releases occurred in plots 1, 2 and 3, respectively. The rel-
atively low percentage of intense releases in plot 2 reflects the
small number of trees that were older than the disturbance.

All plots exhibited above-average growth during stand initia-
tion (Fig. 1c), indicating open conditions and minimal competition
during this time. The above-average growth lasted 33 years (1865-
1897) in plot 1, 26 years (1822-1847) in plot 2 and 79 years
(1818-1896) in plot 3. Before this period, growth was below aver-
age, with subsequent rapid change. Growth gradually declined to
average values after the peak, fluctuating around the average
thereafter.

We can distinguish three categories of trees based on age struc-
ture and the timing of disturbances (Fig. 1a): (1) trees that attained
coring height more than a decade before a disturbance, survived in
the understory and were released by the disturbance, (2) trees that
attained coring height shortly before or after (+10 years) a distur-
bance and grew rapidly thereafter (the majority of trees fell into
this category), and (3) trees that also attained coring height shortly
before or after a disturbance but were then suppressed, experienc-
ing the first event (release) decades after stand initiation, during a
less severe disturbance.

3.2. Stand development

Stand development was characterised by the occurrence of
events (as signs of disturbance) in the growth chronologies and by
the heterogeneity of growth trends. Typically, 1-3 events occurred
within an individual chronology (Fig. 2B). These events occurred
mainly at younger ages. Sixty-five percent of trees experienced their
first event before age 12. After age 20, the frequency of events slowly
decreased with increasing age (Spearman’s r=-0.765, p <0.01).
First events are, therefore, concentrated at younger ages (the median
interval to the first event is 3 years). Subsequent intervals between

first and following events and between the last event and the end
of the series did not differ from random (median = 61 years; Fried-
man’s nonparametric ANOVA (52, 2) = 1.05, p = 0.591). Twenty-se-
ven percent of all trees registered only one disturbance event
occurring before age 12 (Fig. 2).

Based on cluster analysis results, which distinguished six
groups of trees with similar growth trends (Fig. 3), we identified
five types of spruce behaviour occurring from stand initiation to
the present. Two factors were important: the rate of tree growth
during stand initiation and the rate of tree growth during later
development. Therefore, the five types of behaviour are (1) rapid
growth through stand initiation, with subsequent slowing to aver-
age values (groups B and F on plot 1, E on plot 2 and E on plot 3);
(2) rapid growth through stand initiation, with subsequent slowing
to below average values due to suppression (groups A and D on
plot 1, B on plot 2 and C on plot 3); (3) rapid growth both through
and after stand initiation due to release during a less severe distur-
bance (groups E on plot 1, D on plot 2 and D and F on plot 3); (4)
slow growth through stand initiation followed by rapid growth
due to release during a less severe disturbance (groups C on plot
1, A and C on plot 2 and A on plot 3); and (5) slow growth both
through and after stand initiation (groups F on plot 2 and B on plot
3). The border between groups is understandably not sharp, pre-
venting calculations of the proportion of trees that is classified into
each type. Type 1 is the most common, with a modal type of
growth trend, exhibited by approximately half the population.
The second most common type of behaviour is Type 2 (approxi-
mately a quarter of the population). Only 2% of trees were classi-
fied as Type 5.

Statistical results are shown in Table 1. Tree diameter is age-
dependent. Tree diameter and the number of events within indi-
vidual chronologies varied among groups identified through the
cluster analysis. Post-hoc testing indicated that, in general, trees
of Types 1 and 3 were thicker than trees of Types 2 and 5. Tree
diameter significantly increased with number of disturbance
events. Age was not correlated with either groups or the number
of events. Only trees with no event were slightly (not significantly)
younger. Interestingly, the fastest growing younger trees (N =18,
median age = 157 years, median diameter = 41 cm) attained diam-
eters similar to those of oldest trees in plot 1 (N=6, median
age = 251 years, median diameter = 36 cm).

4. Discussion

As we have presently realized, severe natural disturbances
strongly affect mountain spruce forest dynamics in central Europe



(Fischer et al., 2002; JonaSova and Prach, 2004; JonaSova et al.,
2010; Lausch et al., 2011). Recent data suggest that this pattern
of stand dynamics was also present in the past (Zielonka and Mal-
cher, 2009; Zielonka et al., 2010; Panayotov et al., 2011; Svoboda
et al., 2012). We reconstructed one severe disturbance period that
initiated the stand in each plot. The disturbance in the 1820s was
similar between plots 2 and 3. The data suggest that the distur-
bance in plot 2 could be stand-replacing or major (sensu Oliver,
1980/1981) because all the mature trees may have been removed
and “most trees beginning growth after the disturbance do not
encounter competition from surrounding, undisturbed trees” (Oli-
ver, 1980/1981). The disturbance in plot 1 did not remove all ma-
ture trees, but the developmental pattern was otherwise relatively
similar (Figs. 1 and 3), indicating identical open conditions after
the disturbance. Widespread, advance regeneration (at heights
above the coring height) occurred on plot 3 before the disturbance
period, but the severity of the disturbance was likely comparable
to that of the other two plots. The long periods of release in plots
1 and 3 suggest that previous stands were likely removed by more
than one disturbance event (Fig. 1). The stand may have been suc-
cessively broken up by a several disturbance events over two to
three decades, similar to the current break-up (Janda et al., 2010;
Cada and Svoboda, 2011). This type of stand initiation resulted in
a relatively homogeneous stand structure (Holeksa et al., 2007;
Svoboda and Pouska, 2008; Svoboda et al., 2010; Cada and Svo-
boda, 2011).

Using only tree ring data, we could not directly identify the cau-
sal factor behind past stand break-ups. However, we deduced from
the synchronisation of the disturbances among distant locations in
the Bohemian Forest and the explanations of historically known
disturbances that the pattern was caused by windstorms or bark
beetle outbreaks: i.e., natural disturbances (Cada and Svoboda,
2011; Svoboda et al., 2012). Svoboda et al. (2012) found similar
peaks in the disturbance chronologies in the 1780s and 1820s in
an old growth fragment 65 km away. The disturbances we identi-
fied in the 1780s, 1820s, 1860s-70s and 1920s are supported by
the findings of Cada and Svoboda (2011) in two other locations.
The peaks in our disturbance chronologies could be related to the
known windstorms of 1778, 1812-13, 1821-22 and 1833 (the lat-
ter followed by a bark beetle outbreak in 1834-1840); the numer-
ous windstorms from 1853-1870, followed by a bark beetle
outbreak in the 1870s; the windstorms of 1921-22; the low-sever-
ity bark beetle outbreak in the late 1940s or the windstorm in 1955
(Skuhravy, 2002; Schelhaas et al., 2003; Brazdil et al., 2004; see Ta-
ble 2 in Svoboda et al. (2012) for a summary of historically known
disturbances). A secondary interference of man on the natural pat-
tern of forest dynamics is likely throughout the whole period
investigated here (Jelinek, 2005); however, it is unknown whether
and how human activity affected the predominant pattern of stand
break-up and initiation. These stands were likely used for livestock
grazing, and some unknown management practices may have oc-
curred due to the management of the nearby state boundary.
Selective logging or logging of dead or surviving trees after natural
disturbances may also have occurred, although the site is relatively
inaccessible (Jelinek, 2005).

As in the present, the initiation of the main population waves
was likely related to windstorms, which were most likely more
important in wind-exposed locations (in accordance with Zielonka
et al,, 2010). The stand in plot 2 was likely initiated after the wind-
storm of 1821 or 1822, which potentially removed as much as
100% of mature trees, leaving only seedlings behind. A smaller pro-
portion of trees surviving the windstorm may have been killed by
the bark beetle, which can greatly increase in number in wind-
throws and then attack live trees (@kland and Bjgrnstad, 2006).
This scenario could potentially explain the extension of some re-
leases in the 1830s (Fig. 1b). The stand in plot 1 was likely initiated

after a windstorm in approximately 1860. This disturbance did not
remove all the mature trees and released the advanced regenera-
tion, which attained a wide range of ages. This pattern is the most
likely cause of the heterogeneity in the preceding stand (Frelich,
2002; Kulakowski and Veblen, 2003; Fraver and White, 2005b; Na-
gel et al., 2006). The releases again extended into the 1870s from
the peak of the 1860s in plot 1, and there is a distinct peak in plots
2 and 3 (Fig. 1b). The “big bark beetle outbreak” of the 1870s is
widely known from historical material, and it affected large areas
of spruce stands in the Bohemian Forest (Skuhravy, 2002; Jelinek,
2005; Svoboda, 2006).

The range of variability of the central European mountain Nor-
way spruce forest should, therefore, include the effects of infre-
quent severe windstorms. We detected intervals of
approximately 150 and 190 years between severe windstorms that
initiated stands (i.e., between reconstructed and present wind-
storms). We also found intervals of 10-50 years between less se-
vere disturbances. The extent of severe disturbances can be
estimated from forestry maps from the 1870s (Jelinek, 2005; state
archive: SOA Plzefi, VS Zelezni Ruda, map 2). There is a 53.4 ha
patch at our location and a 100.4 ha patch at the Trojmezna site
(Svoboda et al., 2012) depicted on old maps (state archive: SOA
Plzefi, VS Zelezni Ruda, map 2), suggesting that the high-severity
disturbances occurring at the beginning of 19th century ranged
in size from tens to hundreds of hectares. This pattern is not un-
known in global forests (Turner and Dale, 1998; Frelich, 2002;
Kulakowski and Bebi, 2004). In the absence of frequent fires, wind
disturbances play a major role in forest dynamics (Frelich, 2002),
but in some forest types, insect outbreaks can even exceed the
influence of wind. Large, infrequent disturbances by windstorms
and bark beetle outbreaks have been historically reconstructed in
the Rocky Mountains of North America (Veblen et al., 1991; Eisen-
hart and Veblen, 2000; Veblen, 2000; Kulakowski and Veblen,
2003) and in other boreal and temperate forests (Frelich, 2002;
Kramer et al., 2001; Berg et al., 2006).

The disturbance regime of the studied forest is different from
some other forest types that contain spruce. Spruce is often recog-
nised as a shade-tolerant tree species that can form typically sha-
dy, old-growth forest. Examples include P. rubens forest in north-
eastern USA (Fraver and White, 2005b; Fraver et al., 2009), the
mixed spruce-fir-beech, lower altitude forest containing P. abies
in Europe (Splechtna et al., 2005; Motta et al., 2011) and European
boreal P. abies forests (Shorohova et al., 2009; Kuuluvainen and
Aakala, 2011). Gap dynamics are most commonly reported in P.
abies forests of boreal Fennoscandia (Kuuluvainen and Aakala,
2011). In contrast, P. abies in the study region highly dominates
the landscape, which is shaped by large, infrequent and severe dis-
turbances. Norway spruce can colonise disturbed sites and domi-
nate even during stand initiation (Fischer et al., 2002; JonaSova
and Prach, 2004; JonaSova et al., 2010). The different behaviours
between boreal and temperate populations of P. abies could be ex-
plained only by the different disturbance regime; i.e., different fre-
quency and intensity of windstorms, which also influence the
quantity of food available to the bark beetle (@kland and Bjgrnstad,
2006). Different climatic and bedrock conditions could also explain
some differences among spruce populations (Holeksa et al., 2007).

In mountain Norway spruce forests, trees are unlikely to grow
up under a dense canopy because spruce saplings have high light
requirements (Holeksa et al., 2007). Our results are consistent with
this hypothesis, as most trees experienced the first event in their
chronologies at a young age (Svoboda et al., 2012). Regeneration
is therefore controlled by disturbances, peaks during disturbance
and grows up within the gaps (Holeksa et al., 2007). In such condi-
tions, spruce typically enter the canopy via a single event (Svoboda
et al,, 2012), unlike spruce in lower altitude forests (Splechtna
et al., 2005) or typical shade-tolerant species (Canham, 1990; Wu



et al., 1999). Canham (1990) identified several periods of release,
which allowed canopy recruitment of Fagus grandifolia and Acer
saccharum in north-eastern USA, attained at an average age of
approximately 70 years. Similarly, 72% of P. rubens trees under-
went episodes of radial growth suppression and release before
reaching the forest canopy (Wu et al., 1999). On the other hand,
our results resemble the pattern found by Rentch (2003) in oaks,
which are typically classified as mid-successional species of inter-
mediate shade tolerance. Sixty-two percent of oak individuals
were gap-originated, and the rest were considered to be sup-
pressed before canopy recruitment. Excepting species require-
ments, the observed pattern can be affected by the disturbance
regime of the studied forest. We emphasise that slow growth does
not say much about the light conditions separately. Slow growing
trees, particularly of mid-tolerant species, can be supported by a
small gap or a sparse overhead canopy.

The present study and that of Zielonka et al. (2010) were con-
ducted on wind-exposed sites and identified more release events
per individual growth chronology than did Svoboda et al. (2012).
In the former two studies, less severe disturbances influenced
stands that were relatively even-aged. These releases are less likely
due to the loss of older, large overstory trees and more likely due to
the death of a same-aged neighbouring (and likely larger) tree.
Therefore, two or three events in the chronology are also often
on those exposed sites, but no new regeneration reached the can-
opy, and trees that would otherwise be excluded by self thinning
are released.

We observed heterogeneous patterns of growth trends in indi-
vidual trees, both increasing and decreasing. This heterogeneity
may reflect variation among trees in position in the canopy, com-
petition status and reaction to disturbance. We described the
diversification in growth rates following the initiation of the stand
by severe disturbance. As expected, the most common pattern ob-
served was the modal pattern with a peak during stand initiation;
however, other types are also indispensable. The lower proportions
of suppressed trees (Types 2, 4 and 5) are likely due to higher mor-
tality relative to other types (Johnson et al., 1994). Our results
demonstrate the high plasticity and tolerance of Norway spruce
to different light conditions, which can be used to alter the man-
agement practices. Our data suggest that Norway spruce can sus-
tain the period of slow growth in lower parts of the canopy and
can again greatly accelerate growth upon release even at older
ages. Age was uncorrelated with the type of growth following ma-
jor disturbance and the number of disturbance events (Table 1).

The open conditions occurring during stand initiation lasted
approximately 30 years (Fig. 1c). Most trees surviving to the pres-
ent had above-average growth. During stand initiation, competi-
tion is weak and regenerated trees grow faster than surviving
older trees, as described by Dolezal et al. (2004, 2009). In contrast,
even during stand initiation, some trees were suppressed. This
observation suggests that, even during this phase, competition
may vary spatially, having locally significant effects. Such competi-
tion could occur in dense clusters of young trees. After the peak in
the decade of the disturbance, the number of newly recruiting
trees decreased abruptly (Fig. 1a).

By definition, no regeneration can reach the canopy during the
second phase (i.e., the stem-exclusion phase) (Oliver, 1980/1981).
This is true for the rest of the study period because no regeneration
taller than 1 m was found in our plots (pers. obs.). The stem-exclu-
sion phase may continue: Lilja et al. (2006) found that an even-
aged cohort of Norway spruce could dominate a stand for up to
300 years if it is not disrupted by disturbance. The diversification
of growth magnitudes occurred during the stem-exclusion phase
(Fig. 3). Due to asymmetric competition, the growth of many trees
was suppressed by the dominant trees, whose growth rates were
roughly average (DoleZal et al., 2004, 2009). This general pattern

was disrupted by less severe disturbances, which released some
of the trees; these released trees then abruptly increased their
growth to above-average rates. Disturbances altered stand devel-
opment, even during the stem-exclusion phase. Large individuals
that would dominate the stand were regularly removed. However,
this type of low-severity disturbance did not cause regeneration
because the moderately tolerant spruce could sustain suppression
and filled the released space. Trees that were suppressed during
stand initiation (as described above) were now released by less se-
vere disturbances and therefore survived. It could be possibly the
interesting explanation of the differences in diameter distributions
between wind-exposed and non-exposed sites (Cada and Svoboda,
2011). The lower severity disturbances caused mortality, increased
heterogeneity and created deadwood during even the early stages
of stand development, a process that could be important for
biodiversity.

5. Conclusions, generalisations and management implications

Severe natural disturbances play and have played a fundamen-
tal role in mountain Norway spruce forest dynamics in central Eur-
ope. We detected intervals between severe disturbances of
approximately 15 and 19 decades, as stands matured. Severe wind-
throws occurred at these intervals in our study area. However, we
reconstructed a relatively regular occurrence (mean interval:
approximately 35 years) of disturbances of varying severity at
the study site. These data are consistent with other studies from
central Europe (Zielonka and Malcher, 2009; Zielonka et al.,
2010; Panayotov et al., 2011; Svoboda et al., 2012). The sensitivity
of the stand likely influences disturbance severity (Frelich, 2002).
After windthrows and under suitable climatic conditions, the bark
beetle can increase in abundance and attack live mature trees and
stands. Under such conditions, the extent of the disturbance can
increase greatly (@kland and Bjernstad, 2006). Our data suggest
that bark-beetle induced mortality occurred at the study site dur-
ing past outbreaks. We therefore contend that stands of these for-
est types over the age of approximately 150 years are highly
susceptible to disturbance, with a low probability of survival to
older ages in an undisturbed state (Lausch et al., 2011). Conversely,
many species are favoured by conditions created by these types of
disturbances (Miiller et al., 2008), which have likely occurred nat-
urally for hundreds of years. These conditions, such as openness,
increased quantities of dead wood of various types, and ground
disruption are legacies of disturbances. The effective management
of protected areas, where these species should find space for life,
requires an understanding of these properties (Franklin et al.,
2002). We also found that some important structures can naturally
develop even in the early stages of stand development due to low
severity disturbances. Finally, the observed growth patterns could
be the impetus for managing forests in a more heterogeneous man-
ner. We confirmed that the Norway spruce is a very plastic species
that can grow and produce biomass under various light conditions
(i.e., densities) and can also react positively to canopy openings
even at older ages.
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1. Introduction

The decisive influence of disturbances on forest structure and dynamics is widely
accepted (e.g. Kimmins, 2004; Johnson and Miyanishi, 2007). The frequency, severity
and extent of disturbances affect species composition and the spatial horizontal and
vertical distribution of trees (Frelich, 2002). All disturbances occurring in the landscape
can be described by the concept of disturbance regime, which contain all kinds of
disturbances occurring in all time and spatial scales. Disturbance regimes describe
patterns of disturbance over time characterized by the frequency (probability), severity
and extent of the disturbances (Frelich, 2002). The importance of disturbances in forest
structure and dynamics imply that the description of disturbance regime of the forest
landscape is crucial for many purposes. Prevailing disturbance regimes are closely
associated with the natural communities, and forest species are dependent or adapted to
the specific disturbance regime (Lindenmayer et al., 2006). Even in forests oriented on
wood production, managing more closely to the natural disturbance regime is more cost
effective from long perspective (Bengtsson et al., 2000). Understanding of natural
disturbance regimes is also useful for managing other ecosystem services important for
society, such as carbon sequestration, soil and avalanche protection, water and nutrient
cycling etc. (Bebi et al., 2001; Dorren et al., 2004).

In areas with wind as a dominant disturbance agent, landscape level studies revealed
high heterogeneity of disturbance severities. Wind disturbances are spatially irregularly
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distributed and influenced also by stand age and structure (Frelich, 2002). Disturbance
regimes are usually characterised by often low severity disturbance and less frequent
pulses of moderate severity disturbances. Low severity windthrow events that create
small-scale canopy gaps are most common, but less frequent moderate severity
disturbances are more important drivers of forest structure across the landscape (Frelich
and Lorimer, 1991; D’ Amato and Orwig, 2008; Fraver et al., 2009; Aakala et al., 2011).
For example Fraver et al. (2009) found no evidence of stand replacing disturbance in the
old-growth landscape over last 120-280 years with maximum of 55% disturbed canopy
area. This kind of disturbance regime favours the dominance of shade tolerant species,
which form advance regeneration in the understorey already before the disturbance
(Metslaid et al., 2005). However, in other forest types, severe windthrow events may
remove up to 100% of trees on areas across tens of hectares (Veblen et al., 2001), which
similarly allow for the release of advanced regeneration and following stand often
consists mostly of shade tolerant species (Kulakowski and Veblen, 2003). The pulses of
moderate severity disturbances are of greater importance, extent and severity in forests
dominated by tree species that host insects (e.g. bark beetles or budworms) that may
form outbreaks (Fraver et al., 2009). Moreover, bark beetle outbreaks could be triggered
by windthrow events (@kland and Bjernstad, 2006; Temperli et al., 2013). The
landscape-level mosaic resulting from these disturbance regimes consists of patches in
various stages of structural development, rather than various stages of compositional
succession (Fraver et al., 2009).

In central European mountain Norway spruce (Picea abies) forests, extensive and
severe disturbances occurred recently with wind and bark beetle as the most important
disturbance agents (Grodzki et al., 2006; Lausch et al., 2011, 2013). Interestingly a lot
of native species react positively on these natural disturbances in Bavarian Forest
National park (Miiller et al., 2008; Lehnert et al., 2013). Based on this knowledge,
Miiller et al. (2008) hypothesized that extensive and severe disturbances have been
typical for the forest for long time and, therefore, are within the natural range of
variability of the central European mountain spruce forest. Later, several historical
studies found that extensive and severe disturbances occurred also in the past (Schelhaas
et al., 2003; Zielonka and Malcher, 2009; Zielonka et al., 2010; Panayotov et al., 2011;
Svoboda et al., 2012; 2014; Cada et al., 2013; Brina et al., 2013). Zielonka et al. (2010)
described the occurrence of a windthrow event 140 years ago on the area of 100 ha,
which experienced similar disturbance again in the year 2004. Panayotov et al. (2011)
determined that wind was the most important disturbance agent over the last 150 years
and evidenced mosaic of patches with high-severity blowdowns ranging from 0.16 to 10
ha. Disturbance regime of mountain Norway spruce forest of Eastern Carpathians has
been described as highly heterogeneous, because historical disturbances varied from
low to high severity disturbances, including stand replacing disturbances tens of
hectares in extent (Svoboda et al., 2014; Trotsiuk et al., submitted). Janda et al.
(submitted) in Bohemian Forest and Trotsiuk et al. (submitted) in Ukrainian
Carpathians both described complex spatiotemporal pattern of forest dynamics created
by a combination of frequent small scale low severity disturbances combined with
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peaks of disturbances of moderate severity. Disturbances often affected large areas, but
its severity was spatially variable and lacked delineable borders of gaps or patches
(Svoboda et al., 2012; Janda et al., submitted; Trotsiuk et al., submitted). Bruna et al.
(2013) analysed archive information and described extensive landscape scale wind and
bark beetle disturbances in late 19" century in Bohemian Forest; they determined that
disturbances were mainly associated with the age of previous stand. Despite these
observations central European mountain Norway spruce forest out of Carpathians is
lacking the description of the landscape scale variability of disturbance regime and also
understanding of what influence the disturbance regime of a stand. Existing studies
described only limited time and spatial scales, what asks for more research in this field.

Knowledge of natural forest dynamics is of great importance for the management of
commercial as well as conserved forests (Kimmins, 2004). In natural forest landscapes
with extensive old-growth forests that escaped or experienced little human influence, a
more complete understanding of disturbance regimes can be attained (Frelich, 2002). In
areas such as highly populated central Europe, where old-growth forests are highly
uncommon and natural forest landscapes are lacking, we often have an incomplete
understanding of forest dynamics (Splechtna et al., 2005). In addition, much of the
remaining old-growth forest occurs on inaccessible or specific locations that are hardly
representative of the surrounding landscapes (Angelstam and Kuuluvainen, 2004). In
this context, the Bohemian Forest offers a unique opportunity to study natural forest
dynamics at a landscape scale in central Europe. The history of this mountain range (see
below) has preserved relatively large forest areas with limited human influence (Benes,
1996). Recent studies indicated that significant portion of the landscape in high
elevation was under the control of natural disturbances (Svoboda et al., 2010; Cada and
Svoboda, 2011; Svoboda et al., 2012; Brina et al., 2013; Cada et al., 2013).

The present study focuses on the description of the disturbance regime of the
mountain Norway spruce forest of the Bohemian Forest in central Europe. We would
like to test Miiller’s et al. (2008) hypothesis that extensive and severe disturbances are
typical for this forest type. Our specific goals include: 1) reconstruction of the timing,
frequency and severity (particularly extent) of past disturbances, and 2) explain
differences in disturbance histories based on site conditions. We will use the advantages
of dendrochronological methods to reconstruct forest disturbance histories (Lorimer,
1985), and conduct the study at the landscape level to fully evaluate disturbance patterns
(Frelich and Lorimer, 1991) in the area, where much of the forest has been controlled by
natural disturbances.
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2. Methods
2.1. Study area
2.1.1. Location and site conditions

The work was conducted in the mountain Norway spruce forest in the mountain
range called Bohemian Forest. The mountain range is situated in central Europe on the
border of three countries, Czech Republic, Germany (Bavaria) and Austria, and host
two national parks (Sumava National Park and Bavarian Forest National Park). Our
study was arranged in Czech part of the mountain range (fig. 1). Nearly monospecific
Norway spruce forest grow in the high elevations (>1150 m.a.s.l.) of the mountains;
forest is dominated by Norway spruce with minor components of Sorbus aucuparia L.,
Acer pseudoplatanus L., Abies alba Mill. and Fagus sylvatica L. (Neuhduslova and
Moravec, 1998).

Vegetation communities are mostly of two types: Calamagostio villosae-Piceetum
(with patches dominated by Calamagrostis villosa, Deschampsia flexuosa, or
Vaccinium myrtillus on more stony soils) and Athyrio alpestris-Piceetum (Neuhéuslova
and Moravec, 1998). Geological substrate belongs to the crystalline complex of the
Bohemian massive and consists of three main types — mica schists, gneisses and
granites (Chab et al., 2007). Soils are shallow and poor, dominated by podsols and stony
soils (Kozak, 2010). Climate is cold with mean annual temperature of about 4°C.
Continentality increases from west to east and, therefore, mean annual precipitation
decreases from about 1400 mm to 800 mm per year (Tolasz, 2007).

2.1.2. History of the territory

The Bohemian Forest was historically relatively protected from deforestation.
Prehistoric and early medieval colonization did not affect the mountain range except
small areas along the trade and communication trails. One explanation is that the forest
acted as a barrier against Germanic expansion (Bene$, 1996). The Bohemian Forest also
escaped the pastoral colonisation, unlike the Alps or Carpathians, likely because it lacks
an alpine zone. The colonization of mountain foothills started during the main medieval
colonization in the 12™ and 13" centuries; this period of colonization did not affect
higher altitudes except for trade and communication trails (Benes, 1996). The last and
most extensive period of deforestation peaked in late 18™ century (Benes, 1996) after a
period of demographic recovery following the severe loss of population during The
Thirty Years’ War in 17" century. Most of the villages in the central part of the
mountains were founded in the mid-18" century or later with an emphasis on
glassworks and ironworks. People often established their houses directly in the forest
and then harvested neighbouring forest. They logged a lot of mostly hardwood species,
particularly beech, which largely affected the hardwood forest zone below the main
ridges (Benes, 1996). Forests that were difficult to access in higher elevations were used
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only for cattle grazing and hunting (Macar and Marsik, 2005). The significant interest of
main landowners in timber harvesting is dated since the early 19" century with attention
also to spruce wood in high elevations (Benes, 1996; Bruna et al., 2013). That’s why
they developed detailed forest management maps with forest age structure and species
composition in the mid-19" century (Briina et al., 2013). At that time, more than 39% of
the forest stands at elevations above 1150 m.a.s.l. were >120 years old and were mostly
described as primary forest (based on database of Brtna et al., 2013); the proportion of
primary forest was probably even higher because younger stands could also have
originated after severe natural disturbances (Cada and Svoboda, 2011). However, during
the period 1868-1870, large scale wind and bark beetle disturbances substantially
altered the forest in the study area; two thirds of stands older than 120 years were
removed (based on database of Brtina et al., 2013). Most of the wood was likely logged
after disturbance (Briina et al., 2013). Logging activity decreased in the 20" century
related to societal changes in the country associated with WWI and WWII, the
establishment of Czechoslovakia, displacement of German inhabitants and
establishment of inaccessible state border zone. Since the 1980s, most of the old stands
in the mountain spruce zone of the Bohemian Forest were broken up by windstorms,
bark beetle outbreaks and salvage logging. The break-up culminated by severe
windstorm in January 2007 (Lausch et al., 2011; 2013). In neighbouring Bavarian
Forest National Park, a total of 5800 ha of Norway spruce stands died off because of
bark beetle infestations between 1988 and 2010 (Lausch et al., 2013).

2.2. Data collection

We limited the study area to forest above 1150 m.a.s.l. because it roughly fit the
distribution of the community of mountain Norway spruce in the Bohemian Forest.
Then we selected old stands that were likely established before 1850 based on historical
forestry maps (see above; Briina et al., 2013; State Archive SOA Plzen), local literature,
aerial photographs and present forestry maps. We also considered stands of unknown
ages not listed on the historical forestry maps. We selected seven out of nine localities
existed in the Bohemian Forest (fig. 1). One of the two remaining localities had to be
removed because the forest was broken up already in 90s and it would be impossible to
extract increment cores.

We established 24 plots across the study area in homogeneous and representative
stand and site conditions. Plots were limited to stands that had experienced severe
disturbance events from 2007 or later to ensure we could get the increment cores from
fresh wood. The number of plots per locality varied (range of 1 — 7) proportionally to
the extent of the locality. In the smallest locality, Ostry, where just one plot could be
established, we took twice more cores. Plots were 50 meters long transects that varied
in width according to stem density to get at least 35 increment cores. All stems thicker
than 10 cm at stump height (30 cm above ground) were recorded (i.e., stumps, snags,
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uprooting and alive trees). Stem thickness at stump height and species were identified
for each stem (Cada and Svoboda, 2011). We used also the data published by Cada et al.
(2013) from one locality, where three 50x50 meter plots were analysed.

We extracted one increment core from each possible stem on the plot. We also
extracted cores from trees near the plot that were deemed to be very old because they
are potentially very valuable for disturbance reconstruction. We focused on extracting
cores from the side with the most representative growth (in cases with exocentric
growth) and not affected by root swellings. Increment cores were air-dried, attached to a
wooden mount and cut with a razor blade. Contrast was improved by moistening and
impressing with chalk. Ring widths were measured to the nearest 0.01 mm using a
sliding table LINTAB and TsapWin software (www.rinntech.com). Each tree-ring series
was cross-dated following the procedure of Yamaguchi (1991) and using statistical tests
implemented in Past4 (Knibbe, 2007). A few series that did not fit well were excluded
from all further analyses. The curvature and mean width of the five tree rings closest to
the centre were used to estimate the number of rings missed in cases where the core did
not pass through the pith (Duncan, 1989). We did not correct for bias caused by coring
height (Niklasson, 2002); therefore, "ages" referred to hereafter are not true ages but
recruitment ages at coring height.

2.3. Data analysis
2.3.1 Analysis of disturbance events on growth series

Two types of events on growth series were assumed to indicate past disturbance: 1)
release from suppression (abrupt, sustained and large increase in growth) indicated the
death of surrounding trees, and 2) gap origin (rapid early growth rate) indicated the
existence of a tree in open conditions during its recruitment (Lorimer and Frelich,
1989). Gap-origin trees were defined as those trees whose mean width of the 6-15 ring
exceeded 1.0 mm (Splechtna et al., 2005; Firm et al., 2009; Jonsson et al., 2009) and
whose subsequent growth pattern was declining, parabolic, or flat (Frelich, 2002).

We used the “absolute increase” method to identify releases from suppression
(Fraver and White, 2005; Cada et al., 2013) because it is simple, clear and poses no
problems regarding the definition of the upper boundary (Splechtna et al., 2005;
Zielonka et al., 2010). Absolute growth changes were calculated for each year of each
series (except for the first and last 10 years) by subtracting the prior 10-year mean from
the subsequent 10-year mean. A release year was identified by a growth change value
that was the maximum of the surrounding 20-year interval (+10 years) and that
exceeded the threshold of +0.55 mm (Jonsson et al. 2009). This threshold was specified
for the Norway spruce, based on experience with its growth variation (Jonsson et al.
2009). Finally, we visually checked all of the series and their releases. Releases were
excluded if the growth acceleration was not obvious. For example, growth restoration
after short-term growth reduction or short-term pulses were excluded. Releases were
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also added in obvious cases. Visual checking is vital in this type of work because
growth fluctuations due to environmental variation (climate, injuries, mast year, etc.)
have a great effect near the specified threshold. Basically, there is always a trade-off
between positive and negative errors. Non-release growth changes are not only related
to climate variation, which is usually used to test the criteria (Nowacki and Abrams,
1997; Black and Abrams, 2003), but there is also a large overlap with changes caused
by injury, reaction wood and other factors (Fraver and White, 2005; Fraver, pers.
comm.; personal observation).

To mitigate the influence of subjectivity, we also defined stricter criteria to detect
“intense releases”: releases higher in magnitude and longer in duration (15-year means,
absolute increase threshold +1.00 mm) than standard releases. They were defined such
that a subjective approach was little used.

Disturbance chronologies of ten and one year time steps were used following
Lorimer and Frelich (1989) and Frelich (2002). All release and gap-origin events were
summarised by decades (resp. individual years) and plotted proportional to sample
depth at the end of the decade (resp. in specific calendar year). Chronologies were
truncated when sample depth dropped below 10. The resulting chronology, called a
“tree-population-based” chronology by Frelich (2002), shows the proportion of the
population affected by a disturbance within a given decade. The effect of an individual
tree is not weighted by its size. The calculated proportion does not fully correspond to
the affected area, because of the different areas occupied by individual trees. However,
we believe that this method poses no problems for interpretation because the tree layer
in our study site was mostly uniform, lacking any cohort of small trees (Cada and
Svoboda, 2011). We calculated the average disturbance chronology from individual
plot chronologies for each locality and the entire mountain range. Peaks in disturbance
chronologies of one year time step were used for calculation of disturbance frequencies
and severities. The individual disturbance was defined as a peak in 10-year running sum
if it exceeds proportion of 0.1 (resp. 0.5 for severe disturbances). Similar analyses were
done for testing the synchronicity of disturbances over the mountain range. To evaluate
synchronization between plots, only part of the chronology based on releases from
suppression were used because the time dispersion of releases is substantially lower
compared to gap origin events (Cada and Svoboda, 2011). Based on the obtained
severities and frequencies of disturbances on individual plots, we calculated the rotation
period for disturbances of different severity classes following the method of Frelich and
Lorimer (1991). Rotation period refers to the average time interval between
disturbances of similar severity in a given stand, and also to the time it would take on
average for all plots in the mountain range to experience a given disturbance rate
(Frelich and Lorimer, 1991).

We attempted to explain the reconstructed disturbances using historical evidence of
windthrows and bark beetle outbreaks based on archived documents within the region,
i.e. from nearby villages or forests mostly in lower elevations. We summarised data
published in works of Zatloukal (1998), Brazdil et al. (2004) and Jelinek (2005).
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Multivatiate Ripley’s K-function for one-dimensional data was used to test
synchronisation of reconstructed disturbances and historical records (Gavin et al., 2006;
Bigler et al., 2007; Gavin, 2010). This method was simplified for one-dimensional data
from widely used method of spatial point pattern analysis. In our work, we tested the
association (coincidence) between two time-series of events. We used the forward
selection method expecting the delay of tree responses (disturbance reconstructions)
after real events. The K-function was transformed to L-function and Monte Carlo
simulations were used to evaluate statistical significance (Gavin, 2010).

2.3.1 Statistical analyses

Decadal scale disturbance chronologies for each plot were grouped using cluster
analysis. The disturbance severity of each decade represented one variable. We used the
average linkage method of Euclidean distances. Based on the resulting dendrograms,
three groups of disturbance histories were distinguished. Mantel test were performed to
answer the question if Euclidean distances between disturbance histories of plots are
related to its geographical distances. All analyses were done using the statistical
software R (version 2.10.1, R Development Core Team, 2009) and the Mantel test was
performed in the package ,,ade4* (Dray and Dufour, 2007).

Nonparametric statistical tests (Spearman’s correlation coefficient, r; Kruskal-Wallis
ANOVA, H) were used to explore the differences in disturbance histories between
plots. As dependent variables we used the frequency of disturbances, severe
disturbances and disturbances in 20" century, and maximal and average severity of
disturbances. Environmental variables such as longitude, latitude, altitude, aspect, slope,
slope position, locality, vegetation community and geological substrate were used as
independent variables. Geographical data were obtained from global positioning
systems measurements and a 30 meter digital elevation model. Aspect was transformed
by cosine transformation. The rest of environmental data were obtained mostly using
published maps corrected by visual assessment in the field (Neuhduslova and Moravec,
1998; Chab et al., 2007; Kozak, 2010). Slope position was described based on the
altitudinal distance of the plot from closest ridge. Based on the low variability of
temperatures across the study area and close relationship of precipitations to longitude,
we did not use climatological data because sufficiently high resolution data was
unavailable.
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3. Results

Norway spruce represented 99.9% (98.9 — 100%) of all individuals measured in the
study area. Relatively high variation was found in the case of tree densities. Average
density of live trees before actual disturbance was 345 (148 — 608) trees per hectare.
The density of all stems was 593 (296 — 1028) per hectare. Average basal area of live
trees before actual disturbance was 55 (34 — 96) m%/ha. Together all stems averaged at
74 (57 — 117) m%/ha.

Age distribution of trees on individual plots show rather homogeneous even-aged
pattern, which already indicate the occurrence of severe disturbance. On average, 70%
of trees on plots recruited to coring height in relatively short period of 30 years. On the
other hand, mean range of ages was 141 years. Most trees recruited to coring height in
the period of 1750 — 1880. Trees older than 1750 reached the proportion of 3.5%.
Between 1750 — 1800, 17.3% of all trees were recruited; in the period of 1800 — 1880,
74.4% were recruited, and only 4.8% of trees were recruited after 1880 (fig. 2).

Disturbance chronologies indicated each plot experienced at least one severe
disturbance (1-3). Time since the most severe disturbance varied from 133 to 261 year
(on average 177 years). Maximal severity was on average 79% of removed population
with a range of 50 — 100%. Frequency of all disturbances (severity > 10%) was 29 years
(range of 20 — 47 years). Fig. 2 shows the proportion of population affected each decade
by disturbance on each location and together across the mountain range. Serious
disturbances occurred in the period of 1780 — 1880. Forest stands of our study area were
established mostly in this period after severe disturbances. In the decade after 1820,
extensive disturbance removed more than half of the population in the entire study area.
This decade was the most severe at all localities (there is no data at one locality)
suggesting that this disturbance occurred across the whole region. The severity and
extent of disturbances varied between localities. More extensive localities (such as
Jezerni or Polom) recorded broader range of disturbance histories than less extensive
localities (such as Ostry, Boubin and Mustek).

Disturbances were generally synchronized between plots and locations. Yearly
disturbance chronologies were in most cases significantly correlated to each other.
Mean correlation between disturbance chronologies was 0.21 (range of -0.07 — 0.57).
Sixty-eight percent of correlations (188 out of 276) were significant at the level of 0.05.
Fig. 3 shows the synchronisation of growth releases on two levels — individual trees
(fig. 3a) and plots (fig. 3b). We can see that disturbances are widely indicated in periods
of 1779 - 81, 1797 - 1801, 1807 - 1808, 1813, 1820 — 1826, 1838 — 1840, 1856 — 1857,
1869 — 1880, 1920 — 1925, 1960 — 1961 and 1992 — 1993. Those years could be at least
partly explained by evidenced windstorms and bark beetle outbreaks (natural
disturbances) that occurred in the wider region - windstorms in 1778, 1801, 1812 —
1813, 1818, 1821 — 1822, windstorms and bark beetles in 1833 — 1840, windstorms in
1853, windstorms and bark beetles in 1868 — 1877, windstorms in 1921 — 1922, 1955 —
1960. The last peak is likely related to the present wave of disturbances, which started
in the early 1980s, and would peak decade after the end of the chronology. One-

-67 -



dimensional L-function demonstrated significant (p < 0.05) synchronisation
(coincidence) between historical windstorm records and peaks on tree-level
chronologies. In the first decade after historical records it reached the value of 3.90,
which exceeds the simulated upper 95% confidence envelope (3.73). Peaks on plot-level
chronologies were not significantly associated to historical records.

Disturbance frequencies and severities are summarized into rotation periods of
disturbances of varied severity (fig. 4). This defines the mean interval between
disturbances of a given severity on a given place required to disturb an area of a given
size. Equally, it defines the mean time required for the whole landscape to be affected
by a disturbance of a given severity. The figure tells us that 5% of trees are on average
removed every 20 years. Every century there is a disturbance that removes 30% of trees.
This effect is spatially inhomogeneous and, therefore, this kind of disturbance occurred
on some places every 34 years and on some places every 200 years. High severity
disturbances that remove more than 70% of trees occur every 263 years (100 — 500
years). The computed rotation periods become increasingly uncertain beyond the
severity class of 70% due to lacking of this disturbance on some plots. On some plots
we simply did not reconstructed disturbance of highest severities and therefore we
cannot calculate its rotation period.

Cluster analysis of disturbance histories revealed three main types of disturbance
histories at the plot level (fig. 5). First group contained 2 plots, second group had 7 plots
and third group contained 15 plots. Mean disturbance chronologies for each group (fig.
5b) showed that the severity of disturbances decreases from first to third group (from
left to right in fig. 5a). First group experienced high severity disturbances in period
1810 - 1850. On the other hand, in second group severe disturbances occurred in earlier
period before 1830. Third group experienced the greatest heterogeneity of disturbance
timings and severities, which resulted in broad disturbance chronology with severe
disturbances occurring in similar period to whole dataset. Geographical distances did
not explain differences in Euclidean distances of disturbance histories (Mantel r = -0.09,
p = 0.87). However on fig. 1 we can see that first group is located in two most northern
plots and two southernmost localities consist only of plots classified into group 3.
Nevertheless, generally we can say (also based on fig. 2 and 3), that there is no big
difference in disturbance histories between localities and that the variability of
disturbance histories in larger localities (such as Jezerni, Polom and Plechy) is
comparable to the variability in whole mountain range and disturbances are
synchronised across the mountain range.

On the other hand, the effect of geographical location on frequency of severe plot-
level disturbances was significant (tab. 1). This is related to the observation that most
plots in two southernmost (and also easternmost) localities experienced during its
establishment more than one severe disturbance. Some differences between localities
suggest also its significant effect on maximum severity of disturbances. Altitude and
aspect were important predictors of frequency of all disturbances suggesting higher
frequency of disturbances in exposed higher altitudes and south-western expositions
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(tab. 1). Distance of plot from ridge (slope position) was significantly correlated to time
since maximum severity disturbance. This interval increases with distance from exposed
sites at ridges towards more protected sites farther away from ridges. Significant effect
of geological substrate on frequency of severe disturbances is likely related to the
differences between localities. Most significant relationships were found for frequency
of disturbances; poor relationships existed for disturbance severities.

4. Discussion
4.1 Disturbance history

The disturbance history of mountain Norway spruce forest landscape in Bohemian
Forest was highly influenced by severe disturbances (>50% of removed population) that
occurred in the history of all plots. Therefore, we confirmed the hypothesis of Miiller et
al. (2008) that extensive and severe disturbances are typical for this forest type. The
regeneration of presently disturbed stands was associated with severe disturbance
periods that peaked 133 — 261 years ago. Some stands regenerated likely after one
severe disturbance event, but some after few subsequent disturbance events that
occurred in relatively short interval. Both dynamics resulted in the replacement of most
of the mature trees. These results are partly different from more heterogeneous
disturbance histories found in Romanian and Ucrainian Carpathians (Svoboda et al.,
2014; Trotsiuk et al., submitted) that showed bigger heterogeneity in disturbance
histories including stands affected by low severity disturbances only. However, the
results are in accordance with previous studies from Bohemian Forests (Cada and
Svoboda, 2011; Svoboda et al., 2012; Cada et al., 2013) and also from wind exposed
sites of Tatra Mts. in Slovakia (Zielonka and Malcher, 2009; Zielonka et al., 2010).

Low severity disturbances affected following development of studied stands. Those
disturbances occurred frequently but mostly did not stimulated regeneration of new
trees. Rotation period of low severity disturbances (10% mortality) was calculated to 29
years. This value is very similar to 29 years period estimated by Fraver et al. (2009) for
mixed forest of northern Maine (USA), but lower than 69 years period estimated by
Frelich and Lorimer (1991) for hemlock-hardwood forests of Porcupine Mts. in
Michigan (USA). Much bigger difference exists in case of severe disturbances (>50%
mortality), in which rotation periods were estimated by both Fraver et al. (2009) and
Frelich and Lorimer (1991) for more than 1000 years. Our analysis found the rotation
period of severe disturbances for 163 years. This value is comparable to rotation period
in the area exposed to frequent hurricanes in northeastern USA (Lorimer and White,
2003). One reason for high frequency of severe disturbances in our forest type is likely
the influence of specific agent, spruce bark beetle, which likely increase severity of
disturbances, particularly after windthrows (@kland and Bjernstad, 2006; Fraver et al.,
2009; Temperli et al., 2013). Second reason could be the location of our study area in
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high elevation and rather sub-Atlantic conditions, which are affected by more frequent
and more intensive windstorms in European perspective (Schelhaas et al., 2003).
Landscapes studied by Svoboda et al. (2014) and Trotsiuk et al. (submitted) are located
rather out of the sub-Atlantic zone.

Reconstructed disturbances were synchronized across the study area. Most of the
disturbances affected big portion of the landscape (indicated on at least half plots).
However, the severity of disturbances was spatially heterogeneous. From the
perspective of individual locality, this means that one disturbance event could be stand
replacing on one plot but low severity on second plot. This is the reason for relatively
broad average age structure and disturbance histories at locality and landscape level.
The most likely cause of the variability in disturbance severities is the structure and age
of the previous stand. This idea is supported by study of Bruna et al. (2013), who found
in the same landscape that stand age is the most important predictor of disturbance. The
results show that in most cases trees beginning to grow after severe disturbance did no
encounter competition from surrounding, undisturbed trees (Oliver, 1980/1981), what
suggests its stand replacing effect and extent at least in scale of hectares. There are also
cases of neighbouring plots that share similar severe disturbances. If we assume rather
homogeneous forest structure between neighbouring plots, it would mean that the
patches of severe disturbances could extended to tens of hectares. Our findings are
supported by historical forestry maps analysed by Brina et al. (2013), who showed
similar extent of patches affected by disturbance. Similar extent of disturbed patches
emerged also from other studies (Zielonka et al., 2010; Panayotov et al., 2011; Svoboda
et al., 2012; Svoboda et al., 2014).

Reconstructed disturbances were significantly coincident to historically known
windstorms. The disturbances were also synchronised between plots and localities.
Those results indicate that primary disturbance agent in our study area was wind and
that studied forest was in large extent driven by natural dynamics. Our data support also
the occurrence of bark beetle induced mortality in periods of known bark beetle
outbreaks, particularly late 19™ century (Brtna et al., 2013). The linkage between bark
beetle disturbances and previous windthrows is well known (@kland and Bjernstad,
2006; Temperli et al., 2013) and prevents exact separation of those disturbance agents.
We cannot fully exclude anthropogenic impact on forest. It was likely used for cattle
grazing and hunting (Macar and Marsik, 2005). Moreover, some selection cutting or
harvesting of died trees could be done in the study area. In individual cases, we cannot
exclude even more extensive harvesting, which would co-occur with historical
windstorm.

In the history of studied forest landscape, there were fundamental changes in
disturbance activity. Disturbance chronologies peaked in 1820s at all localities and the
severity of disturbances generally decreased to the past and to the present. Twentieth
century lacked any severe disturbance in our study area. This could be partly caused by
our methodology and stand selection. However, our study plots mostly represent
continuous localities without any patches of younger trees, which would be largely
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avoided. Therefore, other explanation is needed to fully uncover the causes of the
change. The decrease of disturbance severities could be caused both by natural
variability, and/or by anthropogenic activity. Forest can naturally develop roughly every
two centuries into forest structure sensitive to severe disturbances (Turner, 2010). Our
knowledge about forest structure before the period of disturbances in early 18" century
is limited, which makes the testing of this hypothesis difficult. The intensity and
frequency of windstorms or other factors can change in time and, therefore, cause
changes in disturbance regime of the landscape (Brazdil et al., 2004; Pederson et al.,
2014). Anthropogenic activity could also alter forest dynamics. Forest management in
20" century was focusing on suppression of natural disturbances, particularly bark
beetle outbreaks (Zatloukal, 1998). Lack of severe disturbances in 20™ century is likely
one of the main causes of recent extensive disturbances in the landscape (Lausch et al.,
2011; 2013), because most stands developed into ages that are sensitive both to wind
and bark beetle disturbance (Seidl et al., 2011). Based on our observation, recent severe
disturbance period was at least shorter compared to reconstructed severe disturbance
period. Historical period lasted about one century (1780 — 1880); however, recent period
lasted three decades (1980 — 2010).

4.2 Effect of site conditions

Site conditions had significant effect on disturbance history. Generally, we found that
disturbance frequencies, rather than disturbance severities were related to site
conditions. We hypothesise that disturbance severities are dominantly related to stand
structure and, therefore, its potential relationships with site conditions are hidden (Brtna
et al, 2013). Other explanation could be limitations of our methodology for accurate
estimations of disturbance severities. Sample size, climate, injuries and other factors can
influence the exact estimation (Lorimer and Frelich, 1989; Fraver and White, 2005). On
the other hand, disturbance frequency can be estimated relatively precisely using
sufficient sample size. The results further support our statement about the primary role
of wind disturbances. Site conditions (altitude, aspect, slope position) that were
important for disturbance frequencies are related to exposition of site to wind
(Schelhaas et al., 2003; Brazdil et al., 2004). Wind in the region comes mostly from
west. Its intensity is, therefore, higher on western expositions and in higher altitudes and
decreases with increasing distance from ridges (Schelhaas et al., 2003; Brazdil et al.,
2004). It is known that frequency and severity of wind disturbances are related to
topography (Frelich, 2002). Our results are one of the first that proved the effect of
topography on real disturbance histories. Stands in more protected conditions could
grow into higher ages and were affected by less frequent low severity disturbances.

Geographical distances did not strongly explained differences in disturbance
histories. This supports the statement about synchronisation of disturbances between
localities. Localities (especially the larger ones) recorded comparable range of historical
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disturbances as recorded whole landscape. Further statistical test, however, indicated
some geographical differences in disturbance histories. Cluster analysis suggests the
occurrence of first group only on two northernmost plots and two southernmost
localities consist only of plots from third group. Stands in two southernmost localities
were mostly established after more than one severe disturbance. This partially indicate
gradient of increasing disturbance severity from south-east to north-west.

5. Conclusion

High-severity disturbances, defined as the indication of dieback of at least half of
tree population in a given period, were identified in the history of all stands. This
finding indicates that stands that were severely broken-up recently were established
after similar disturbances in the past. The most severe disturbance periods occurred 130
— 230 years ago during the period of 1780 — 1880. The most extensive disturbance
occurred around the year 1820 and affected more than half of the study area. The
disturbances were synchronized across whole mountain range. Most disturbances were
explained by known historical windstorms and bark beetle outbreaks. We conclude that
disturbances, including large, high-severity and low-frequency disturbances, contribute
to the broad range of variability of central European mountain spruce forests.
Sustainable management strategies should therefore incorporate disturbances of various
severities and their biological legacies, as many species likely depend on them. In
addition, the development trajectory of stands following stand-replacing disturbance, as
described here, can be used to predict future development of recently disturbed stands.
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Fig. 1: Location of the study area within the National Park and Protected Landscape
Area Sumava in the Czech portion of the Bohemian Forest. The contour of 1150 m. a. s.
I. roughly delineates the study area and individual localities. Two central localities of
mountain Norway spruce forest could not be used because it was assessed as being
younger than 1870. One of those was mostly disturbed in 1990 which prevent
extraction of cores due to decay. For more details see methods.
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Fig. 2: Average disturbance chronologies and mean age distributions for each locality
and for whole study area. The average was calculated from individual plot
chronologies. At plot level, events on growth series (intense release, release and gap
origin) that are indicative of past disturbances were plotted proportionally to sample
depth at the end of each decade. Chronologies were truncated when the sample depth
dropped below 10. Peaks above the proportion of 0.1 indicate significant disturbance
in that decade. The height of the column indicates the severity of the disturbance
(proportion of removed population).
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resolution showing the synchronisation of disturbances at the level of individual trees.
b) Summarisation of peaks in same disturbance chronologies at the plot level. Peaks in
10-year running sum were plotted in yearly resolution. Peaks higher than 0.5 were
defined as severe disturbances and peaks higher than 0.1 as ordinary disturbances.
Those were grouped by 5-year running sum and peaks (blue dots) were calculated
proportionally to sample depth (number of plots). This shows for example that in the
5-year period around the year 1779 80% of plots (4 out of 5 plots) available in the
period were disturbed. Most of the subsequent disturbances are indicated on
approximately one half of the study plots.
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Tab. 1: Spearman nonparametric correlations (r) and Kruskal-Wallis nonparametric

ANOVA between characteristics of disturbance regime at plot level and environmental
variables. Significant correlations are written in bold and dark (p < 0.01) and light (p
<0.05) shaded.

time since
frequency of  frequency of . .
frequency of . . maximum average maximum
. disturbances in severe . ) .
disturbances severity severity  severity

20th centur disturbances .
y disturbance

Spearman correlation (r)

longitude -0,31 -0,14 -0,52 0,09 0,06 -0,06
latitude 0,16 -0,01 0,48 -0,23 -0,19 -0,06
altitude 0,44 0,61 -0,02 0,06 0,37 -0,13
aspect -0,40 -0,44 -0,04 0,31 -0,07 0,19
slope 0,27 0,23 -0,22 -0,01 0,16 0,09
slope position -0,15 -0,30 0,06 0,54 0,01 0,22
Kruskal-Wallis ANOVA (H)
locality 10,40 11,91 9,93 5,72 7,46 13,07
vegetation 1,83 0,88 0,37 0,19 4,95 0,05
substrate 1,76 1,42 9,03 0,49 1,52 4,26
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6. Shrnuti vysledkii

6.1 éada, V., Svoboda, M., 2011. Structure and origin of mountain Norway

spruce in the Bohemian Forest. J. For. Sci. 57, 523-535.

V ramci prvniho vysledku byly analyzovany tii lokality v CHKO Sumava
(Jezerni hora, Mistek a Boubin). Zdejsi porosty mély pred aktudlni disturbanci
relativné homogenni strukturu. Tloustky dosahly modalniho rozdéleni s vrcholem ve
ttidé 45 — 50 cm na lokalitich Mustek a Boubin a 35 — 45 cm na Jezerni hofe.
Tendence k levostranné asymetrii rozdéleni byla vyssi u vékové heterogennéjsich
porosti. Je znamo, ze relativné heterogenni tloustkovou strukturu maji zejména
porosty, kde béhem poslednich desetileti stromy dortstaly do korunové klenby, coz je
pfipad dvouvrstevnych porostl, obnovujicich se porostll a porostit v ranych stadiich
sukcese. To zjevné nebyl ptipad studovanych porosti, kde nejpozdéji od dekady 1920
zadna obnova nemohla dortstat do porostni klenby. Zd4 se, Ze to je pravdépodobna
pfic¢ina visudlni homogenity téchto porostl. Podle distribuce tfid rozkladu dieva bylo
usuzovano na nedédvnou dynamiku porostd, nebot” dynamika mrtvého dieva nasleduje
dynamiku stromového patra. Malé mnozstvi mrtvého dieva ve vysSich stadiich
rozkladu bylo nalezeno v porostech na Mistku a Boubin€, coz indikuje to, ze k
rozpadu porostu doslo pomérné nahle zejména jednordzovym pilisobenim vichiice v
lednu 2007. Na druhou stranu vy$§i zastoupeni vyssich stadii rozkladu na Jezerni hote
indikuje to, Ze k rozpadu zdejsiho porostu doslo béhem delsi doby (asi dvaceti let), coz
kulminovalo vichfici.

Zpisob vzniku porosti ukazal spiSe podobny charakter soucasnému stavu.
Hlavni populacni viny byly relativné stejnoveké a vznikaly béhem 2 — 3 dekad. Podil
starSich stroml byl rlizny a zavisel zfejmé na charakteru ptredchoziho porostu. Na
¢tytech (z celkovych Sesti) plochach bylo nalezeno pouze né€kolik strom, které byly v
dob¢ vzniku porostu star§i nez deset let, coz odpovida soucasné zkuSenosti. Také v
soucasnosti v podrostu Casto existovalo pouze relativné malé mnozstvi obnovy vétsi
nez 0,5 metru a po disturbanci odriistali zejména mali jedinci, ktefi se mohli uchytit
tésn¢ pred disturbanci, béhem disturbance, nebo kratce po ni. Vrcholy ve vékové
struktufe na studijnich plochach se vyskytovaly ve stejné dobé jako uvolnéni z
kompetice u starSich stroml. K obojimu doSlo b&hem relativné kratké doby, coz

znamend, ze porosty vznikaly po silnych naruSenich, kterd odstranila vétSinu
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piedchoziho porostu. Podobné jako v soucasnosti, ¢ast ploch pravdépodobné vznikala
po né¢kolika blizkych udalostech, které zpisobily, Ze se pfedchozi porost rozpadal
postupné.

Letokruhova data samostatné neposkytuji dostate¢né informace pro odhaleni
faktoru, ktery zpusobil popsana naruseni. Nicméné bylo zjiSténo, ze naruseni byla
vysoce (v méfitku let) synchronizovana mezi plochami a lokalitami na Sumavé, a
vétsina z nich byla vysvétlitelnd historicky zndmymi vichficemi, pfipadné
lykozroutovymi gradacemi, coz napovidd o vysokém podilu silnych ptirozenych
naruseni v minulosti zkoumanych porosti. Takovato naruseni vedou pfirozené¢ ke
vzniku strukturné relativné homogenné vyhlizejicich porosti, coz ovSem neni znakem

jejich umélého ptivodu.

6.2 Cada, V., Svoboda, M., Janda, P., 2013. Dendrochronological reconstruction
of the disturbance history and past development of the mountain Norway
spruce in the Bohemian Forest, central Europe. For. Ecol. Manage. 295, 59—
68.

V ramci druhého vysledku byly podrobné analyzovéany tfi 0,25 ha studijni
plochy na lokalité Jezerni hora. Na vSech plochach dominovala jedna popula¢ni vina,
ktera vznikla po silném naruSeni v minulosti (na dvou plochach s vrcholem v dekadé
1820 a na jedné v dekadé¢ 1860). Béhem periody silnych naruseni 82 — 94%
existyjicich stromi indikovalo naruSeni na svych pfiristovych sériich (uvolnéni z
kompetice, ptip. rychly pocatecni ptirtist). Primérny pfirtst na vSech plochach byl
nadprimérny béhem obdobi, kdy porosty vznikaly. Obdobi iniciace porostu trvalo na
zaklad¢ intenzity pfirtistu 26, 33 a 79 let. Pfed timto obdobim byl pfirist stromt
podprimérny s nahlym a razantnim zvySenim béhem naruSeni a s naslednym
postupnym snizovanim na primeérnou uroven. Disturbance v dekad¢ 1820 na ploSe 2
pravdépodobné odstranila az 100% dospélych stromid. NaruSeni na ploSe 1
neodstranila vSechny dospélé stromy, ale vyvojové trendy byly jinak obdobné, coz
indikuje podobné oteviené podminky po naruseni. Na plose 3 existovala pted
disturbanci pocetna vyspéla obnova, ale sila naruSeni byla opét srovnatelna. Na
zaklad¢é veéku strom miZzeme rozliSit tii skupiny podle jejich vztahu k naruseni: 1)

stromy, které dosahly vysky odbéru vzorku vice nez deset let pfed naruSenim a
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zaznamenaly béhem naruseni uvolnéni z kompetice; 2) stromy, které dorostly kratce
pied ¢i po disturbanci (£10 let) a posléze rostly intenzivné a 3) stromy, které také
dorostly kratce pred ¢i po disturbanci, ale byly posléze potlaeny, rostly pomalu a
prvni uvolnéni zaznamenaly po nékolika desetiletich béhem slabsiho naruSeni. VétSina
stromi na plochach spadala z tohoto pohledu do druhé kategorie. 65% stromil
zaznamenalo prvni udalost indikujici naruseni pied dosazenim véku 12 let. To
potvrzuje hypotézu o tom, ze stromy v horskych smré¢indch mohou obtizn¢ odrustat v
zastinéni pod porostem, nebot’ maji vyssi pozadavky na svétlo. Obnova lesa je proto
vazana na naruSeni horniho stromového patra, vrcholi béhem disturbance a odrasta v
porostnich mezerach.

Nasledny vyvoj porostu po silném naruseni byl ovliviiovan kompeti¢nimi vztahy
stromut, a také slab$imi narusenimi, které se v porostu vyskytovaly. Interval mezi
témito naruSenimi byl v priméru 35 let. VétSina stromli na svych pfirtistovych
chronologiich indikovala 1-3 udélosti naruSeni. Na zaklad¢ shlukové analyzy
rustovych trendii stromtl bylo interpretovano pét typi chovani smrku po silném
naruseni (obr. 2). Zasadnimi faktory pro rozliSeni jednotlivych skupin byla intenzita
rustu jednak béhem iniciace porostu a jednak b&hem nésledujiciho vyvoje porostu.
Nejcastéjsi (zhruba polovina) byla skupina stromd, které rostly intenzivné b&éhem
iniciace porostu s naslednym sniZzenim intenzity ristu na pramérnou uroven. Zhruba
Ctvrtinu stromu predstavovala skupina s intenzivnim ristem béhem iniciace porostu a
podprimérnym ristem béhem nasledujicitho vyvoje, ziejmé vlivem potlaceni. Treti
skupina stromii rostla intenzivné jak bé&hem iniciace porostu, tak posléze béhem
nasledného vyvoje, coz bylo zfejmé zpisobeno uvolnénim béhem slabSich naruseni.
Ctvrta skupina stromi rostla pomalu b&hem iniciace porostu a zadala intenzivngé
odrlstat az pozd€ji po uvolnéni béhem slabsiho naruSeni. Patd skupina stromi
rostoucich pomalu jak béhem iniciace porostu tak béhem nasledujiciho vyvoje
predstavovala pouze 2% jedincti. Tato analyza demonstrovala vysokou plasticitu
smrku a toleranci k rtizné mitfe zastinéni. Smrk je schopny ptfeckat dlouhé obdobi v
nizsich patrech korunové klenby a je schopny znovu zintenzivnit riist po uvolnéni z
kompetice i ve vyssim véku. VEk nebyl korelovan s typem rlstového trendu stromi po

silném naruseni, ani s po¢tem udalosti indikujicich naruSeni na ptirastovych sériich.
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6.3 Cada, V., Bate, R., Svoboda, M., Morrissey, R. C., Janda, P., in prep.
Disturbance regime of the mountain Norway spruce forest landscape in the
Bohemian Forest, central Europe.

Ve tieti &asti byl popsan rezim naruseni horské smréiny na Sumavé v krajinném
méfitku na sedmi lokalitich. Zkoumané porosty horskych smrcin byly pomérné
stejnoveké. V priméru 60 % stroml (38 — 89%) se obnovilo v rozmezi tficeti let.
Takto nevyrovnané vékové slozeni je disledkem silného naruSeni, které odstranilo
vétSinu stromt predchoziho porostu a dalo vzniknout porostu soucasnému. To
potvrzuji 1 pfirtistové série stromu, protoze u 70-94 % starSich stromil doslo ve stejné
dob¢ k razantnimu zvyseni pfiristu (uvolnéni) a vétSina nové vzniklych stromd rostla
od pocatku intenzivné.

Nejzasadngjsi obdobi, kdy vznikaly porosty na Sumavé, bylo mezi roky 1780 -
1880. Pozdéji se vyskytla naruSeni také v dekddach 1920 a 1940-1960 a samoziejmé
také soucasnd vlna disturbanci, ktera se datuje od 80. let 20. stoleti. Nejrozsahlejsi
disturbance se vyskytla kolem roku 1820 a narusila vice nez polovinu studijni oblasti.
Faktorem, ktery zptsobil zminéné silné disturbance, mize byt vichfice, gradace
Iykozrouta smrkového nebo té€zba. NaruSeni byla synchronizovdna napiic¢ celym
pohofim a mezi vzdalenymi lokalitami. Synchronizace mezi uvolnénimi z kompetice
byla prokdzdna 1 pro obdobi krat§i péti let. Takova synchronizace nds vede k
domnénce, Ze faktor, po kterém se pfedchozi porosty plosné rozpadly, byl ptirodniho
puvodu. VétSina rekonstruovanych naruseni byla navic vysvétlitelnd znamymi
historickymi vichficemi a gradacemi lykoZrouta smrkového (tab. 1). Vichfice se
vyskytly napiiklad v letech 1778, 1821-1822, 1853, 1868 a gradace lykozrouta
smrkového v letech 1833 — 1839 a 1870 — 1877.

Na druhou stranu je nepravdépodobné, Ze by ve stejnou dobu a béhem pomérné
kratkého obdobi péti let byly lidmi vytéZeny porosty v rtiznych vzdjemné vzdalenych
astech Sumavy. Je mozné se tedy ptiklonit k nazoru, Ze vyznamna &ast Sumavskych
horskych smréin, vznikala pfirozené po rozpadech ptedchozich porosti. Vliv lidskeé
¢innosti ve studovaném uzemi vSak zcela vyloucit nelze. Jednak byly porosty ziejmé
pod vlivem pastvy, ptipadné lovu. Navic v porostech mohlo dojit k toulavé t€zbé, nebo

tézbé piirozené odumielych stromt. V jednotlivych ptipadech nelze zcela vyloudit ani

vvvvv

-86 -



uréujici roli v historické dynamice velké &asti horskych smréin na Sumavé ziejmé
hraly vichfice (pfipadné s pfispénim ziru lykozrouta smrkového).

Doba od nejvétsiho naruseni se u studovanych porostli pohybovala v rozmezi
133 — 261 let (v pruméru 177 let). Podobné jako v soucasnosti, také v minulosti
dochazelo k odumiteni az 100 % dospé€lych stromi v porostu. Primérna sila (severita)
nejsilnéjsi disturbance byla 79% odumftelych stroml a v minulosti kazdé plochy se
vyskytovalo naruSeni, které odstranilo vice nez 50% stromti. Podle starych lesnickych
map mizeme odhadovat rozsah takovych polomi az na desitky hektarti. Dale se vSak
vyskytovala 1 slabsi naruSeni, kterd odstrafiovala pouze malou ¢ast dospélych stromu.
Tato naruSeni se vyskytla v priméru jednou za 29 let. Zajimavy je také fakt, Ze ve
dvacatém stoleti byl vyskyt silnych disturbanci ve studované oblasti minimalni. To je
pravdépodobné jednou z pficin rozsdhlejsiho dopadu aktudlné koncici viny narusSeni,
protoze vétSina Sumavskych smréin dospéla do faze, kdy jsou nachylné k rozpadu. Z
dostupnych dat se totiz jevi, ze rozpad lesa probéhl v soucasnosti rychleji (ca 30 let)
oproti minulosti (ca 100 let).

Efekt lokality nebyl pfili§ vyrazny. Jak uz bylo zminéno, naruseni byla
synchronizovana mezi lokalitami. Sousedici plochy nebyly prikazné¢ podobnéjsi v
historii naruSeni oproti plochdm vzdalen&j$im. Na druhou stranu dvé€ nejjiznéjsi
lokality (Plechy, Hrani¢nik) se liSily ve frekvenci silnych naruSeni — porosty vétSinou
vznikaly po vice nez jedné silné disturbanci. Frekvence vSech typti naruseni se
zvySovala se zvySujici se nadmoiskou vyskou, byla vy$si na zapadnich svazich a doba
od nejsilné€jsi disturbance na ploSe se zvySovala se vzdalenosti od exponovanych
hiebenovych partii smérem k chranénym partiim v nizSich polohach. To potvrzuje
vyznam vichfic v dynamice lesa, nebot’ vSechny tyto faktory maji blizky vztah s

exponovanosti porostd vii¢i vétru.
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7. Zavéry

Hodnoceni a nasledné i management horskych smréin na Sumavé se &asto opiral
pouze o vizualni hodnoceni. Nase vysledky naznacuji, ze timto zpltisobem nelze
veérohodné zjistit, zda se porost vyvijel v minulosti pfirozené¢ ¢i nikoliv. Podobné¢ jako
po tézbég, také po vichfici nebo rozpadu lesa vlivem lykozrouta dochazi k odrastani
jedné, relativné stejnovéké nové generace stromi. Behem asi 30 let po disturbanci
doslo na nasSich plochach ke vzniku zapojeného porostu bez moznosti dalsi obnovy, a
tim ke vzniku relativné homogenniho porostu, kde jsou si jednotlivé stromy navzajem
podobné svoji tloustkou, vyskou atd.

Bylo zjisténo, ze porosty, které se aktudlné rozpadly na velkych plochach,
vznikaly po podobnych narusenich v obdobi pfed 133 — 261 lety. Na zékladé
synchronizace rekonstruovanych naruseni mezi plochami a lokalitami na Sumavé lze
predpokladat, Zze naruseni byla v dominantni mife plisobena pfirozenymi faktory.
VétsSina rekonstruovanych naruSeni byla navic vysvétlitelnd zndmymi historickymi
vichficemi, pfipadné gradacemi lykozrouta smrkového. I kdyz samoziejmé tplné vliv
lidské €innosti vyloucit nelze a urcita mira lidského vlivu ve studovanych porostech je
pravdépodobna. Jedna se zejména o vliv pastvy, lovu, ptipadné toulavé tézby, ¢i tézby
odumfielych stroml. V jednotlivych ptipadech nelze zcela vyloucit ani rozsahlejsi
tézbu, ktera by se vyskytla synchronizované s vyskytem vichfice. Nicméné urcujici
roli v historické dynamice velké &asti horskych smréin na Sumavé ziejmé hraly
vichfice (pfipadné s pfispénim Ziru lykoZrouta smrkového).

Sila, rozsah a frekvence naruseni je v horskych smréindch na Sumavé ziejmé
natolik vysoka, Ze neumoznuje dosazeni faze klasického starého pralesovit¢ho porostu
s rovnovaznou strukturou. Porosty nad 100 — 150 let véku jsou zde natolik nachylné k
naruseni, Ze pravdépodobnost jejich dlouhodobého preziti v neporuSeném stavu je
velice nizkd. Nicméné, zda se, ze vétSina druhd, které v horské smréiné ziji, je takové
dynamice lesa piizplisobena, ¢i je na ni pfimo zavisla. Disturbance vytvareji specifické
habitaty, které tyto druhy vyuZzivaji, napt. mrtvé dievo rliznych forem, naruSeny piidni
drn, pfistup svétla a tepla. Efektivni management chranénych tizemi, jehoz cilem je
zajisténi habitatu pro tyto druhy, by mél pochopit roli pfirozenych naruseni v horskych

smréinach.
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