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Abstrakt

Prace se zabyva analyzou a modelovanim struktury a vyvoje vybranych smisSenych
lesnich porostil, zejména ve zvlasté chranénych Uzemich v oblasti Sudetské soustavy,
pfedevsim pak v narodnich parcich Krkono$, v Chranénych krajinnych oblastech
Broumovsko a Orlické hory, ale i v dal$ich oblastech Ceské republiky. Jedna se o
soubor 6 publikovanych praci slozeny ze tfech tematickych okruhii: struktura lesnich
porostl, obnova lesnich porostd a modelovani lesnich porostii. Hlavnim cilem prace
bylo zhodnoceni vertikalni, horizontalni a druhové struktury, celkové diverzity a vyvoje
smiSenych lesnich porosti v centralnich Sudetech. Dil¢im cilem prace byla analyza
produkénich parametrii, vliv mikroreliéfu a zvéfe na pfirozenou obnovu a zhodnoceni
odumfelého dfeva vzajmovém uUzemi. Stézejnimi cilemi studie bylo vytvoreni
prostorové explicitnich a neexplicitnich modelt $itky koruny a Stihlostniho kvocientu
pro smrk ztepily (Picea abies L.) a buk lesni (Fagus sylvatica L.). Déale to byla 1
predikce vyvoje smiSenych lesnich porostii za pouziti ristovych simulaci, zhodnoceni
parametri a vzajemného pusobeni struktury porosti, klimatickych faktort a pfirozené
obnovy, a to zejména pomoci analyz rozptylu, korela¢nich matic, prostorové statistiky a
vicerozmérnych analyz. K tomuto ucelu byla vyuzita soustava trvalych vyzkumnych
ploch, které jsou pravidelné sledované od roku 1980 a nékteré byly k danému ucelu
zalozeny 1 pozdéji. Pomoci technologie FieldMap byly zaméfeny dendrometrické
parametry stromového patra, piirozené obnovy a odumielého dieva. Z vysledka
vyplyva, Ze prostorové rozmisténi stromti v bukovych porostech ve stadiu optima se
s nadmotskou vyskou méni od pravidelného rozmisténi pres ndhodné az agregované v
ekotonu horni hranice lesa. Prostorové rozmisténi jedincl pfirozené obnovy je silné
agregovang, usporadani patezil je ndhodné a horizontalni struktura stiedl korun je vzdy
pravidelngji rozmisténa nez paty kmend kvili plasticité korun. Skody okusem
terminalniho vrcholu zvéti jsou vyznamnym omezujicim faktorem vySkového ristu
prirozené obnovy, zejména u jedle bélokoré (4bies alba Mill.), jetabu ptaciho (Sorbus
aucuparia L.) a javoru klenu (Acer pseudoplatanus L.). Ze studie vlivu mikrorelié¢fu na
obnovu buku vyplyva, ze nejvyssi primérna vyska byla zjiSténa na Sikminach a ve
na radidlni rist stromt bylo zjiSténo, ze nizka teplota je limitujicim faktorem rlstu
v horskych a podhorskych oblastech, respektive ze s klesajici nadmotskou vyskou klesa
pozitivni vliv teploty a naopak stoupa vliv srazek. V posledni fad¢ prostoroveé explicitni
modely (oproti neexplicitnim) dokumentuji vétsi variabilitu Sitku koruny u smrku i
buku a stihlostniho kvocientu u smrku. Nejvétsi vysvétlujici proménou pro jednotlivé

modely po vyc€etni tloust'ce byla horni porostni vyska.

Klicova slova: struktura lesniho ekosystému, dynamika lesnich porostd, Sudetska

soustava, ristové simulace, pfirozend obnova, buk lesni, smrk ztepily



Abstract

The thesis deals with analysis and modeling of the structure and development of
selected mixed forests in protected areas of the Sudeten system, especially in the Giant
Mountains national parks, Protected Landscape Area Broumovsko and Orlické
Mountains, but also in other areas of the Czech Republic. This study is composed of a
set of six published manuscripts that are covering three thematic ranges: structure of
forest stands, regeneration of forest stands and forest modeling. The main objective of
this work was to evaluate a vertical, horizontal and species structure, total diversity and
development of mixed forest stands in central Sudetes. The partial aim was to analyse
production parameters of forest stands, effect of microrelief and game on natural
regeneration and assessment of dead wood in the area of interest. Further, the objective
of the study was to develop explicit and non-explicit crown width and slenderness
quotient models for Norway spruce (Picea abies L.) and European beech (Fagus
sylvatica L.) and to predict the development of mixed forest ecosystem using growth
simulations and to evaluate parameters and interactions among stand structure, climatic
factors and natural regeneration, using especially analysis of variance, correlation
matrix, spatial statistic and multivariate analysis. For this purpose a system of
permanent research plots was used, which are regularly monitored since 1980 or were
newly established. Using mapping technology FieldMap, selected parameters were
measured for tree layer, natural regeneration individuals and dead wood. The results
showed that the spatial distribution of beech stands in optimum stadium changes with
the altitude from the regular pattern through random to aggregated spatial pattern of
beech forests near the timberline. The spatial distribution of natural regeneration is
highly aggregated, distribution of stumps is random and horizontal structure of the
centroids of the crowns is always more regularly distributed than stems due to crown
plasticity. Browsing damage of the leading shoot by game is an important limiting
factor for height growth of natural regeneration, especially for silver fir (4dbies alba
Mill.), rowan (Sorbus aucuparia L.) and sycamore maple (Acer pseudoplatanus L.).
The study of the influence of microrelief on the growth of beech regeneration showed
that the highest average height was found on slope and pits, while the lowest on the
mounds. From the effect of climatic factors on the radial growth of trees, it was found
that temperature is a limiting factor for growth in mountain areas, respectively that
positive effect of temperature decreases with decreasing altitude and conversely the
influence of precipitation increases. Finally, spatially explicit models (as opposed to
non-explicit) described a larger part of the crown width variations for spruce and beech
and of the slenderness quotient for spruce. The largest contribution to the models after
breast diameter was dominant height.

Keywords: structure of forest ecosystem, forest dynamics, Sudetes, growth

simulations, natural regeneration, European beech, Norway spruce
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1. Uvod

V oblasti Sudetské soustavy se dizertaéni prace soustfedila na nejvyspélejsi
blizkym managementem udrzet. V pfirozeném ¢i v piirodé blizkém lese se vSak
jednotlivé slozky podle vnitinich zékonitosti pfizplsobuji prostiedi, v uzsich nebo
SirSich casovych usecich se kvalitativn€ 1 kvantitativné méni, vznikaji, rostou, vyvijeji
se a zanikaji (PRUSA 1985). Vlivem pfirozené selekce zde probiha ristova, ekologicka a
cenotickd diferenciace, ktera se pii povrchnim pohledu zdd byt ndhodna, ale pfi
podrobném studiu jedinct jako slozek celku lze zjistit, ze probihd v rdmci zakonitosti
nepietrzit¢ho vyvoje (KORPEL 1989). Jde o integrovany cyklicky vyvoj, v jehoz ramci
1ze rozlisit fadu vzdjemné propojenych procest. Jejich relativni vyrovnanost je pficinou
toho, Ze pfirozeny les mliZze existovat 1 na velmi chudych ptdach.

Ptirod¢ blizké lesy jsou vhodnym modelovym objektem pro vyzkum ekologické
samostatnosti a vyrovnanosti. Pfirozend lesni spolecenstva maji totiz jako uceleny
komplex zivych organismii na nejvySs$i hierarchické urovni otevienych systémi
vyraznou tendenci k homeostazi (ZLATNIK 1970; JENIK 1979; PRUSA 1985; KORPEL
1989; MAYER 1992; VACEK, SIMON, REMES et al. 2007; VACEK, KREJCI et al. 2009;
VACEK, VACEK, SCHWARZ et al. 2009). Ta pomé&rn¢ pohotové reaguje na rusivé vlivy
prostiedi vytvofenim specifické konstelace podminek, znakti a slozek, které jsou
zarukou dalsi existence pfirodniho ¢i pfirodé blizkého lesa, kontinualné navazujiciho na
soucasny stav ekosystému (VACEK, MOUCHA et al. 2012). V naSich podminkéch se
jednd predev§im o néarodni ptirodni rezervace (NPR), pfirodni rezervace (PR), 1. zony
narodnich parkli (NP) a chranénych krajinnych oblasti (CHKO). Zejména pak piivodni a
piirozené lesy se v dynamické rovnovaze udrzuji svym druhovym sloZenim, specifickou
prostorovou a vékovou strukturou (JENIK 1980).

Rozhodovani o zpisobech diferencované péce ve studovanych zvlasté chranénych
uzemich (narodni parky Krkonos, CHKO Broumovsko a CHKO Orlické hory) na
ekologickych zakladech je pro zajisténi jejich ekologické stability a biodiverzity ukolem
velmi slozitym. K této podpote rozhodovaciho a pldnovaciho procesu mohou slouzit
rustové modely, pomoci kterych lze nalézt optimalni feSeni managementu. Musi vSak
vzdy vychézet z podrobného studia a zhodnoceni konkrétnich stanovistnich a porostnich
pomert, a to zejména struktury a vyvoje porosti na modelovych plochach ptirodnich a
prirod¢ blizkych lesi, k ¢emuz muze prispét i tato prace.

5



2. Aktualnost FeSeni a cile prace

Reseni problematiky vyzkumu piirozené obnovy, struktury, vyvoje a modelovani
lesnich porosti Sudetské soustavy, jako teoretickych ptfedpokladi péstovani a
obhospodafovani horskych lesi, je velmi aktualni pfedevsim z téchto tii hledisek:

1. Z&mové uzemi (ndrodni parky Krkonos, CHKO Broumovsko a CHKO Orlické
hory) je vhodnym modelovym uzemim pro vyzkum ekologické stability a diverzity
lesnich ekosystém 1 ovéfeni moznosti trvale udrZitelnych postupti obhospodatovani
¢1 ptirod¢ blizké péce o lesni ekosystémy.

2. Zamové uzemi ndlezi ke znacné imisn¢ zasazenym uUzemim ve stiedni Evropé a
KrkonoSe jako soucast ,.Cerného trojuhelniku® podle udaji IUCN patii k
nejohrozenéjSim narodnim parkiim svéta v disledku dlouhodobého plisobeni imisi.

3. VCR je vice jak &tvrtina lesti soucasti narodnich parki, chranénych krajinnych
oblasti a vybranych zvlasté chranénych tzemi, které maji obdobné ekologické a
managementové problémy jako narodni parky Krkonos, CHKO Broumovsko a
CHKO Orlické hory.

Siroké spektrum studované problematiky struktury a vyvoje lesnich ekosystémi
v z4jmovém uzemi bylo rozdéleno do tfech tematickych okruhii: pfirozena obnova
lesnich porostii, struktura lesnich porostli a modelovani lesnich porostii, které na sebe
s ur¢itym prekryvem navazuji. Podrobnéji jsou rozebrany v souboru 6 publikovanych
praci.

Hlavnim cilem disertacni prace na téma ,,Analyza a modelovani struktury a vyvoje
smiSenych porosti v oblasti Sudetské soustavy“ bylo zhodnoceni vertikalni,
horizontéalni a druhové struktury, celkové diverzity a vyvoje smisenych lesnich porostt
v Sudetské soustaveé, predevsim v CHKO Orlické hory, CHKO Broumovsko av
narodnich parcich Krkonos. Tento stézejni cil véetné predikce vyvoje téchto porostl byl
realizovan za pouziti simuldtoru biodynamiky lesa SIBYLA i dalSich rastovych modelt.
Pro vytvofeni prostorové explicitnich a neexplicitnich modeld S$itky koruny a
Stihlostniho kvocientu pro hlavni dieviny smrk ztepily (Picea abies L.) a buk lesni
(Fagus sylvatica L.), jako dalSiho hlavniho cile, byl vyuzit rozsahly systém trvalych
vyzkumnych ploch, mimo jiné situovanych téz v Narodnim parku Sumava, CHKO
Jizerské hory, CHKO Jeseniky, CHKO Luzické hory, CHKO Cesky kras a CHKO

Kiivoklatsko. Dil¢imi cili pfitom bylo zhodnoceni produkénich parametrii porostu,
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odumftelého dieva vcetné stupiili rozkladu a pfirozené obnovy zahrnujici vliv Skod zvéfi,
horni etaZze a mikroreliéfu na rist ve zkoumanych Uzemich spolecné s ekologickymi
naroky hlavnich dfevin. Z hlediska vlivu klimatickych faktorti byl zkouman vliv srazek
a teplot na radialni rist. Naslednym cilem bylo zhodnoceni interakci mezi strukturou
porostt, produket, klimatickymi a stanoviStnimi parametry a pfirozenou obnovou.
Cile prace uzce souvisi s feSenim 9 koncepcnich otdzek zarfazenych v jednotlivych
okruzich:
Obnova lesnich porostt
1. Jaky je vliv zvéfe na pfirozenou obnovu z hlediska druhové diverzity,
pocetnosti a vertikalni struktury ve smiSenych porostech s akcentem na jedli
bélokorou (Abies alba Mill.), smrk ztepily a buk lesni?
2. Jaky je vztah struktury (zejména zapoje a prostorového rozmisténi stromu
horni etaZe) a parametrl pfirozené obnovy?
3. M4 mikroreliéf vliv na primérnou vysku pfirozené obnovy v porostech
s dominanci buku lesniho?
Struktura lesnich porosta
4. Jaky je vliv nadmoiské vysky a stanovisté na prostorové rozmisténi stromi v
autochtonnich porostech s dominantnim bukem lesnim, a to vcetné vlivu na
horizontalni strukturu odumftelého dfeva a dynamiku vyvoje téchto porosti?
5. Jaka je efektivnost vyuziti korunového prostoru korunami buku lesniho a jaky
je vliv stanovistnich parametrii na plasticitu korun?
6. Jaka je kvantita a kvalita produkce porostli s dominantni olsi lepkavou (A4/nus
glutinosa L.) zaloZenych na byvalych zemé&délskych ptidach?
7. Jaky vliv maji mésicni thrny srdzek a primémé meésicni teploty na radialni
rust studovanych dievin?
Modelovani lesnich porost
8. Jsou prostorové explicitni a neexplicitni modely vhodné pro modelovani Sitky
koruny a $tihlostniho kvocientu pro hlavni dfeviny smrk ztepily a buk lesni?
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3. Rozbor problematiky

3.1. Struktura lesnich porosti

Struktura lesnich ekosystémii je casto popisovand souborem obecnych
charakteristik, zahrnujicich funkéni, druhovou a prostorovou slozku (Noss 1990;
FRANKLIN 1988). Skladba je popsana piitomnosti difevin nebo v relativnich ukazatelich,
vyjadiujicich druhovou diverzitu. Funkéni struktura se vyznacuje vyskytem a typem
procesti v ramci ekosystému, napt. kolobéhem zivin a vody i produkeci. Prostorova
struktura je dand vzdjemnym uspoifaddnim jednotlivych slozek v ekosystému
(MCELHINNY et al. 2005). Struktura zahrnuje jak wvnitfni uspofadani jednotlivych
objektli, jako jsou stromy, pafezy a klady rGznych velikosti a rozkladu, tak wvnéjsi
prostorové uspotadani téchto struktur, jako je naptiklad stromové patro a jeho rozlozeni
(FRANKLIN et al. 2002).

Struktura porostu vyznamné ovliviiuje konkurenéni vztahy mezi jedinci v porostu a
zaroven vyrazné ovliviluje jejich variabilitu, rast, pfirozenou obnovu ¢i mortalitu
(PRETZSCH 1997; NEWTON, JOLLIFFE 1998). Analyza struktury se v lesnictvi obecné
pouziva k posouzeni stavu ptirozenosti porostu a jeho autoregulace z hlediska ptirozené
obnovy (PRUSA 1985; KORPEL 1995; FRANKLIN et al. 2002; CRECENTE-CAMPO et al.
2009; VACEK, VACEK, SCHWARZ et al. 2009, 2010) a pro tvorbu ptirodé¢ blizkého
managementu lesnich ekosystémt (KORPEL 1991; POMMERENING 2002; VACEK, SIMON,
REMES et al. 2007). Studuje se v lesnich porostech u souboru vSech difevin dohromady
lesa v jednotlivych vékovych tfidach a ukazuje na moZnosti pfirozené obnovy. Struktura
porostu je dana jeho plivodem (vegetativnim, generativnim), druhovym slozenim,
vékovym ¢lenénim, prostorovym uspotradanim a genetickou skladbou, resp. provenienci

(VACEK, VACEK, SCHWARZ et al. 2010).

3.1.1. Druhova struktura porostu

Druhova struktura porostu je vycet druhti dfevin a jejich zastoupeni v porostu.
Druhové skladba spole¢né s celkovou strukturou tvoii hlavni slozky porostl, které
vzajemn¢ ovliviyji funkci lesnich ekosystémt (CROW et al. 2002). Druhové slozeni
ovlivituje mikrostanovisté, biotop a cyklus zivin v ekosystému (CARVALHO 2011). Je

ovliviiovano tadou faktord, jako jsou svételné podminky (KUNSTLER et al. 2005; IsHII,



ASANO 2010), teplota (LINDNER et al. 2010; WAGNER et al. 2010), vlhkost (ARRIETA,
SUAREZ 2005), topografie (POLENO, VACEK et al. 2009; VACEK et al. 2015b), pudni
podminky (KozLowskl 2002; POLENO, VACEK et al. 2009), vegetatni pokryv
(ULBRICHOVA et al. 2006; BiLEK et al. 2014), Skody zvéii (AMMER 1996; VACEK et al.
2014a, 2014b) nebo konkurence mezi jednotlivymi dievinami (CAVARD et al. 2011).
Porosty se d€li na jehlicnaté a listnaté a porosty smisené nebo nesmisSené.
Zastoupeni dievin v druhové skladbé se stanovi jako plosny podil jednotlivych dievin
v porostu. Hlavni dfeviny maji zastoupeni vétsi nez 30 %, pfimiSené 10-30 % a
vtrousené do 10 % (POLENO, VACEK et al. 2007a). Ve smiSeném porostu mohou byt
jednotlivé dieviny rizn€ rozmisténé. Forma miSeni mize byt jednotliva, fadova, pasova,
hlouckovita, skupinova, ostrivkovitd nebo plosna (KORPEL 1991). Druhova struktura je
posuzovana ze tfi Urovni: druhovd bohatost, druhova vyrovnanost a druhova
heterogenita (FABRIKA 2005). Druhova bohatost vyjadiuje pocet druhtt v daném porostu
(MARFALEF 1958; MENHINICK 1964). Druhovd vyrovnanost vyjadiuje relativni
zastoupeni jednotlivych druhii v porostu, nejvyssich hodnot dosahuje pii rovhomérném
relativnim zastoupeni vSech druhit (HILL 1973; PIELOU 1975). Druhova rtznorodost

zahrnuje jak druhovou bohatost, tak i vyrovnanost (SHANNON 1948; SIMPSON 1949).

3.1.2. Vékova struktura porostu

Vékova skladba porostu je charakterizovana vékovym ¢lenénim, resp. rozdily véku
stromi jednoho nebo vice druht dievin, které tvofi porost. Vyjadiuje se ve v€kovych
stupnich nebo tfidach a jeji zmény poskytuji dilezité¢ informace pro fizeni vyvoje
porostu (KORPEL et al. 1991). Nejzakladngj$im typem clenéni podle veéku se porosty déli
na stejnoveké a riznoveké. Vekova skladba je i dulezitou populaéni charakteristikou,
ktera ovliviiuje jak zivotnost, tak i mortalitu, popt. délku vyvojového cyklu ¢i Zivota
porostu (PRUSA 1985; VACEK, SIMON, REMES et al. 2007). Ve stabilni vékové struktuie
ruznoveékého piirodniho lesa pocetné pievazuji jedinci v nejmladSich vékovych
stupnich, v opacném piipad¢ to znamend, Ze populace je na ustupu (PRUSA 1985).
V disledku vékovych rozdili, rastovych schopnosti jednotlivych stromt a druhil dievin
dochazi v pribéhu ristu porostu k vyskové a tloustkové diferenciaci struktury
(FULDNER 1995). Podle véku porostu a jeho vzhledu, ktery s v€kem souvisi, se proto
rozliSuji ristové a vyvojové faze lesa (POLENO, VACEK et al. 2007a). Tloustkové a

vyskové rozdéleni také zavisi na jednotlivych vyvojovych stadiich a disturban¢nich



procesech (KRAL et al. 2010). K velké variabilité¢ v€kové struktury dochazi zejména v
ptirodnich lesich s dominanci dlouhovékych stin tolerantnich druhii (TROTSIUK et al.

2012), opakem jsou stejnovéké monokultury.

3.1.3. Prostorova struktura porostu

Prostorova struktura porostu je posuzovand ve sméru horizontalnim a vertikalnim.
Z hlediska horizontalni struktury se sleduje hustota porostu, zakmenéni a zapoj (stupen
zapoje, plocha korunovych projekcei), kdezto z hlediska vertikalni struktury je to tvorba
jednoho nebo vice porostnich pater a v jejich rdmci porostnich vrstev (VACEK 1982;
VACEK, VACEK, SCHWARZ et al. 2010). ScHUTZ (2002) navic rozliSuje mezi
nepravidelnosti uvnitf korunové vrtsvy, plnou vertikdlni rozriznénosti na urovni
porostu (vybérnou strukturou) a horizontalni rozriznénosti (mozaikovitosti). V tomto
ohledu miZe vhodny management lesnich porostl pfispét ke zvyseni diverzifikace ve
vSech zminénych trovnich (POLENO, VACEK et al. 2007b; VACEK et al. 2015¢). Na
horizontéalni rozmisténi stromll ma prevazné vetsi vliv zplisob a postup vzniku porostu,
nez zpusob redukce poctu stromt pfirozenym vylucovanim a cilevédomym zasahem
lesniho hospodaie (PRUSA 2001; POLENO, VACEK et al. 2007b). V minulosti se ke studiu
horizontalni struktury porosti pouzivaly distribu¢ni indexy zalozené na frekvenci
strom1l v jednotlivych kvadrantech (DAVID, MOORE 1954). Dlouhodob¢ jsou pfi studiu
horizontdlni struktury C€asto pouZivané distribu¢ni indexy zaloZzené na vzdalenosti
jednotlivych stromil k jejich nejbliz§imu sousedovi (CLARK, EVANS 1954). Relativné
hojné jsou téz vyuzivany distribu¢ni indexy zalozené na vzdalenosti mezi nahodné
vybranym bodem a aktudlnimi pozicemi stroml (HOPKINS, SKELLAM 1954; PIELOU
1959; MOUNTFORD 1961). V mnohych pracich jsou ke studiu horizontalni struktury
porostll vyuzivany i distribu¢ni indexy zalozené na thlech mezi nejbliz§imi sousednimi
stromy (ASSUNCAO 1994). Nov¢jsi pristupy nehodnoti prostorové rozmisténi stromt
v porostu pouze pomoci indexi, ale piedevSim prostorovou statistikou pomoci
distribu¢nich funkei, které vyjadiuji horizontalni strukturu pribézné (RIPLEY 1977;
PENTTINEN et al. 1992).

Na vertikalni strukturu porostu ma nejvétsi vliv vek stromi, dale pak riizné ristova
rychlost jednotlivych druhli stromt a jejich cenotické vztahy na daném stanovisti
(PRUSA 1985). Podle toho stromy zaujimaji trvalé nebo do¢asné postaveni v porostnich

vrstvach. Zvolenymi péstebnimi postupy lze vertikdlni strukturu také podstatné ovlivnit
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(PRUSA 2001). Urovitovymi probirkami lze napiiklad diverzifikovat postaveni stromii
v ramci korunové vrstvy, zatimco vyraznéjsi vertikalni rozriznénost trvalého charakteru
lze na vhodnych stanovistich dosdhnout uplatiovanim vybérnych principd
v maloplosném podrostnim hospodafstvi ¢i vybérnym hospodarskym zptisobem
(KORPEL et al. 1981). Relativnim hodnocenim vertikalni struktury oproti horizontalni se

jiz tolik praci nezabyva (PRETZSCH 2006).

3.2. Vyvoj lesnich porostit
3.2.1. Obecné zakonitosti vyvoje lesi

Vyvoj lesa lze charakterizovat strukturou a strukturdlnimi zménami v prabéhu casu,
které zahrnuji jejich chovani v souvislosti s odezvou na antropogenni vlivy a pfirodni
disturbance (PRETZSCH 2009). Dynamika lesnich porostd je chdpana jako mozaika
stromovych kohort, prochazejicich vyvojovym cyklem od regenerace porostu a
zdarného odrustani pies dortstani, dospélost, starnuti a rozpad a zpét k obnové porostu
(LEIBUNDGUT 1993). Ptirodni stav lesa poskytuje znalost spontdnnich vyvojovych
procest, avSak vétSina lestt byla kvili lidské €innosti znacné pozménéna. Pochopeni
dynamiky lesnich ekosystému v ptirodnich podminkach bez zasahu ¢lovéka ma tudiz
zdsadni vyznam pro piirod¢ blizké obhospodatovani lestt v Evropé (KORPEL 1995;
POLENO, VACEK et al. 2007b; TROTSIUK 2012).

V pribéhu fylogenetického vyvoje se lesy vyvinuly v relativné ekologicky stabilni
a druhové bohaté ekosystémy, jejichz prostorova, vékova a genetickd skladba spolu s
druhovym slozenim zéavisi na atributech biotickych a abiotickych slozek prostredi.
Procesy vzniku a disturbance ¢asti pfirodnich lesnich ekosystémi jsou v pribéhu
malého vyvojového cyklu lesa dany zédkladnimi dievinami. Vlastnosti téchto dievin jsou
dilezitou pomuckou k pochopeni dynamiky pfirodnich lest. Soucasné to vsak jsou i
kritéria k ureni ulohy, kterou jednotlivé dfeviny maji v hospodatském lese (POLENO
1993, 1994). Mezi nejdulezitejsi stiedoevropské klimaxoveé dieviny se fadi buk, jedle a
smrk.

Stiidani jednotlivych vyvojovych stadii a fazi v ramci vyvojového cyklu ptirodniho
lesa pfedstavuje rGznou miru a dynamiku vyuzivani jeho produkéniho a rastového
prostoru. Tento proces nasledné vede k vyrazné zméné jak vertikalni, tak 1 horizontalni
struktury v pribéhu vyvojového cyklu (GRATZER et al. 2004; PRETZSCH 2009). Toto
pojeti Casové a prostorové dynamiky lesnich ekosystému tvoii zdkladni rdmec pro
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pfirodni lesy mirného pasma (VEBLEN 1992; KORPEL 1995). Mimo textury téchto lesi je
velmi dulezité poznat produkéni vyuziti jejich rGstového prostoru korunami stromu
danych dfevin z hlediska stavu a vyvoje biomasy. Z tohoto aspektu pfirodni lesy
v podstaté neovlivnéné antropogenni ¢innosti piedstavuji jedine¢né objekty pro vyzkum
prirodnich zékonitosti a procest, probihajicich v téchto cennych ekosystémech (KORPEL
1995; BRANG 2005; VACEK et al. 2010).

Pojeti prirodé blizkého obhospodafovani musi vychazet z ekologicky podlozenych
a dostateCné ovetenych poznatkl o struktuie a vyvoji ptirodé blizkych lest. Sledovani
strukturalni a druhové diverzity porostl je totiz klicovym ptedpokladem pro pochopeni
a management lesnich ekosystému v obdobnych stanovistnich a porostnich podminkach
prostiedi, tj. pii tvorbé funkéné integrovanych lesti (SANIGA, SCHUTZ 2002; MOTZ,
STERBA, POMMERENING 2010). Cilem téchto koncepci jsou strukturované, vitalni a

stabilni lesni porosty plnici produkéni, ekologické a environmentélni funkce lesa.

3.2.2. Velkoplos$ny vyvoj lesa

Velkoplosny vyvoj lesa je spojen s katastrofickym rozpadem lesa na velkych
plochach. Ten je v piirodnich podminkach zpiisobem napi. velkymi smrstémi, pozary
nebo premnozenim nékterych herbivori (MCCARTHY 2001; WU et al. 2003;
ANGELSTAM, KUULUVAINEN 2004). Velkoplosny vyvoje lesa lze rozdélit na regeneracni
sukcesi, cyklickou sukcesi a nejrozsifenéji pouzivanou koncepci ,,Patch® dynamiky
(VAN DER MAAREL 1996). Tyto zmény jsou z dlouhodobého hlediska cyklické, avSak
nemusi byt zakonité pravidelné (GLONCAK 2009).

Regeneraéni sukcese pii porovnani s ostatnimi typy probihd na nejvétsi plose a

trvani klimaxového stadia je mnohem delsi pii porovnani s ¢asem potiebnym na obnovu
lesa. Svou definici je tzce spjata s koncepci velkého vyvojového cyklu. Cyklicka
sukcese je dalSim piipadem velkoplosné dynamiky lesa. Rozdil oproti regeneracni
dynamice je zejména prostorovy, tykajici se mensich uzemi. Aby se jednalo o cyklickou
sukcesi (zdménu spolecenstva), musi dojit k vyrazné strukturalni a floristické rozdilnosti
(GLONCAK 2009). Cyklus zahrnuje vzdjemné stfidani malého poctu spolecenstev
v pribéhu cCasu, pfi némz se meéni kvantitativni zastoupeni, rozmisténi a veékova
struktura pfitomnych populaci (MORIN 1999). Typickym znakem je kratké trvani
klimaxového stadia (GLONCAK 2009).

"Patch" dynamika se tyka se ploch 10 az 100krat vétSich nez je obvykla plocha

porostni mezery ("Gap" dynamiky), coz mtize odpovidat piiblizn¢€ 0,1 az 1 ha (Obr. 1,
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2) — (GLONCAK 2009). Piiklad velikosti prvku 2 900 m® uvad&ji QINGHONG,
HYTTEBORN (1991). MCCARTHY (2001) tvrdi, Ze o ,,Patch® dynamiku se jedna jiz pfi
otevieni zapoje pi¥i mezerach vétsich nez 200 m®. Exogenni disturbance vyvolavaji
mortalitu lest ve velkém méfitku, coz vytvari tzv. ,Patches”. V pfirodnich lesich
dochazi k vytvareni typické ,,Patch® mozaiky (Obr. 1). Procesy v ramci ,,Patches* jsou
kombinaci sukcese a vyvojovych stadii s postupnymi zménami v prubc¢hu casu. S
Casem, ucinky disturbance v jednotlivych ,Patches® stale vice a vice zpusobuji
podobnost s celkovou matrici lesa (LEWIS, LINDGREN 2000). Z ¢asového hlediska ma
také vétSinou kratSi pribch nez regeneracni a cyklickd sukcese, avSak delsi trvani nez

,»Gap* dynamika.

Individualni
"patch”

Shiuk
"patches"”

"Patch"
mozaika

Obr. 1: Znazornéni méfitka ,,Patch* Obr. 2: Koncept ,Gap“ dynamiky dle
dynamiky sahajici od 0,1 ha az po nékolik rastového modelu ForClim (upraveno podle
ha (upraveno podle WU et al. 2003) BUGMANN 1994; FISCHLIN et al. 1995)

3.2.3. Vyvojové cykly lesa

Lesy jako dynamické systémy prodé€lavaji cyklické zmény, které se nazyvaji
vyvojovymi cykly lesa. Existuje velké mnozstvi vyvojovych klasifikaci, vychazejicich
ze skladby porostu, ristovych fazi a struktury porostu nebo jeho fyziognomickych
vlastnosti (O’HARA 1996). Mezi tyto zakladni koncepty patii velky a maly vyvojovy
cyklus podle prace KORPEL (1995), vyvojovy model podle OLIVER, LARSON (1996) nebo

dle ANGELSTAM, KUULUVAINEN (2004).
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Pro syst¢émové hodnoceni zmén dievinného porostu ptirodniho lesa ma zdsadni
vyznam existence dvou vyvojovych cykli lesa (Obr. 3; KORPEL 1989). Prvnim je velky
vyvojovy cyklus lesa charakterizovany sekundarni sukcesi, kterd probiha na rozsahlé
plose tadoveé v hektarech (velkoplosny vyvoj lesa) a v cCasovém rozpéti desetileti.
Druhy, maly vyvojovy cyklus lesa probihd v ramci klimaxu na malych plochach
(maloplosny vyvoj lesa) a v ¢asovych periodach staleti (KORPEL 1993; POLENO, VACEK
et al. 2007a).
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Obr. 3: Formy dynamiky piirodnich smréin (A) v borealni tajgové zéné (velky vyvojovy
cyklus) a (B) v horskych ekosystémech smrkového vegetacniho stupné (maly vyvojovy
cyklus) s trvalou existenci typu lesa zavéreéného (upraveno podle SCHMIDT-VOGT

1985; VACEK, SIMON, REMES et al. 2007).

Velky vyvojovy cyklus lesa zacind na lesni pudé zbavené souvislého lesniho

porostu po jeho katastrofickém rozpadu nasledkem rozsahlych disturbanci (BARNES et
al. 1998), zejména pak vétrnymi kalamitami, imisemi, pfemnozenim herbivort ¢i
pozary (PICKETT, WHITE 2013). Prolind se s velkoploSnymi koncepty vyvoje lesa,
respektive s regeneracni sukcesi, cyklickou sukcesi a ,,Patch® dynamikou. Sekundarni
sukcese zde zacind postupnym S$ifenim svétlomilnych pionyrskych dfevin (topold,
jefabt, biiz, olsi, borovice a vrb) a dochazi k formovani stadia ptipravného lesa. Tyto

dfeviny méni postupné prostedi natolik, ze v prob¢hu Casu ziskava opét charakter lesa
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(KORPEL 1989). V zéstinu se po ¢ase uchycuji stinnéjsi dlouhoveéké dieviny (jedle, buk,
smrk a javor), které postupné nahrazuji pionyrské dieviny (PICKETT, WHITE 2013).
Vyvoj pak prechazi do stadia lesa pfechodného, sloZzen¢ho z vice etaZové kombinace
klimaxovych a pionyrskych dievin. Pionyrské dieviny s kratsi zivotnosti a rychlym
ristem jsou ve stadiu lesa prechodného nahrazovany dlouhovékymi klimaxovymi
dievinami (KORPEL 1989). Takto probihajici vyvojovy proces je zpravidla pomaly,
trvajici az nékolik stoleti (MATUSZKIEWICZ et al. 2013). Pfirozenym vyvojem tak
postupné vznika les zavéreCny (klimaxovy). V tomto stadiu dominuji stinné dreviny,
které citlivé odrazi dané stanovistni podminky prostiedi. Timto poslednim stadiem se
velky vyvojovy cyklus lesa uzavira (KORPEL 1989).

Stadium klimaxového lesa mlze teoreticky trvat bez casového omezeni. To vSak
v z&dném piipadé neznamend jeho neménnost, protoze i1 vramci klimaxu dochazi
k cyklickému stfidani tfi vyvojovych stadii a Cetnych fazi v jejich ramci. Zpravidla

maloplo$na sména vyvojovych stadii a fazi na urcité plose vytvari tzv. maly vyvojovy

cyklus ptirodniho lesa (cf. KORPEL 1995), ktery lze ptirovnat k,Gap“ a ,,Kohort*
dynamice. Jednotlivd vyvojova stadia ptirodniho lesa se v ramci malého vyvojového
cyklu zfeteln¢ odliSuji svymi strukturnimi vlastnostmi (PRUSA 1985; JAWORSKI,
Koropzies 2002). Jednotlivd vyvojova stadia piirodniho lesa vramci malého
vyvojového cyklu jsou: stadium rozpadu, dortistdni a optima (KORPEL 1982).

Na pocatku nové generace lesa dochazi postupné k rozvoliiovani porostu a
prosvétleni zdpoje mateiského porostu zplisobené odumirdnim jednotlivych stromi
nebo pisobenim vnéjsiho disturbancniho Cinitele (JAWORSKI, KARCZMARSKI 1995). Se
vznikem mezer v zépoji dochdzi ke zméné mikrostanoviStnich podminek, a to
predevsim ke zvySeni osvétleni a srdzek. Semenacky stinnych dievin reaguji na
uvolnéni prostoru zvySenym rustem (JAWORSKI 2000). Postupné vytvareji agregované
skupiny obnovy v mezerach zapoje vytvorenych po odumielych stromech (ZEIBIG et al.
2005; SZWAGRzY, SZEWCzYK 2008; KUCBEL et al. 2010). S rostoucim vékem se
rozmisténi stromi v porostu stava pravidelnéj$i (ZAHRADNIK et al. 2010; RUGANI et al.
2013). Pfimd konkurence mezi sousedy v husté skupin¢ stromi vede k jejich
pravidelnému rozmisténi (WOLF 2005). Protichidnymi silami vedoucimi spise ke
shlukovani je pravé mozaika mikrostanovist’ a vytvaieni svétlin pii prechodu od jedné
generace lesa k druhé (VACEK et al. 2015¢). Rychlost rozpadu a velikost mezer pak do

znané miry rozhoduje o druhové skladbé a struktufe budouci generace lesa (PRUSA
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1985; KUCBEL et al. 2010). Pfi maloplo$ném a cCastém naruSeni korunového zéapoje
dochazi ke zna¢né vertikalni 1 horizontalni rozriznénosti porosta.

Po fazi obnovy nasleduje stadium doristani, ve kterém stromy pfevazné mladych
generaci intenzivné uplatiuji své ristové schopnosti. Postupné dochazi ke snizovani
objemu odumfelého dieva, ktery je vtomto stadiu nejvyssi (SANIGA, SCHUTZ 2001;
SAMONIL, VRSKA 2007). Vyrazné klesé i celkovy poéet jedincii piirozenou autoredukei,
naopak porostni zasoba a objemovy pfirtst se rychle zvysuji (JAWORSKI, KOLODZIEJ
2002). Pievazuji zde stromy spodni a stfedni etaze a dochazi k vytvéareni stupfiovitého
az vertikalniho zapoje s vysokou vitalitou stromtl. Mensi svétliny a porostni mezery,
vzniklé v porostnim zapoji po postupném odumirani zbytku stroml z pfedchéazejiciho
cyklu, se rychle zapojuji. V tomto stadiu se struktura porostti podoba lesu vybérnému
(PobpLASKI 2006). Porosty maji nejvétsi vyskovou, tloustkovou a prostorovou
diferenciaci (KORPEL et al. 1991; KORPEL,, SANIGA 1993).

Podstatné¢ delsi doba trvani zivotnosti stromi nez trvani jejich vyskového rustu
vede k tomu, Ze ptivodné vyskove silné diferencované porosty ve stadia dortstani se i
pies znacnou ruaznoveékost (rozdily az 200 let; KORPEL, SANIGA 1993) vySkové
vyrovnavaji a tim pfechdzeji do stadia optima. Toto stadium se vyznacuje malym
poctem stromdu, ztratou vrstevnatosti, zvySovanim pravidelného uspofadani (RUGANI et
al. 2013) a ojedin¢le pfedcasnou mortalitou nejtlustSich stroma (PRUSA 1985). Zapoj se
pomistné rozvoliuje, prevladaji stromy nejvyssich tloustkovych tfid. Podle nékterych
autorti (napt. SCHUTZ 1999) je homogenizace porosti trvajici od stadia dortstani do
konce stadia optima zdkladnim principem vyvoje piirodniho lesa. Vzhled porostu s
touto rovnomérnou vystavbou je velmi podobny lesu hospodaiskému (KORPEL 1995;
POLENO, VACEK et al. 2007). Na konci tohoto stadia (ve fazi starnuti) zacinaji nejstarsi
stromy, které¢ se blizi maximalnimu fyzickému nebo fyziologickému véku, ve vétsim
poctu prirozené odumirat a pfirodni les se tak dostdva do posledniho stadia malé¢ho
vyvojového cyklu — stadia rozpadu (KORPEL 1995).

Ve stadiu rozpadu se porostni zasoba rychle snizuje, protoze odumirani mohutnych
stromd nemuze byt nahrazeno pfirtistem zbyvajicich stromd horni etdZe ani jedincii
nastupujici nové generace. Dochdzi tedy k postupnému naristu objemu odumftelého
dieva (SANIGA, SCHUTZ 2001; VACEK et al. 2015d) a ke zvySovani poctu jedincii nové
generace lesa (SAMONIL, VRSKA 2007). Jedinci nové generace jsou po plose rozmisténi
agregovang; skupiny stroml staré generace se stfidaji s nastupujici az postupné

pfevazujici obnovou. Pfipomalém pribchu stadia rozpadu (fdze dozivani) dochazi
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k obnové stinnych dfevin s charakterem podrostni obnovy, pii rychlém rozpadu miize
dojit 1 k obnov¢ piipravnych dievin s charakterem svétlostnich stadii (VACEK et al.
1988). Porost se tak opét dostava do studia dorlstani, respektive na zacatek vyvojového
cyklu (VACEK, SIMON, REMES et al. 2007).

Pro pochopeni strukturalni dynamiky porostu mize také slouzit Ctyistupiiovy OL

vyvojovy model podle prace OLIVER, LARSON (1996), ktery je Casto pouzivany v

zamoti. Tento model vyvoje je charakterizovan ¢tyimi fazemi (Obr. 4). Prvni tii faze
jsou zalozeny na jednotlivych klicovych procesech, které od sebe jednotlivé faze
vzajemné oddé&luji. Ctvrtd pralesovitd fize porostu zahrnuje $irokou $kalu riznych
procest, které mohou nastat po celd staleti a popisuje spiSe celkovy stav a strukturu
porostu neZ pouze jeden klicovy proces (OLIVER, LARSON_1996; O’HARA 1996;

FRANKLIN et al. 2002; POWELL 2012).

Pralesovitd
fdze porostu

200
Doba od narudeni porostu (roky)

Obr. 4: Dynamika horského smrkového lesa od jednotlivych fazi sekundarni sukcese az po

disturbanci (upraveno podle OLIVER, LARSON 1996; SVOBODA 2008).

V prvni fazi obnovy porostu (,,Stand Initiation*) se po disturbanci ze semenné
banky zacinaji objevovat novi jedinci a druhy pionyrskych dfevin. Vznikaji tak mladé
porosty, které jsou typické vysokou hustotou a rychlym rastem (FRANKLIN et al. 2002).
Vznik této nové kohorty naznaCuje pocatek této faze, zatimco uzavieni zapoje znaci jeji
konec (OLIVER, LARSON 1996).

Po n¢kolika letech v zavislosti na druhové skladbé a stanovistnich pomérech
lokality, dochéazi k zastaveni nartistu poctu jedinci v porostu a ndsledné k jejich

odumirani. Zacinaji se zde projevovat rozdily ve vySce a tloustce jedinct, ale porosty
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jsou stale velmi husté (OLIVER, LARSON 1996). Klicovymi procesy faze profed’ovani
porostu (,,Stem Exclusion®) jsou silnd autoredukce, korunova diferenciace a vysoka
hustota zapoje znemoznujici vznik podrostu (FRANKLIN et al. 2002; POWELL 2012).
Limitujicim faktorem je nedostatek Zzivin, vlhkosti a svétla. Na pocatku této faze
dochazi k ustaleni velikosti ztrat na produkci vzniklé respiraci a na jejim konci dochézi
k maximalni ¢isté¢ a hrubé produkci dievinné slozky lesa. Zapojeni porostu signalizuje
zacatek prvni faze (OLIVER, LARSON 1996).

Béhem vyvoje lesa (faze druhé obnovy lesa — ,,Understory Reinitiation®) pozdéji
dochazi k fyziologické zralosti stromd, k jednotlivému odumirani stromt v horni etazi a
nasledné ke vzniku porostnich mezer. V téchto svétlinach nastava rozvoj bylinného a
kefového patra spolecné s novou piirozenou obnovou porostu, které je tvofena pievazné
stinnymi dfevinami (FRANKLIN et al. 2002; POWELL 2012). Ackoliv rist této nové
kohorty je velmi pomaly, tak dochazi k jejimu pfezivani v porostu. Vznik mezer v
zapoji a vyvoj nové kohorty v podrostu oznacuje zaatek této faze, zatimco ztrata
pionyrské kohorty, vyraznd vertikdlni a horizontalni diferenciace porostu a vysoka
hustota stromi velkych dimenzi odpovidaji jejimu konci (OLIVER, LARSON 1996).

Posledni pralesovita faze porostu (,,Old Growth*) je typicka castym odumiranim
strom1, vytvafenim velkych porostnich mezer a dortstanim nové generace do horni
etdze (OLIVER, LARSON 1996). V této fazi se v bohat¢ strukturovaném porostu nachézi
nejvetsi objem odumielého leziciho a stojiciho dieva (POWELL 2012). Stromy dosahuji
maximalnich dimenzi, ale ¢istd produkce je jiz minimalni. Ve vétSin¢ lesnich typt
(FRANKLIN et al. 2002) miize byt pralesovita faze striktné oddé€lena od ptredchozi faze
ztratou kohorty pionyrskych dievin, ale v nékterych piipadech hranice mezi témito
fazemi je velmi pozvolnd a je obtizné tyto piechody podle OL modelu rozpoznat
(FRANKLIN et al. 2002).

Posledni zminovany AK vyvojovy model podle prace ANGELSTAM, KUULUVAINEN

(2004) je Sestistupniovy. AK model se sklada se z nasledujicich fazi: 1 — faze obnovy, 2
— faze doriistani, 3 — faze stiedniho véku, 4 — faze dospélosti, 5 — faze starnuti a 6 —
pralesovitd faze (Obr. 5). Tento model je modifikaci pfedchozich vyvojovych modeli,
avsak oproti nim je podrobnéji ¢lenén.

Po rozsahlé disturbanci, jako jsou pozary, vétrné a kirovcové kalamity, dochazi
k poc¢ateCnimu formovani lesniho prostiedi pomoci pionyrskych drevin, jako je Betula
nebo Populus (faze obnovy). Ve fazi dortstani porostu dochdzi k postupnému uzavirani

zapoje, coz vede ke zmeén¢ stanovistnich podminek: snizeni mnozstvi svétla a rychlosti
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vétru 1 zvySeni vlhkosti. Nasleduje faze stiedniho véku a dospélosti, kdy z podrostu mizi
svétlomilné dfeviny a stromy horni etdZze dosahuji jejich finalni vySky (ANGELSTAM,
ponévadz toto dievo z minulé generace se jiz rozlozilo, avSak nové se jesté nestihlo
vytvofit (SHTONEN 2001). Svétlomilné dfeviny postupné zacinaji vykazovat zndmky
snizené vitality a v porostu se prosazuji stinné dieviny. Porost tak vytvari
mnohovrstevnatou strukturu. Tyto prvni Ctyfi vyvojové faze maji po disturbanci
ekvivalenty ve vétSin€ hospodatskych lesti. Nicméné v dusledku rtiznych péstebnich
postuptll, zaméfenych na podporu dievinné skladby, vertikdlni a horizontalni struktury
nebo ponechani odumielého dieva, je mozné redukovat nechténé ¢i podporovat Zadouci

slozky lesniho ekosystému (ANGELSTAM, KUULUVAINEN 2004).

R
E
f 2
ye -
R

Fiy
5

e L

Obr. 5: Schéma Sesti vyvojovych fazi smiSeného lesa (vlevo): 1 — faze obnovy, 2 — faze
dorGstani, 3 — faze stfedniho véku, 4 — faze dospélosti, 5 — faze starnuti, 6 — pralesovita faze;
ukazka ,,Kohort* dynamiky borovych lest (pravy horni roh) a ,,Gap* dynamiky smrkovych lesi

(pravy dolni roh) podle prace ANGELSTAM, KUULUVAINEN (2004).

V 5.fazi starnuti podle AK modelu jsou prostorové rozptylené stromy jiz
nachylngjsi k odumfteni, a to v dusledku starnuti, poSkozeni hmyzem, houbami, vétrem
nebo jinymi faktory, ¢imz dochéazi k hromadéni odumtelého difeva (HELY et al. 2000).
Po jednom az tfech stoletich pak nastava pralesovita faze. Porost je silné prosvétleny v

disledku tvorby mezer v zapoji, vzniklych odumiranim stromi velkych dimenzi ¢i

19



jejich skupin. Velikosti mezer a jejich charakteristiky vytvaii vertikadln€ a horizontalng
strukturované stromové patro (ANGELSTAM, KUULUVAINEN 2004). VE&kova distribuce
stromi je Casto multimodalni nebo ve tvaru pismene J (OLIVER, LARSEN 1996;
KUULUVAINEN et al. 1998). Je vsak tfeba zdlraznit, Ze prales neni staticky koncovy bod
vyvoje porostu, ale dynamicky ménici se systém (KNEESHAW, GAUTHIER 2003).

K vyznamnym charakteristickym znakiim pfirodnich lesii patii také jejich textura
(BONCINA 2000). Textura je vysledkem ptedchazejicich vyvojovych procesu, z nichz je
mozno usuzovat na piipadny antropogenni vliv v minulosti. Cim je stiidani
stabiln¢j$i. Ve smiSenych stiedoevropskych ptirodnich lesich se strukturalni formy
stfidaji na plochach o velikosti 300-700 m* (KORPEL 1995). Ve smrkovych pfirodnich
lesich je vSak rozloha téchto mozaikovych ploch vyrazné vétsi, ptiblizné 0,25-0,5 ha

(VACEK 1990).

3.2.4. Maloplos$ny vyvoj lesa

Mezi nejrozsifenéjsi koncepty maloplosného vyvoje lesa se tadi ,,Kohort*

dynamika a ,,Gap* dynamika (Obr. 2, 6)._,,Kohort* dynamika oproti ,,Gap* dynamice

probihd na vétsi plose a v delSim Casovém intervalu (ANGELSTAM, KUULUVAINEN
2004). Nekteré dieviny v boredlni oblasti jsou ndchylné na disturbance s nizsi
intenzitou. Pfikladem mize byt Casty vyskyt pozari u borovice lesni v suchych
oblastech nebo vyvraty u smrku ztepilého na podmdacenych stanovisStich, kde se
nasledné po disturbanci vytvaieji porosty s nékolika vékovée diferencovanymi kohortami
stromi (KUULUVAINEN et al. 2002; ANGELSTAM, KUULUVAINEN 2004).

DYRENKOV (1984) rozlisuje tii faze ,,Kohort* dynamiky rznovékych porosti: 1 —
obnova porostu (v porostu pievladaji juvenilni stadia, ale nachazi se zde n¢kolik starych
mateiskych stromua a velké mnozstvim odumielého difeva, 2 — pfechodnd faze (rtzné
vekové kohorty jsou rovnomérné rozlozeny v ramci porostu) a 3 — odklon (v porostu
dominuji kohorty starych a velmi starych stromt; ANGELSTAM, KUULUVAINEN 2004). V
ptirozenych borovych lesich lze odlisit 3—5 typickych kohort, které se ¢asové prolinaji

v priabéhu 200-300 let (SANNIKOV, GOLDAMMER 1996).
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Opakovatelnost

"GAP" DYNAMIKA

"KOHORT" DYNAMIKA
po ¢astecné disturbanici

Zavaznost

VELKOPLOSNY VYVOJ
po rozashlé disturbanici

Rozmér

Obr. 6: Ilustrace 3 typd disturbance na zakladé jejich rozmért, zavaznosti a opakovanosti
v lesnich porostech; velkoplosny vyvoj lesa vznikly po rozsahlé disturbanci jako je pozar nebo
veétrnad kalamita pokryva rozsahlé plochy, ale vyskytuje se zfidka, naopak ,,Gap* disturbance

jsou v porostech Casté, ale vyskytujici se v malém méfitku (ANGELSTAM, KUULUVAINEN 2004).

vvvvv

respektive dynamika porostnich mezer (Obr. 2); LEWIS, LINDGREN 2000; MCCARTHY
2001; ANGELSTAM, KUULUVAINEN 2004; HART, CHEN 2006). Klicovym procesem
tohoto pojeti je poruseni korunového zapoje disturbanci v lesnim porostu. Vychazi
z predpokladu, Ze stromy se dozivaji vétsiho véku, neZ je navrat disturbance do porostu
(YAMAMOTO 2000). Vznikem mezery v korunovém zapoji se otvird prostor pro nové
druhy a jedince (FRANKLIN et al. 2002). Porostni mezery jsou zakladnim stavebnim
prvkem maloplosné textury a struktury pfirodnich lest. Za mezeru se povazuje plocha
vé&tsi nez 25 m?, ktera vznikla otevienim zapoje, kde vétiina Zivych jedinct nedosahuje
vysky 5 m a 50 % vysky okolni horni etdze (LAWTON, PuTz 1988). DROBLER, LUPKE
(2005) definuji ,,Gap“ za mezeru v zapoji, ve které je sou¢asny porost nizi ne */3 vysky
horni etaze.

Koncepce ,,Gap* a ,,Patch* dynamiky byvaji casto pouzivany jako synonyma, jsou
vSak mezi nimi podstatné rozdily (VAN DER MAAREL 1996; BARNES et al. 1998;
MCCARTHY 2001). ,,Gap* dynamika je vysledkem Skodlivych biotickych a abiotickych
Cinitelti, porusujicich zapoj mateiského porostu v malém méritku, sahajicich od
odlomeni silné vétve pres vyvrat stromu az po odumieni skupiny stromt. Oproti tomu
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»Patch dynamika je vysledkem rozsahlych kirovcovych kalamit nebo pozara
(McCARTHY 2001). Porostni mezery maji Siroky rozsah jejich velikosti (KRICHER
2011), jen ziidka vSak ptesahuji 200 m’. Pro tento typ dynamiky je typicky VYVOj
klimaxovych dfevin, naproti u ,Patch“ dynamiky ptevladaji dieviny pionyrské
(McCARTHY 2001). MIHOK et al. (2007) zbukovych porostdl v Madarsku uvadéji
primérnou velikost mezer 61 m?. Praimé&rn4 velikost u pfirozenych smrkovych porosti v
jiznim Polsku dosahuje 92 m?® pfi¢emZ QINGHONG, HYTTEBORN (1991) uvad&ji, e
vétSina porostnich mezer dosahuje méné nez 150 m®. LERTZMAN, KREBs (1991)
rozlisuji zvétsené mezery (,,Expanded Gaps®) s prim&mou velikosti 231 m* a porostni
mezery (,,Canopy Gaps®) s velikosti kolem 41 m?. Porostni mezery bez ohledu na svou
velikost zvySuji prostupnost svétla, méni vlhkost a proudéni vétru, coz vede k rozdilim
v mikroklimatickych podminkach ve srovnani se zapojenym porostem (KRICHER 2011).
Se zménou mikrostanoviStnich podminek v téchto mezerach, vytvofenych po
odumfelych stromech, dochdzi krychle reakci piirozené obnovy na piiznivejsi

stanovistni poméry (JAWORSKI 2000; ZEIBIG et al. 2005).

3.2.5. Vyvojové cykly prirodnich lest v zaijmové oblasti

Ve vyssich horskych polohach maji smrkové ptirodni lesy (7. a 8. LVS) méné
diferencovanou strukturu v jednotlivych vyvojovych cyklech (VACEK 1990). Smrkovy
piirodni les se se stoupajici nadmoiskou vySkou objemové, pocetné a strukturné
homogenizuje a vzdaluje se od vybérného lesa. Pouze v kratkém casovém useku stadia
rozpadu a dorlstani se vytvaii charakter podrostné diferencovaného lesa, a to zejména
v ekotonu horni hranice lesa (VACEK, VACEK, SCHWARZ et al. 2010). Ve smrkovych
prirodnich lesich se na vymezeni vyvojovych cykli a fazi vyrazné uplatiiuji abioticti
Cinitelé, Casto vétSina stromll se vyvraci vétrem a jen mensi ¢ast jich odumira stojicich
(PRUSA 1985). To se projevuje rychlejsim stadiem rozpadu nez stadiem dorastani, ¢imz
se zkracuje 1 doba vyvojového cyklu (KORPEL 1989). Pfi rychlém rozpadu mtize na vétsi
souvislé plose vzniknout téméf stejnovéky novy smrkovy porost (VACEK, KREJCI et al.
2009; SticHA et al. 2010; MALIK et al. 2014). V téchto klimaticky nepfiznivych
podminkach mlze byt smrkovy pfirodni les postizen kalamitou jesté pfed dosaZzenim
stadia rozpadu a muze dojit ke vzniku rozsahlych holin (VACEK, KREICI et al. 2009;
VACEK, VACEK, SCHWARZ et al. 2009).

Ptirodni a ptirodé blizké smrkové porosty se v zdjmové oblasti Sudetské soustavy

vyznacuji relativné dlouhou dobou malého vyvojového cyklu trvajici 260 az 420 let. Ta
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je determinovéna délkou zivota smrku diferencované dle nadmoiské vysky a
stanoviStnich poméri. Nejkratsi je v ekotonu horni hranice lesa, nejdelsi ve spodnich
partiich smrkového lesniho vegeta¢niho stupné. Délku vyvojového cyklu vSak vyrazné
ovliviiuji abiotiCti Cinitelé (pfedevsim vitr, v 70. a 80. letech 20. stoleti to byli
predevsim imise) a mnohdy i bioti¢ti Skidci (zejména Ips typographus). Zasoba hroubi
zde kolisa od 260 do 620 m’.ha™ v hornich partiich smrkového LVS a nejvyssi je ve
spodnich partiich tohoto LVS (680 az 1140 m>.ha™). Z hlediska prostorové struktury
jsou porosty nejvice diferencované pii horni hranici lesa, a to jak vertikalng, tak i
horizontalné. Po odeznéni imisni kalamity po roce 1990 se v téchto porostech vyrazné
zvysila kvantita a kvalita semenné produkce, ¢imz se vyrazné posilila pfirozena obnova
(cf. VACEK 1981, 1983; VACEK, LEPS 1991; VACEK 1992; VACEK, VACEK, SCHWARZ et
al. 2009, 2010; VACEK et al. 2015¢; KRAL et al. 2015).

Porostni struktura a nasledné i vyvoj smiSenych porostii smrku, jedle a buku v 5. a
6. LVS (Obr. 7) je v disledku rizné pokrocilé smény druhti zna¢né variabilni a vyrazné
strukturalné diferencovany (VACEK et al. 2013b; JAWORSKI, PACH 2014; PALUCH et al.
2015). Pritom délku vyvojového cyklu urCuje jedle a za zivota jeji jedné generace se
vystiidaji 2 generace buku a 1,5 generace smrku (KORPEL 1995). V dusledku rozdilné
smény dievin v ramci vyvojového cyklu se v porostu vyrazné meéni jejich zastoupeni
podle poctu a objemu (PRUSA 1985). V prabéhu malého vyvojového cyklu lesa se tedy
2krat objevuje pfirozena obnova buku, coz vytvari dojem o urcité stagnaci jedle a smrku
(VACEK et al. 2014a, 2014b). ZvySeny podil smrku a jedle podminiuje delsi trvani stadia
optima a vytvareni typické jednovrstevné struktury, a to zejména u smrku. ZvySeny
podil buku pak zkracuje stadium optima (KORPEL 1995). V Castech se zvySenym
podilem smrku se mnohdy vyskytuje dvouvrstevna struktura, pficemz horni vrstvu tvofi
smrk s jedli a spodni buk (VACEK, VASINA, MARES 1987).

Smisené piirodni a piirodé blizké porosty buku, jedle a smrku se v zajmové oblasti
Sudetské soustavy vyznacuji dlouhou dobou (350—400 let) malého vyvojového cyklu,
jez je determinovana v€kem Zzivota jedle jako dfeviny s nejdelsi Zivotnosti. Doba Zivota
smrku dosahuje 300-350 let a buku 200-250 let. Rozdilné doby vyvojovych cykli
jednotlivych dfevin tak podmifiuji i zna¢nou variabilitu a slozitost vyvoje piirodnich
lesii v 5. a 6. LVS. Zastoupeni dfevin a jejich zasoba tak mize béhem vyvojového cyklu
podléhat znaénym zménam. ZvysSeny podil smrku prodluzuje délku stadia optima a u
buku ji vyrazné zkracuje. Stadium optima se opakuje po 220-260 letech. Prevaha

jednotlivych dievin se opakuje zhruba po 130 letech v souvislosti se stiidanim generaci
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buku (cf. VACEK, LEPS 1991; VACEK 1994, SPULAK, JURASEK, VACEK 2007; VACEK,
VACEK, SCHWARZ et al. 2009, 2010; VACEK et al. 2013b). V poslednich desetiletich byl
v Sudetech, podobné& jako v ostatnich ¢astech Evropy, patrny pokles zastoupeni jedle a
je zietelny expanzivni postup zmlazeni buku (SENN, SUTER 2002; VAN GILS et al. 2008;
KUCBEL et al. 2010; VACEK et al. 2014a). Obnova se d¢je témét vyhradné pod clonou
mateiského porostu, jehlicnany se zmlazuji spiSe v hlouccich, buk pak na vétSich

plochach.
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1. vivejovy cykius
2.vyvojovy cyklus
3. wivojovy cyklus

Obr. 7: Casovy pribéh, kontinuita a prolinani vyvojovych stadii a fazi piirodniho lesa v 5-6.

lesnim vegeta¢nim stupni (upraveno podle KORPEL 1989; VACEK, SIMON, REMES et al. 2007).

Ptirodni a ptirodé blizké bukové porosty se v zdjmové oblasti Sudetské soustavy
vyznacuji relativné kratkou dobou malého vyvojového cyklu trvajici 220 az 260 let. Ta
je determinovéna délkou zivota buku, kdy ve stadiu rozpadu je Casto napadan dievni
houbou Fomes fomentarius a béhem n¢kolika let nasledné odumira. Vétsinou odumiraji
jednotlivé stromy, ptipadné jejich malé skupinky. Jednotliva vyvojova stadia (dortstani,
optima a rozpadu) v téchto porostech jsou vétSinou plosné vyrovnana jiz pii rozloze cca
30 ha (VACEK 2003). Vesmés se jedna o rtznoveéké porosty s2 az 3 vrstevnatou

vystavbou. Jejich zdsoba se v acidofilnich horskych buc¢inach pohybuje od 320 do 560
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m’ a v kvétnatych bu¢inach od 540 do 940 m>.ha™. Po roce 1986 se v t&chto porostech
vyrazné zvysila kvantita a kvalita semenné produkce, ¢imz se vyrazné posilila pfirozena
obnova (cf. VACEK, MARES 1984; VACEK 1987; VACEK, MARES 1987; VACEK 1990,
VACEK, VACEK, SCHWARZ et al. 2009, 2010; VACEK et al. 2015b).

3.3. Zdravotni stav lesnich porostii

Z hlediska studie struktury a vyvoje lesnich ekosystému je také nutnd znalost
zdravotniho stavu porostu a jeho vyvoj v zdjmové oblasti. Od 50. let 20. stoleti dochazi
vlivem energetické a priimyslové ¢innosti i dopravy ke znaéné produkci Skodlivych
latek znecist'ujicich ovzdusi, coZ mé zasadni vliv na zdravotni stav lesnich ekosystémi
(MATERNA 1999). Imise a klima patii mezi nejvyznamnéjsi faktory vnéjsiho prostiedi
lesnich ekosystémt, které ve Stfedni Evropé dlouhodobé ovlivituji jejich vyvoj
(ULRICH, MAYER, KHANNA 1980). Vlivu imisi na lesy Sudetské soustavy se zacala
vénovat dil¢i pozornost teprve pocatkem 70. let 20. stoleti (TESAR et al. 1981).

Ekosystémy v horskych oblastech mohou byt nachylnéjsi ke znecisténi ovzdusi,
oproti ekosystémim v nizsich nadmotskych vyskach. Synergické piisobeni vysokého a
dlouho trvajiciho znecisténi ovzdusi spolecné s klimatickymi stresy mohou vést az
k rozsahlému odumirani lest v téchto lokalitich (VANCURA et al. 2009; KRAL et al.
2015). Vyskyt mnoha symptomil poskozeni lesnich ekosystémii, které byly zptisobeny
ne zcela objasnénymi faktory, byl zaznamenan v Evropé zejména v obdobi let 1970—
1980. Rychly rozvoj téchto symptomt, jejich rozdéleni v ase a prostoru, jakoZz i
vzajemna zavislost jejich dopadu na lesni spolecenstva vedly k popisu tohoto stavu jako
syndromu neznamého Ubytku lesti (MUELLER-EDZARDS et al. 1997; BADEA et al. 2004).
Pritom ucinky vSech zndmych biotickych a abiotickych faktori nemohou zcela vysvétlit
ekosystému bylo spojeno s vlivem znecisténi ovzdusi a na zakladé toho bylo znecisténi
ovzdusi povazovano za predispozicni a doprovodny faktor naruseni lesnich ekosystému
(LORENZ 1995). Kromé toho silné zmény v lesnich ekosystémech pod vlivem imisi
nastaly v disledku acidifikace prostiedi (VACEK et al. 2013a, 2015¢).

Nejveétsi hrozbou pro lesni ekosystémy Sudetské soustavy (NP Krkonos, CHKO
Broumovsko a CHKO Orlické hory) bylo primyslové znecisténi ovzdusi zejména SO,
1970 az 1990 (VACEK et al. 2007; VACEK, MATEJKA 2010; VACEK et al. 2013a, 2015¢).

V nasledujicich letech pak dochézelo k poklesu znecisténi ovzdusi SO,, avSak porosty
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na fadé¢ mist byly jiz znacn€ poSkozené a tak pokracovalo k jejich odumirdni. V
poloving 90. let 20. stoleti témét u 80 % smrkovych porostii nad 900 m n. m. dochazelo
ke zna¢nému odumirani jedinc a u pfezivajicich stromil nastala jejich vyrazna
defoliace (POLAK et al. 2007). Po snizeni primyslového znecisténi ziskalo vétsi vyznam
fotochemické zneciSténi (STANNERS, BOREAU 1995). To bylo zplsobeno zejména
vlivem zvysSeného poctu automobill, které produkuji zvysené emise oxidi dusiku a
tékavych uhlovodikl. V této casti stfedni Evropy jsou i zvySené koncentrace ozonu
(03), ktery je povazovan za fytotoxické cinidlo zpiisobujici poskozeni vegetace
(BYTNEROWICZ et al. 2003; HUNOVA, SCHREIBEROVA 2012). Ozo6n také mize negativné
zvySovat fytotoxické UcCinky jinych latek znecCistujicich ovzdusi, zejména oxidl siry a
dusiku (SOy a NO,) — (BYTNEROWICZ et al. 2004; HUNOVA, SANTROCH, OSTATNICKA
2004). I samotny 0z6én zpusobil velmi vazné Skody na lesnich ekosystémech jak
v Evrop¢ (DEVRIES et al. 2003), tak i v Severni Americe (KRUPA et al. 2001). Navic se
predpoklada rist hladiny ozénu i v budoucnu (BRASSEUR et al. 1998).

I pies snizeni emisi primyslovych §kodlivin v ovzdusi CR, které na mnoha mistech
vyustily v rozsahlé a velmi zavazné naruseni smrkovych porostl, byla i v poslednich
letech pozorovana pomérné vysoka defoliace jak v CR, tak i na Slovensku a v Polsku
(VANCURA et al. 2000). Pro co nejucelnéjsi management je také nutno vzit v potaz jaky
mohou mit vliv klimatické zmény na rGst a mortalitu jednotlivych dfevin
(HANEWINKEL, PEYRON 2014), nebot’ se da predpokladat vyssi Cetnost a intenzita
disturbanci v disledku klimatickych zmén (FUHRER et al. 2006; JONASOVA et al. 2010).

Na ptlisobeni imisi v ovzdusi je smrk ztepily zvIaste citlivy (cf. DASSLER et al. 1981;
MATERNA 1999) a proto muZe slouzit k indikaci vlivu znecisténého ovzdusi. Je vSak
tieba znat jeho standardni chovani na dané lokalité a zaroven symptomatické odchylky
v rastu a vyvinu vyvolané vlivem imisi. Makroskopické zmény na smrku tehdy
nepusobi jen imise, ale i1 fada neptiznivych abiotickych a biotickych Cinitelti (cf. VACEK
et al. 2007). Podobn¢ tomu je i u jedle bélokoré. Naproti tomu jsou studované listnaté
dreviny (buk lesni, jasan ztepily a olSe lepkavd) v odborné literatuie fazeny ke dievinam
sttedné tolerantnim vici imisim (cf. ANTIPOV 1979; DASSLER et al. 1981; VACEK 1990;
VACEK et al. 2007) a proto téZ mohou slouzit k indikaci vlivu zne¢isténého ovzdusi.

Latky zneciStujici ovzdu$i nemaji vliv jen na zdravotni stav, biologickou
rozmanitost a ekosystémové procesy, ale mohou mit také nepiimé t¢inky na sekundarni
nebezpeci pro lesni ekosystémy, jako je naptiklad napadeni kiirovcei €i toxicita téZkych

kovti v pidach (BYTNEROWICZ et al. 2004). K vétSimu poskozeni lesnich porosta také
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piispivaji klimatické extrémy ¢i patogenni organismy a obecné zhorSujici se pudni
podminky (LOMSKY et al. 2012). Naléhavou potiebu reagovat na mezery ve znalostech
interakci mezi zneCiSténim ovzdusi, klimatickymi zménami a lesy v posledni dobé
zdiraznili SERENGIL et al. (2011), MATYSSEK et al. (2012). Piesné kvantifikace téchto
parametrQ je velmi diilezitd pro posuzovani dopadd imisnich a klimatickych stresi na

lesni ekosystémy.

3.4. Odumielé dievo

Z pohledu lesa jako dynamického systému, jehoz soucasti nejsou jen zivé stromy,
ale 1 stromy odumfelé, které patii ke klicovym faktorim biodiverzity lesnich
ekosystémi. Odumfelé¢ dievo je v jakékoliv své formé jednim ze zakladnich
strukturalnich znaki pfirozenych lesi (CHRISTENSEN et al. 2005; VON OHEIMB et al.
2007; VACEK et al. 2015d). Tlejici difevo v lesnich ekosystémech hraje dilezitou roli
jako nezpochybnitelnd soucast vyvojovych stadii a fazi plvodnich, pfirozenych,
pfirodnich ¢i pfirodé blizkych lest. Pfitomnost odumirajicich stromi, stojicich
rozpadajicich se sousi a tlejicich lezicich kmenl je pfitom jednou z hlavnich
diferenciaci mezi lesem pfirozenym a lesem hospodaiskym (PRUSA 1985; KORPEL
1995). Tlejici dievo je vyznamnym fenoménem lesnich ekosystémd, ktery reprezentuje
kontinuitu lesniho ekosystému, kdy spojuje 1 nékolik generaci lesa. Pfitomnost dieva
vcetné¢ odumielého tak vyrazné odliSuje les od ostatnich suchozemskych bioma. V
ptirodnich evropskych lesich se ptirozené naléza velké mnoZstvi odumielého dieva (50—
200 m® ha™ — ALBRECHT 1991; v priméru 150 m’.ha™ — CHRISTENSEN et al. 2005).

Odumfelé¢ dievo ma pifiznivy vliv na uchovéani biodiverzity, stability a kontinuity
lesnich ekosystémii. Pfitom odumielé dfevo je mnohdy opomijenou soucasti mnoha
typtt terestrickych a vodnich ekosystémti (HARMON et al. 1986). Ponechavani
odumirajicich, odumftelych, padlych, tlejicich ¢i rozlozenych stromt v lese ma znacny
ekologicky vyznam pro celé¢ dané stanovisté. Odumield a tlejici dievni hmota
ponechand na daném misté podporuje nejen zachovavani biodiverzity a vyvaZenost
biocendz, ale i stabilitu lesa, jeho obnovu (pfirozené zmlazovani na tlejicim substratu) a
trvalost. Spolu s houbami a hmyzem je odumfelé dievo vyznamnym substratem rovnéz
pro bakterie, liSejniky, mechorosty, kapradiny, kefe 1 semendcky dievin, krouZzkovce,
pavouky, plze, plazy, obojzivelniky a dokonce i pro ptiky a savce (cf. FRIDMAN,
WALHEIM 2000; CHRISTENSEN et al. 2005; POUSKA et al. 2010). Vedle pidy je tak

odumielé¢ dfevo druhové nejbohatsi nikou lesniho ekosystému (cf. MiCHAL 1999;
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HEILMANN-CLAUSEN et al. 2005). Z téchto divoda se odumfielé dievo, jeho kvantita 1
kvalita, Casto pouziva jako dilezity indikéator pfi posuzovani pfirozenosti ¢i pivodnosti
lesnich ekosystémill (FRANKLIN et al. 1981; HARMON et al. 1986; SANIGA, SCHUTZ 2002;
VACEK et al. 2015d).

Na zaklad¢ vysledkti mnoha studii je zfejmé, ze v ptivodnich a ptirodnich lesich se
v porovnani s lesy hospodatskymi nachazi vyrazné vyssi zasoba tlejiciho dieva ve vSech
jeho formach (FRANKLIN et al. 1981; JONSSON 2000; HOLESKA 2001; ROUVINEN et al.
2002; VACEK et al. 2015d). V hospodéiskych lesich téz chybi urcité typické
charakteristiky, jako jsou napt. lezici kmeny velkych rozméri na povrchu lesni piidy a
stojici souSe velkych dimenzi, které jsou naopak typické pro lesy piirodni a pralesy.
Dimenze a zastoupeni riznych stupiit rozkladu tlejiciho dieva se také 1iSi mezi
hospodaiskym a piirodnim lesem (JONSSON 2000). V porovnani s hospodarskym lesem
je v pfirodnich lesich tlejici dfevo zastoupeno ve vSech fazich rozkladu a zaroven jsou

pritomné vSechny dimenze tlejiciho dfeva.

3.5. Piirozend obnova
3.5.1. Vyvoj a predpoklady prirozené obnovy

Proces ptirozené obnovy je vysoce stochasticky jev dynamiky lesnich ekosystémil,
ktery je ve vétsim méfitku zavisly na mnoha faktorech, které zahrnuji habitus, porostni
charakteristiky, historii uzivani krajiny ¢i vliv bylozraveid (DOBROWOLSKA 1998;
PALUCH 2005). Pfirozena obnova, jeji vékova, druhovd a vySkova struktura hraje
klicovou roli pfi obnové stromové slozky lesnich ekosystémi. Regeneracni procesy a
jejich dynamika maji velky vliv na stabilitu i funkéni u€innost lesnich porosti (VACEK,
VACEK, SCHWARZ et al. 2009).

Vyvoj obnovy v lesich se strukturou ptirodé blizkou a ptirodni souvisi se vznikem
disturbanci ve vyvoji lesa. Uspé&§nost piirozené obnovy je zavisla na fadé faktord, a to
piedev§im na ptiznivé konstelaci rozhodujicich stanovistnich podminek (JARCUSKA
2009; BARNA 2011). Zejména se jedna o pfitomnost dostatecného poctu stromu s dobie
vyvinutou korunou schopnych fruktifikace, vyskyt semenného roku, vhodného stavu
pudniho povrchu (kliéniho ltizka), ptiznivého porostniho mikroklimatu a vhodnych
klimatickych podminek od opadu semene po vykli€eni semene a ujmuti semenacki
(POLENO, VACEK et al. 2007b; VACEK, VACEK, SCHWARZ et al. 2009). V poslednich

desetiletich jsou pozorovany cast¢jsi semenné Urody buku lesniho, smrku ztepilého, ale
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1 dalSich dfevin, coZ souvisi predevS§im s klesajicim imisnim zatizenim (cf. VACEK,

VACEK, SCHWARZ et al. 2009).

3.5.2. Piednosti a nevyhody prirozené obnovy

Problematika zvySeni podilu pfirozené obnovy je v soucasnosti predmétem
zvysené¢ho zdjmu lesnické a ochranaiské verejnosti. Uplatiovani pfirozené obnovy je
obecn¢ akceptovano jako vyznamny prvek piirodé blizkého obhospodafovani
postavené¢ho na ekologickych zdkladech (SANIGA, KRALOVIC 2009). VSeobecné je
uznavan vyznam tohoto postupu zejména z hlediska vysoké genetické diverzity
populaci (vétsi podil heterozygotlh nez u umélé obnovy) a zachovani genovych zdroji
dil¢ich populaci lesnich dfevin se zfetelem na tvorbu vhodnych, co do skladby
vyhovujicich porostl s predpokladem zadouci ekologické stability porostli (KORPEL et
al. 1991; GOMORY et al. 1998). Vyhody pfirozené obnovy jsou piedev§im v udrzeni
autochtonnich nebo osvédcenych alochtonnich populaci lesnich dievin s predpokladem
uchovani vhodnych vlastnosti matetskych porosttl, tj. dobfe ptizptisobenych jedinct
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stanovistnich rozdili (KORPEL 1989; VACEK et al. 2010).

Mezi ptednosti  pfirozené obnovy patii dobré pfizpiisobeni obnovy
mikrostanovistnim podminkém, které Ize u umélé obnovy jen tézce dosdhnout (POLENO,
VACEK et al. 2009). Nalety maji lepsi predpoklady pro zajisténi mechanické stability
nez vysazené kultury, a to lepSim zakofenénim (MAUER 2005). To je dano periodickym
ristem obnovy na pfirozené¢ vybranych mistech, kde tak nedochdzi k poSkozovani
kotenového systému. Pii vychové porostu u mlazin jsou velmi dobré moznosti vybéru,
jenz umoziuje pouzit ptisna kritéria na selekci beéhem celé vychovy (KANTOR 2001). U
téchto hustych porosti dochazi k ¢asné diferenciaci a autoredukci, coz vyznamné vede
ke snizeni nakladi na vychovu profezdvkami a probirkami (REININGER 1992; POLENO,
VACEK et al. 2009). Pii velkém mnozstvi pfirozené obnovy jsou také méné vyznamné
Skody zvéri, které v nékterych piipadech vzhledem k vyrazné niz§im poctim umeélé
obnovy, ji zcela eliminuji (MOTTA 2003; VACEK et al. 2014a; AMBROZ et al. 2015),
anebo je mensi podil poSkozenych jedinct pii tézbé a nasledném vyklizovani dieva

(POLENO, VACEK et al. 2009).

Za ptedpokladu obnovy porostu pii podrostnim nebo vybérném hospodarském

zpusobu mateisky porost poskytuje citlivym dievinam, jako je jedle bélokora nebo buk
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lesni nezbytnou ochranu, a to proti nepfiznivym klimatickym faktorim (POLENO,
VACEK et al. 2009). Obecné tento postup ve srovnani s obnovou umélou vede i k
vyznamnym Usporam finan¢nich nakladf na obnovu lesa (BILEK et al. 2013; AMBROZ et
al. 2015).

Celkovy prubéh ptirozené obnovy vSak trva zpravidla déle nez pii umélé obnove.
Zacind vhodn¢ nacasovanou fruktifikaci semennych stromi a konci dosazenim faze
mlaziny. Pro zdarny vyvoj pfirozené obnovy, vSechny probihajici pfirozené procesy
musi pfedstavovat jeden nepferuSovany sled udalosti (cf. VACEK, LOKVENC, SOUCEK
1995). Mezi nevyhody pfirozené obnovy patii tudiz zavislost na fruktifikaci strom.
Semenné roky se Casto u nékterych difevin dostavuji nepravidelné. Nasledné nalety a
narosty pomaleji odristaji pod clonnou matetského porostu (MAUER 2005). Hustota
pfirozenych naleti byva nepravidelnd, vznikaji mezery v porostech a pfehoustlé nalety,
na jejiz upravu je potieba vynalozit vyrazné finan¢ni ndklady oproti umélé obnové
(KANTOR 2001). Mezi dalSi nevyhodu, zejména u monokultur, Ize zatfadit obnovu

porostu pouze z dfevin v matefském porostu (cf. POLENO, VACEK et al. 2009).

Pro pfirozenou obnovu nékterych dievin je nezbytna piiprava pudy. V puadach
chudych zivinami dochazi k nahromadéni mohutnéjsi vrstvy hrabanky nebo surového
humusu, v nichZz dochézi k ¢astym ztratdm u semen parazitickymi houbami nebo pfi
kliceni vysychanim (cf. VACEK, PODRAZSKY, PELC 1996). Proto by se pfiprava ptidy pro
piirozenou obnovu buku méla zaméfit v prvni fad¢é na to, aby byla odkryta mineralni
ptuda, anebo aby nadlozni humus byl s mineralni ptidou promichan. Situaci v oblastech
se zkyselenim povrchové vrstvy pidy dale zhorSuji kyselé srazky, takze pfirozena
obnova buku lesniho je mnohdy zcela znemoZznéna. Pomoci mtze byt ptiprava pudy, pfi
které dojde k promiSeni humusu s riznymi vrstvami pidy se soucasnym vapnénim
(VACEK 1990, 2000). Ptiprava pidy v bukovych porostech ¢asto sleduje i eliminaci

buren¢, kterd ohrozuje kli¢ici semenacky (cf. VACEK, SOUCEK 2001).

3.5.3. Faktory ovliviiujici pfirozenou obnovu

Prezivani a vyvoj semendckl, resp. jejich mortalita, je v pfirozenych lesich
ovlivilovana fadou faktorti (KOZLOWSKI et al. 1991). Jejich pfezivani v nejranéjSim
stadiu z&visi zejména na obsahu pidni vlhkosti (LOF, WELANDER 2004) a téZ na
expozici (KORPEL 1978). Na pocatecni rust obnovy pod zépojem mateiského porostu

ma vétsi vliv dostupnost vody nez mnozstvi svétla (AMMER et al. 2008). Procento
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piezivajicich semenackili se zvySuje s jejich v€kem. Mortalitu semenacku téz ovliviuje
mira clonéni porostu, teplotni amplituda, expozice, vétrnost dané lokality a nadmoiska
vySka (SANIGA, KRACOVIC 2009). Vyznamny vliv na charakter a GspéSnost pfirozené
obnovy ma také mikrostanovist¢ a mikroreliéf (HANSSEN 2003; DIACI et al. 2005;
STiCHA et al. 2010; VACEK et al. 2015b). Rist piirozené obnovy z hlediska konkurence
je ovlivilovan vyspélosti okolniho zmlazeni, druhem vegetace (travy, byliny, kefe,
stromy) a dostupnosti zdroji svétla, vody a zivin (JALOVIAR 2005; COLLT, CHENOST
2006; PROVENDIER, BALANDIER 2008).

Husty travni a bylinny pokryv na mnohych stanovistich silné¢ limituje pfirozenou
obnovu a proto je v téchto ptfipadech nutno uplatnit umelou obnovu. Neproniknutelny
pokryv Calamagrostis villosa, Avenella flexuosa nebo Vaccinium myrtillus v horskych
oblastech je siln€ limitujicim faktorem pro zdarny vyvoj pfirozené obnovy (cf. VACEK,
SouCEK 2001; ULBRICHOVA et al. 2006; POLENO, VACEK et al. 2009). K bujnému
rozvoji bufen¢ dochazi nejcastéji v ptilis prosvétlenych porostech, pii nahlém poskozeni
porosti disturbancemi nebo pii selhani semenného roku (POLENO, VACEK et al. 2009).
Pti pokryti pady hustymi trsy trav ¢i kapradin se pfirozena obnova, zejména smrku
ztepilého, dokaze uplatnit jen na odumielém dievé, kde je konkurence vegetace silné

oslabena (ZIELONKA, NIKLASSON 2001; ULBRICHOVA et al. 2006).

Hlavnimi determinantami pfeZiti semendcki je kvalita substratu, v kterém kli¢i a
jeho schopnost zajistit rostliné dostatek vody (KozLowskl 2002). Mohutnéjsi vrstvy
nadloZnich horizonti brani vykliceni a vyvoji semenackt (POLENO, VACEK et al. 2009).
Podobné tomu je na terénnich vyvySeninach, kde rist jedincti obnovy buku v porovnéani
se snizeninami dosahuje polovi¢nich dimenzi (VACEK et al. 2015b). VyvySeniny mayji
velmi mélky pudni profil s vysokym podilem skeletu, minimalnim mnozstvim zeminy a
nizkou vodni retenci, coz spolecné s ptidni erozi siln€ ovliviiuje jejich rist (VODDE et al.
2010; VACEK et al. 2015b). Dal§im limitujicim faktorem rGstu zmlazeni na
vyvyseninach je zvySena nachylnost k mrazu a suchu (WAGNER et al. 2010). Naproti
tomu terénni deprese s pfiznivymi edafickymi podminkami, s hlubokym ptidnim
profilem a dostate¢nou pudni vlhkosti tvofi optimalni podminky pro rast piirozené
obnovy (VACEK et al. 2015b). Z hlediska konkuren¢nich interakci se u pokrocilejSich
rastovych fazi obnovy stava limitujicim faktorem svétlo oproti zivinam a ptidni vlhkosti
(POLENO, VACEK et al. 2009). Tento proces dokazuje snizeny riist obnovy ve
snizeninach pfi porovnani se svahem (SUTINEN et al. 2010). Tyto skuteCnosti vSak
neplati v horskych smrcinach, a to zeyména v ekotonu horni hranice lesa, kde se smrk
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piirozené¢ zmlazuje pouze na vyvySeninach (cf. VACEK 1981; VACEK, HEJICMANOVA,
HEICMAN 2012), jelikoz teplo je zde limitujicim faktorem obnovy.

K vyznamnym limitujicim faktorGm pfirozené¢ obnovy patii také zveét (MOTTA
1996; AMMER 1996; ROONEY 2001; VACEK et al 2014a, 2014b). Pfitom horské lesy jsou
nachyln€jsi na poskozovani zvei nez lesy nizin (MOTTA 2003). Pti zvySenych stavech
zvéte jeji nadmérnd aktivita v lesich znamena faktor prokazatelné potlacujici diverzitu
lesniho podrostu a regeneraci stromového patra, a to zejména u potravné atraktivnich
dievin (VRSKA et al. 2001; DIAcI et al. 2010). Tento rozdil v poskozeni je také
vysledkem pomalejSiho pocatecniho rastu stinomilnych dfevin, naptiklad smrku
ztepilého, buku lesniho a zejména jedle bélokoré, které maji pomalejsi odezvu po
poskozeni okusem a tedy i niz$i rychlost ristu ve srovnani s jinymi druhy
(KUPFERSCHMID 2011). Atraktivita jednotlivych druht je zna¢né specificka a zvétSuje se
v ptipad€é, ze se druhy atraktivni (napt. Abies alba, Acer sp., Sorbus aucuparia)
vyskytuji v kombinaci s mén¢ atraktivnimi druhy (napt. Picea abies) — (SENN, SUTER
2002; MOTTA 2003; VACEK et al. 2014a, 2014b). Sporadicky vyskyt dfevin a naopak
jejich dominantni postaveni se casto uvadéji, jako faktory ovliviujici potravni
atraktivitu zvéte. V prevazné vétsing piipadu se potravni atraktivita druhu zvySuje se
snizujicim se podilem dfevin v piirozené obnové (AMMER 1996; CERMAK et al. 2009).
Velmi ztizena je zejména pfirozena obnova jedle bélokoré (SCHWARZ 1997; STEFANCIK

2006; KLoprcIC et al. 2010).

3.6. Ekologické aspekty hlavnich dievin

3.6.1. Buk lesni (Fagus sylvatica L.)

Rozsiteni buku lesniho (Fagus sylvatica L.) sahéd od jizni Casti Anglie, pfes celou
stfedni Evropu a na jihu je vdzan na horské oblasti spolec¢né s jedli bélokorou, déle pak
od Spanélska aZ po zapadni Ukrajinu (BUITEVELD et al. 2007). Bukové lesy piedstavuji
100 do 900 m n. m (VON OHEIMB et al. 2005; KUCBEL et al. 2012; VACEK, HEJCMAN
2012). V Ceské republice se vyskytuje a roste téméf ve viech lesnich vegeta¢nich
stupnich, avSak produkéni optimum ma ve 4. a 5. LVS. V nizSich polohach navazuje
predev§im na rozSifeni dubu zimniho a ve vySSich horskych polohach tvofi

porosty s dominantnim smrkem ztepilym (URADNICEK et al. 2009). Ojedinéle se bukové
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fragmenty mohou vyskytovat na jiznim svahu 1 nad horni hranici lesa (VACEK,
HEICMAN 2012).

Buk lesni patii mezi typické klimaxové dieviny, které je nejvyhodnéjsi
reprodukovat pfirozenou obnovou. Jeho podil se viak v Ceské republice v minulosti
velmi snizil. V ptirozené druhové skladbé buk lesni zaujimal 40,2 %, v soucasnosti je
zastoupen 7,7 % a v doporuc¢ené druhové skladbé by mél mit 18,0 % (MZe 2014).
Nebezpeci hrozici buku nejsou jen abiotické faktory jako jarni pfisusek, prudké
oslunéni a pozdni mraz (NINGRE, COLIN 2007), ale také biotické vlivy. Vyraznym
limitujicim faktorem je sparkatd a cerna zveét (VACEK et al. 2014a; AMBROZ et al. 2015).
Ke znaénym ztratam u buku téZ dochdzi v disledku napadeni patogennimi houbami
Phytophthora cactorum a Rhizoctonia solani (PROCHAZKOVA 2009). Zavaznym
problémem také byla nepravidelnost semennych let, a to obzvlasté ve vyssich horskych
polohéach, kde imise (pfedev§im vysoké koncentrace SO;) siln€é ovliviiovali kvalitu a
kvantitu fruktifikace (cf. MARES, VACEK 1984). V poslednich letech nastalo zlepseni a je
patrny expanzivni postup bukového zmlazeni (VAN GILS et al. 2008; VACEK, VACEK,
SCHWARZ et al. 2009; SEBKOVA et al. 2011).

Buk lesni je hlavni dievinou spolecenstev kvétnatych bucin podsvazu Eu-Fagenion,
vapnomilnych bucin podsvazu Cephalanthero-Fagenion a javorovych bucin podsvazu
Acerenion a kyselych bucin svazu Luzulo-Fagion. Vtrousené¢ se vyskytuje se také v
dubohabrovych porostech svazu Carpinion a v montannich fytocendzach svazu Piceion
excelsae (BUCEK, LACINA 1999).

Buk mé velkou ekologickou plasticitu a Sirokou ekologickou amplitudu a je
pomérné siln¢ tolerantni k zastinéni (ELLENBERG et al. 1992). Tradi¢né je
nejvyznamngj§i dfevinou pro piirozenou obnovu podrostnim zpisobem (POLENO,
VACEK et al. 2009). Buk je viak dievina citlivd na pozdni mrazy (URADNICEK et al.
2009). Nejvice se vyskytuje na lokalitach s Cerstvé vlhkou, mineraln¢ bohatou a
humoézni pidou. Nesnasi zamokiené a uléhavé pidy, suché pisky a tézké jily (MUSIL,

MOLLEROVA 2005; VACEK, VACEK, SCHWARZ et al. 2009).

3.6.2. Smrk ztepily (Picea abies (L.) Karst.)

Smrk ztepily (Picea abies (L.) Karst.) je jednou znejvice se vyskytujicich a
ekonomicky nejvyznamnéjSich dfevin vseverni a stfedni Evropé (SPIECKER,

HASENAUER 2000). Pfirozeny aredl smrku pfed vlivem c¢lovéka pokryval Sirokou ¢ést
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Evropy, od 70° severni §itky, kde tvoii hranici se smrkem sibifskym, aZz po Recko a
Francii a po vychodni okraj Evropy u Uralu (SCHMIDT-VOGT 1977). Smrk je zakladnim
druhem riznych typl lesnich ekosystéml boredlniho a mirného pasma Evropy
(CASTAGNERI et al. 2013). V Ceské republice se pivodni klimaxové smréiny
vyskytovaly nad 900 az 1250 m n. m. s optimalnimi ristovymi podminkami v nizsich
polohach, v rozmezi 600-950 m n. m. (URADNICEK et al. 2009).

Podil smrku se v minulosti kviili vysoké produkcéni a regeneracni schopnosti i
péstitelské nendro€nosti vyrazné zvysil, zejména na tkor smiSenych jedlobukovych a
bukovych porostli (MUSIL, HAMERNIK 2003). Nové zalozené smrkové monokultury byly
vSak malo odolné, tj. trpé€ly ndmrazou, sné¢hem, vyvraty a polomy s naslednym
rozvojem chorob a Sktidcii (SPIECKER, HASENAUER 2000) a pifedevsim byly velmi citlivé
na imise (SO,, NOy, O3), coz v minulosti vedlo ke katastrofickému odlesnéni
hfebenovych partii (SCHULZE 1989; MuzIKA et al. 2004; VACEK et al. 2015c).
V piirozené druhové skladbé CR smrk ztepily zaujimal 11,2 %, v soudasnosti je
zastoupen 51,1 % a v doporucené druhové skladbé by mél mit 36,5 % (MZE 2014).

Nejrozsifenéji jsou zastoupeny horské acidofilni smréiny svazu Piceion excelsae a
podmécené az raselinné smrciny submontannich az montannich poloh nalezejicich do
stejnojmenného svazu. Papratkové smréiny jsou mnohem vzacnéjsi a jsou fazeny do
svazu Athyrio-Piceion. Indikacné vyznamné jsou pifedevSim klimaxové a sutové
smrciny, které v nizSich stupnich chybéji: Calamagrostio villosae-
Piceetum, Dryopterido dilatatae-Piceetum, Anastrepto-Piceetum a Athyrio alpestris-
Piceetum (BUCEK, LACINA 1999).

Smrk je zna¢né morfologicky proménliva a plasticka dfevina (VACEK 1983), je
vSak nezbytné ptisné dbat na vhodny ekotyp, a to zvlasté v horskych oblastech
(SVOBODA 1953). Radi se mezi polostinné az stinné dfeviny, s vékem a ve vyssich
polohach se jeho naroky na svétlo zvy$uji (URADNICEK et al. 2009). Vysoké naroky ma
smrk na piidni a vzdusnou vlhkost (MUSIL, HAMERNIK 2003), nadbyte¢nou vlhkost snasi
dobie a vydrzi i dlouhodobé stagnujici vodu (URADNICEK et al. 2009). Na nevhodnych
stanoviStich, predev§im na byvalych zemédélskych pidach, se smrk stava
choulostivym, zejména na stiidavé vlhkych stanoviStich bohatych na Ziviny. Na téchto
pudach casto dochazi k napadeni téchto sekundarnich smrc¢in houbovymi patogeny,
zejména Heterobasidion annosus, Armillaria ostoyae a Armillaria mellea (PROSPERO et

al. 2003; SRUTKA et al. 2009; OLIVA et al. 2012).
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3.6.3. Jedle bélokora (Abies alba Mill.)

Jedle bélokora (Abies Alba Mill.) roste v horskych lesich stfedni a jizni Evropy, kde
se jedna o ekologicky a ekonomicky dileZitou dievinu (LIEPELT et al. 2009). Obecné se
tato dievina v niz§ich a stfednich polohach vyskytuje s bukem lesnim a ve vysokych
nadmoftskych vyskach tvoii smiSené porosty se smrkem. V subalpinskych oblastech,
et al. 2009).

V soucasné dobé jedle bélokord v evropskych lesich nezaujima vyznamné
postaveni (ROBAKOWSKI et al. 2004). Vyjimkou jsou lesy ve Svycarsku, kde tvoii 20 %
celkové plochy lesti a také Rakousko, kde je jeji zastoupeni 7 %. V polské casti Karpat
tvotily porosty s pfevahou jedle jesté v poloviné 20. stoleti 30-36 % plochy lesi
(MUSIL, HAMERNIK 2008). V Ceské republice je v soucasné dobé jedle zastoupena 1,1
%, pficemz jeji pfirozené zastoupeni je 19,8 % a doporucené zastoupeni 4,4 % (MZE
2014). Podil jedle se v lesich CR nedaii zvySovat, a to predev§im v disledku znacnych
$kod sparkatou zvéii (CERMAK et al. 2009; VACEK et al. 2015c). V Ceské republice ma
mezofytika. Vzacné roste v termofytiku a oreofytiku. Jeji optimum je u nds v rozmezi
500-900 m n. m. (MUSIL, HAMERNiK 2008).

Jedle je hlavni dievinou spolecenstev podsvazu Galio-Abietenion. Déle tvofi Casto
piimés v kvétnatych bucinach podsvazu FEu-Fagenion a nékdy v dubohabrovych
porostech (svazu Carpinion). Vyskytuje se také v montannich fytocendzach svazu
Luzulo-Fagion a v podmacenych aZz raSelinnych smr¢indch submontdnnich aZz
montannich poloh svazu Piceion excelsae (HEINY, SLAVIK 1997).

Rychly pokles podilu jedle ve stiedni Evropé je spojovan piedevSim se
zintenzivnénim c¢innosti ¢lovéka v lesich, pfipadné s rozvojem primyslu (KADLUS
1971; OLIvVA, COLINAS 2007). Rada dalsich tdaji o chiadnuti jedle viak pochazi z
obdobi davno pied masovou expanzi prumyslu ve 20. stoleti (KORPEL, VINS 1965).
Ustup jedle byl &asto spojovan s imisnim zatizenim (zejména SO,), jelikoZ byla jedle
povazovana za jednou z nejcitlivéjSich dfevin na znecisténi ovzdusi (SCHWARZ 1997;
DIACI et al. 2010). Ustup jedle v obdobi imisné ekologické kalamity byl ¢asto spojovan
s poskozovanim jedlovych porostli korovnici kavkazskou (Dreyfusia normannianae) a
korovnici jedlovou (Dreyfusia piceae) — ZUBRIK (1994). Jedli vSak nevyhovuje

predevSim holose¢ny hospodaisky zplsob s umélou obnovou, ktery v naSich zemich
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dlouhodob¢ v minulosti prevladal (COLINAS 2007; POLENO, VACEK et al. 2009). Jedle
$patné snasi silné zimni mrazy a pozdni jarni mrazy (URADNICEK et al. 2009). Od konce
80. let 20. stoleti jedlové porosty regeneruji a mnohde se dobfe zmlazuji i v imisnich

oblastech (HOFMEISTER et al. 2008; VACEK et al. 2015c).

3.6.4. Olse lepkava (Alnus glutinosa (L.) Gaertn.)

Olse lepkava (Alnus glutinosa (L.) Gaertn.) je pfirozené rozsifenou dievinou v celé
Evropé od Skandinavie do stfedomoiské oblasti vCetné severniho Alzirska (KAJBA,
GRACAN 2003; CLAESSENS et al. 2010). Je dilezitou soucasti smiSenych listnatych lesti
a ve veétSiné zemi piedstavuje méné nez 1% lesniho porostu (TUROK et al. 1996).
Struktura a vyvoj téchto porosti byly dlouhodobé¢ silné ovliviiovany lidskou ¢innosti.
Jeji vhodna stanovisté byla cCasto pfevedena na zemédélskou pidu (CLAESSENS et al.
2010). Napt. DouDpA et al. 2009 uvadi negativni vliv zvySeni hladiny spodni vody
v porostech ol$e na jejich dynamiku jako dusledek zandSeni nevyuzitych odvodnovacich
prikopti. Ve 20. stoleti nastava navrat k prirodé blizkym spolec¢enstviim olSe v riznych
castech Evropy (GUSEWELL, LE NEDIC 2004).

Vyskyt olse lepkavé v Ceské republice dosahuje 1,6 % (MZE 2014) a je dan
predeviim edaficky. Nejroziifengj§im typem luznich lesti v CR jsou potoéni olSiny.
Jedna se o spolecenstva podsvazu Alnenion glutinoso-incanae. V jejich stromovém
patfe vétSinou v nizSich polohach prevazuje olSe lepkava a ve vysSich nadmoiskych
vyskach olSe Seda. Specificky charakter pak maji pramenistni olSiny, které se nejcastéji
vyskytuji v hornich ¢éstech tokli (LUKACIK, BUGALA 2004, 2005).

Olse ma nekteré zékladni péstebni vyhody, cozZ je dilezité pro zakladani rychle
rostoucich lest. Sazenice relativné dobie odolavaji pfimému slune¢nimu zafeni a mrazu
a v minulosti také byly minimaln¢ napadény Skidci a chorobami (HUBBES 1983). V
posledni dobé (po roce 1993) vSak dochazi v celé Evropé k poklesu populaci olse kviili
kotenové hnilobé Phytophthora (CERNY, STRNADOVA 2010). Po vytéZeni novy porost
olSe vznikd jak zkofenovych, tak i z pafezovych vymladkd, diky ¢emuz umélé
zalesiiovani holin neni nutné (SAARSALMI 1991). Vzhledem ke své schopnosti
symbiotické fixace dusiku dokdzou stromy olSe pokryt velkou ¢ast své rocni spotieby
dusiku (MANDER et al. 2008; URI et al. 2011). Ve srovnani s ostatnimi rychle rostoucimi
energetickymi dievinami je potieba finanéné€ naro€ného hnojeni téchto porostii dusikem

minimalni nebo zadna.

36



Studie v zahrani¢i 1 u néas poukazuji také na vyznamnou schopnost akumulace
biomasy porosty olSe (napt. JOHANSSON 2005; URI et al. 2011; AOSAAR et al. 2012).
Nabizi se také moznost jejich uplatnéni pro produkci biomasy pro energetické ucely
(URI et al. 2009; AOSAAR et al. 2012), i kdyz pravdépodobné ne v takovém métitku

jako u plantazovych porostt rychle rostoucich dievin.

3.6.5. Jasan ztepily (Fraxinus excelsior L.)

Jasan ztepily (Fraxinus excelsior L.) je vyznamna dfevina v rdmci celé Evropy a
vyznamné Casti Asie (KERR, CAHALAN 2004). Areal jeho vyskytu se ve sméru
rovnob&zkovém nachdzi v rozmezi od {ranu az po Irsko a ve sméru polednikovém od
jizni Skandinavie az do severniho Spanélska (PAUTASSO et al. 2013). Rod jasan také
v Severni Americe tvoii nezanedbatelnou slozku ptirodnich lesti (KASHIAN, WITTER
2011). Jasan je flexibilni druh, ktery lze nalézt ve velkém rozpéti ristovych podminek.
Vyskytuje se od pobieznich az po horské oblasti, a to zejména na svazich (STOHR,
LoOscH 2004). Roste od pionyrskych az po klimaxové lesy, a to na pidach jak na ziviny
bohatych, tak i chudych (DUFOUR, PIEGAY 2008). Je také dievinou s vysokou toleranci
k suchu a s nizkou citlivosti k mrazu, coz zn¢ho d€la dievinu potencidlné vhodnou
k ocekavanému oteplovani klimatu a ¢astéjSimu suchu (SCHERRER et al. 2011).

V sou¢asné skladb& lest jasan ztepily v CR zaujima 1,4 %, tedy vice neZ
dvojnésobek oproti piirozené skladbé (MZE 2014). V lesnich ekosystémech je jasan
zastoupen zejména jako piimiSend dfevina v celé¢ fadé spoleCenstev, pfiCemz jen
malokdy dosdhne dominance (ELLENBERG 2010). Jasan oproti vétSin¢ dievin mirného
pasma ma zvySené pozadavky na dobrou dostupnost dusiku, také vyzaduje dostatecnou
zasobu vymeénnych kationtd (HOFMIESTER et al. 2004). V podhorskych a nizsich
horskych oblastech stfedni Evropy je jasan zastoupen zpravidla ve smiSenych
aluvialnich porostech s olsi — v asociaci Carici remotae-Fraxinetum (NEUHAUSLOVA,
KANA 1999; MATUSZKIEWICZ 2008). Aluvialni lesy mirného pasu jsou zpravidla
charakteristické bohatymi rostlinnymi spolecenstvy s vysokou strukturalni rozmanitosti
(SzyMURA et al. 2010). Ve stejnovékych Cistych jasaninach se udrzuje vysoka hustota
porostl jen vzacné (GOFF et al. 2011).

Jasan jako rod byl v minulosti v podstaté¢ bezproblémovou dievinou (BARNES,
WAGNER 2003). V poslednich dvou desetiletich v fad¢é oblasti Evropy expanzi jasanu

ztepilého znacné limituje jeho odumirani (BAKYS et al. 2009). V soucasnosti je vyrazné
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ohroZzen mnoha hrozbami (DOBROWOLSKA et al. 2011). Vyraznou aktudlni hrozbou
jasanu zahrnujici hmyzi Skidce je zejména brouk Agrilus planipennis, ktery je
ptivodnim druhem ve vychodni Asii a mize zahubit aZ 85 % zdravych jasant v lesnich
porostech v rozmezi 3-5 let (POLAND, MCCULLOUGH 2006). V Severni Americe
zpusobil tento hmyzi sktidce tthyn jiz miliont jedinct jasanu (SIEGERT et al. 2007). Tato
hrozba vsak vCR méa prozatim jen okrajovy vyznam v porovnani s
houbou Hymenoscyphus fraxineus, v jejimz duasledku dochdzi k rozsahlému
odumirani jasanil ¢i k vyraznému snizovani jejich pocetnich stavli (ORLIKOWSKI et al.
2011). Odumirani jasani zpiisobené houbou Hymenoscyphus fraxineus bylo poprvé
zaznamenano v Polsku v 90. letech 20. stoleti (KOWALSKI 2006) a rychle se rozsifilo do

vetsiny vychodni, stiedni a severni Evropy (SKOVSGAARD et al. 2010).

3.7. Modelovani lesnich porostit

Les je dynamicky systém, ktery vyvojem a zménami podléhd velkému poctu
biologickych, ekologickych a socioekonomickych faktorti (FABRIKA, PRETZSCH 2011).
Od pocatku rozvoje lesnickych disciplin v 18. stoleti, jakoZzto samostatnych védnich
obor(, se snazi odbornici tyto pficinné vnéjsi a vnitini faktory a vztahy, které se v lese
vyskytuji, zachytit ve zjednoduseném pojeti pomoci matematickych algoritmi a
ristovych modelt (ADAMEC 2015). Prvnim pokusem o zavedeni kvantifikace vlivu
téchto faktoru bylo vytvofeni bonifika¢niho systému, ktery se snazil agregovat vliv
vnéjsich faktori prostiedi lesa na riist, coz je v podstaté integralni soucasti riistovych
tabulek (FABRIKA, PRETZSCH 2011). Od konce 18. a pocatku 19. stoleti byly vyvinuty
prvni ristové tabulky pro stejnoveké porosty (PAULSEN 1795; VON COTTA 1821; HARTIG
1868). Nasledny vyvoj rustovych tabulek (SCHWAPPACH 1893; WIEDEMANN 1932) byl
jiz zalozen na vysoké empirické urovni a tyto tabulky byly posléze vytvoteny i pro
smiSené stejnoveké porosty (WIEDEMANN 1939). V soucasné dobé¢ riustové simulatory
lesa, tj. simula¢ni modely, umoznuji pro zvolené¢ podminky prostiedni, vychodiskovy
pocet stromi v nestejnovékém smiSeném porostu a pro dany péstitelsky zameér

spolehlivé prognozovat vyvoj porostu (PRETZSCH 2007; FABRIKA, PRETZSCH 2011).
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3.7.1. Riistové modely

Vypocet porostnich charakteristik je vzdy vazan na zékladni parametry jako jsou
tloustka stromt, vyska stromi a déle ptipadné Sitka koruny a jeji tvar. Tento vypocet je
proto zalozen pfevazné na regresnich modelech vyskovych ¢i objemovych kiivek pro
jednotlivé dieviny s rdznym poctem promeénnych a koeficientd (MIKITA, KLIMANEK
2013). Zatimco pro modelovani vysky (HALAJ 1959; MICHAILOFF 1943; NASLUND 1947,
SMELKO 1987; SCHMIDT et al. 2011; SHARMA, BREIDENBACH 2015) nebo objemu
(HALAJ 1955; NASLUND 1947; PETRAS, PAJTIK 1991) existuje velké mnozstvi modelt,
tak modelovanim §itky koruny (TEMESGEN et al 2005; THORPE et al. 2010; SHARMA et
al. 2016a) anebo Stihlostniho kvocientu (VOSPERNIK et al. 2010; BOSELA et al. 2014;
SHARMA et al. 2016b) se zabyva pouze nékolik praci.

Z hlediska opodstatnénosti modelovani Sitky koruny (CW) se rozméry koruny ¢asto

vyuzivaji pro kvantifikaci vySkového a tloustkové rhstu stromii (KORHONEN et al.
2006). Vzhledem k tomu, Ze velikost koruny je siln¢ korelovana s ristem stromu, tak
méfeni korunové projekce je mnohdy pouzivano k vyvoji rustovych modeli, které
slouzi jako dulezity néstroj pro rozhodovani v lesnim hospodaistvi (CANAVAN, RAMM
2000; PRETZSCH 2009). Rozméry koruny jsou také pouzivany jako prognostické
proménné v jednotlivych ristovych modelech stromt (VACEK, LEPS 1987,
HASENAUEREM, MONSERUD 1997), mortalitnich modelech (MONSERUD, STERBA 1999)
nebo modelech vypo¢tu nadzemni biomasy (KUULUVAINEN 1991; TAHVANAINEN,
FoRrSs 2008). Rozméry koruny se pouZzivaji k posouzeni vitality stromu (ASSMAN 1970;
HASENAUEREM, MONSERUD 1996), kvality difeva (KERSHAW et al. 1990; KUPREVICIUS
et al. 2014), odolnosti proti vétru (NAVRATIL 1997) nebo hustoty porostu (CLUTTER et
al. 1983).

Zjistovani Sitky koruny vSech stromtl v porostu je oproti méfeni DBH a vysky
casove 1 financné nékladné, a to zejména v hustych porostech, kde se jednotlivé koruny
piekryvaji (SHARMA et al. 2016a). Pokud jsou k dispozici rozméry korun dostatecného
poctu stromill s ostatnimi proménnymi jednotlivych stromd a porostu, tak 1ze CW
modely vytvofit pomoci funkci téchto zékladnich dendrometrickych veli¢in (CONDES,
STERBA 2005; Fu et al. 2013). CW modely jsou alometrické modely bézné vyvinuté za
pouziti DBH jako jediné prognostické proménné (SONMEZ 2009; PRETZSCH et al. 2015).
Avsak tyto alometrické modely mohou byt do zna¢né miry zkreslené, protoze jsou

ovlivnény dal§imi parametry stroml (napt. vyskou, Stihlostnim kvocientem, délkou
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koruny, vySkou nasazeni zelené koruny) a porostu (bonitou, hustotou). Tento
predpoklad Ize eliminovat prostfednictvim integrace téchto proménnych do CW modelt
(HAO et al. 2015; SHARMA et al. 2016a).

Rozméry koruny jsou znaéné ovlivitovany hustotou porostu a konkurenci okolnich
stromti (THORPE et al. 2010; SHARMA et al. 2016a), a proto je nutné zahrnout tyto
parametry do CW modelovani (DAVIES, POMMERENING 2008; HAO et al. 2015).
Konkuren¢ni soutéz se miize vypocitat bud pomoci prostorového uspotradani
jednotlivych stromt (prostorové explicitni konkurenéni modely) anebo bez prostorové
distribuce stromu (prostorové neexplicitni modely). Z hlediska prostorové explicitnich
konkuren¢nich modeli bylo odvozeno pouze malé mnozstvi CW modela (DAVIES,
POMMERENING 2008; THORPE et al. 2010), avSak vSechny pouzivaji jako proménné
pouze DBH a nékteré i zdkladni konkurencni parametry. Tyto pfistupy nezahrnuji vliv
ndhodnych efektl (napf. heterogenity), které mohou byt zahrnuty pii modelovani
smiSenych efektti (PINHEIRO, BATES 2000; SHARMA, BREIDENBACH 2015), pfi¢emzZ se
docili vyssi presnost CW modelti (SHARMA et al. 2016a).

Pti pohledu na modelovani Stihlostniho kvocientu (HDR); HDR vyjadfuje miru

statické stability stromu nebo porostu. Obecné plati, ze niz§i hodnota HDR znamena, ze
stromy s vétsi hodnotou HDR (SHARMA et al. 2016b). HDR tedy miZe byt pouzit jako
spolehlivy ukazatel k vyhodnoceni stability stromu ¢i odolnosti porostu proti snéhové
z4t€z1, ndmraze nebo vétru (JTAO-JUN et al 2003; WALLENTIN, NILSSON 2014). Vysoky
HDR je uzce spojen se zvySenym rizikem vyskytu vyvratii a zlomi zpisobenych vétrem
a sné¢hem (SCHUTZ et al. 2006; VALINGER, FRIDMAN 2011). Mnozstvi studii (O'HARA,
OLIVER 1999; VOSPERNIK et al. 2010; SCHINDLER et al. 2012; MITCHELL 2013)
potvrdilo silnou korelaci mezi HDR a zranitelnosti porosti zptisobené Skodami snéhem
a vétrem. HDR lze také vyuzit k hodnoceni mechanickych vlastnosti dieva, pficemz
stromy s niz§i hodnotou HDR maji vys$$i maximalni moment ohybu (PELTOLA 2006).
Vysoky HDR vét§inou znamena, ze strom roste v hustém porostu pod vyraznym vlivem
sousednich stromt a z tohoto diivodu mohou byt tyto porosty zranitelné (SHARMA et al.
2016b). HDR modely tedy musi brat v Givahu nejen porostni charakteristiky, ale i vliv
péstebnich opatieni (KONOPKA, KONOPKA 2003; ALBRECHT et al. 2012).

Hodnotu HDR Ize odvodit pfimym vypoctem pies méieni stroml v porostu nebo ji
odecist nepifimou metodou z diive odvozenych modeli. Obecné vSak plati, Ze

samostatné HDR modely se nepouzivaji k odvozeni HDR, ale na misto toho jsou
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aplikovany vyskové modely zavislé na DBH (SHARMA et al. 2016b). Vzhledem k tomu,
ze tyto modely jsou Casto konstruovany z odliSného souboru dat a parametry modelu
nejsou odvozeny soucasné, HDR zjiStény ztéchto modelll mize byt vyznamné
zkresleny (HASENAUER et al. 1998). Urcitd zaujatost spojena s témito modely tak mitize
mit za nasledek zna¢nou odchylku odvozeného HDR od reality. Kvalitni vyvoj HDR
modeli je mozny pouze tehdy, kdyz datovy soubor reprezentuje piesné zmeétfené
vSechny stromy a porostni charakteristiky, a to v¢etné bonity a hustoty porostu (cf.
SHARMA et al. 2016b). Variabilita HDR v ramci stejné dieviny a stejného porostu zavisi
na stromovém rozestupu. Vliv hustoty porostu a konkurence stromi na HDR jsou
vysoké (SLODICAK 1995; NYKANEN et al. 1997; SLODICAK, NOVAK 2006; MITCHELL
okolni konkurence a naopak nejvys$sich hodnot stromy pifi maximalni hustoté porostu
(NYKANEN et al. 1997; VOSPERNIK et al. 2010). HDR se méni s porostnimi
charakteristikami (vékem, hustotou porostu), dfevinou (jeji vySkou, kofenovym
systémem, Sitkou koruny, provenienci) a stanovistnimi poméry (svahem, nadmotskou
vyskou, expozici, pidni vlhkosti, obsahem zivin v pid¢) — (NYKANEN et al. 1997;
HOMEIER et al. 2010; BOSELA et al. 2014). Pro pfesnost HDR modelu je tedy nezbytné
zahrnout do vypoctu uvedené porostni a stanoviStni parametry, a to zejména hustotu
porostu, konkurenci a bonitu, a to nejen pouze DBH a vysku stromu, jak se to Casto
aplikuje.

Konkuren¢ni parametry mohou byt vypocteny jako u CW modeld, a to bud’ pfi
vyuziti prostorového rozmisténi stromli anebo i1 bez soufadnic jednotlivych stromi. I
presto, ze nékteré studie prokéazali vztah mezi HDR a zranitelnosti stromt k poskozeni
vétrem a snéhem, pouze do nckolika malo HDR modeli byly zahrnuty proménné
hodnoty, popisujici hustotu porostu, konkurenci a bonitu stanovisté (VOSPERNIK et al.
2010; BOSELA et al. 2014). Nicmén¢ zadna z téchto studii nebere v tivahu prostorové
usporadani stromti kromé prace SHARMA et al. (2016b). Vzhledem k rozsiteni smrku v
Ceské republice a ke skute¢nosti, Ze je povazovan za mnohem nachylngjsi k poskozeni
silnym vétrem nez ostatni dfeviny (PELTOLA et al. 2000; ALBRECHT et al. 2012), jsou

tyto HDR modely pro smrk velmi pfinosné.
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3.7.2. Riistové simulatory

V soucasné dobé modelovani struktury a vyvoje lesnich ekosystémi nabyva stale
nastrojem pro podporu planovacitho a rozhodovaciho procesu nejen v lesnim
hospodarstvi (FABRIKA, PRETZSCH 2011). Rustové simulatory lesa jsou zakladnimi
nastroji pro zkoumani dopadu rtiznych scénaiti a pomoci nich lze urcit optimalni feSeni
managementu v praktickém lesnim planovani (HYYTIAINEN et al. 2006; PRETZCH et al.
2008; HARKONEN et al. 2010). Existuje velky pocet pokrocilych simula¢nich modelt
pro predikei ristu lest v riznych ¢astech svéta, napi. model MELA, ktery se pouziva
pfi planovani v lesich ve Finsku (SHTONEN et al. 1996), SILVA vyvinuty v Némecku
(PRETZSCH 2002), dale rakousky PrognAus (LEDERMANN 2006), finsky MONSU pro
vicenasobné planovani lesniho hospodarstvi (PUKKALA 2001) a slovensky model
SIBYLA (FABRIKA, DURSKY 2005).

Ristové modely Ize podle metod modelovani rozdélit na tii zakladni typy modelt.
Prvni jsou empirické modely (FOREST, SIBYLA), které se sDustfed’'uji na zménu
biDmetrickych veli¢in v c¢ase. JsIu DdvIxeny statistickymi metDdami na zakladé
experimentalnich méfeni. Strukturdlni mDdely (GROGRA, GrolMP) se zaméfuji na
vyvD mDf0Deie jednDilivych strDmil. Procesni mDdely (FDrest-BGC, Tree-BGC) se
vénuji mDdelDvani pfi¢innych prDrest, vyuzivaji algDritmy napDdDbujici fyziDDeické
procesy. RustDvé mDdely lze dale klasifikDvat pDdle casDvé-hierarchické urDvné.
RIxlisuji se: mDdely ekDfyziDDeické (SPRUCE, BIOMASS), strDmDvé (SIBYLA,
SILVA), pIrDstni (DFSIM, STAOET), sukcesni (JABOWA, FORCLIM) a biDmDvé
(HOLDRIDGE, BIOME-BGC). MDdely jsDu pDstupné fazeny Dd maléhD prDstDxyDvéhD
a ¢asDvéhDdetailu (Drgan) az pDr¥sahly kDmplex (krajina). Tteti klasifikace mDdeld
podle hierarchicko-prIstlxDvé urDvné se vyuziva pii sledDvani chDvani lesnich
ekDystému p[d vlivem ménicich se pDdminek. TatDklasifikace r[¥¢leiiuje mDdely na:
biDmDv¢é mDdely (BIOME, Holdridge), strDmDvé ekXyzildDzické mDdely (BALANCE,
TRAGIC), strDmDvé funkéné-strukturdlni mDdely (GROGRA, GroIMP), strDmDvé
empirické mDdely zavislé na pIricich (MOSES, SIBYLA), strDmDvé empirické mDdely
nezavislé na plricich (PROGNAUS, BWIN), strDmDvé¢ ,,Gap* mDdely (FORMIND,
JABOWA), frekvenéni ,,Gap* mDdely (FORMIX, FLAM), frekvencéni pIDpulaéni
modely (LANDIS, LANDSIM), pDpula¢ni a druhDvé mDdely (STAOET, DFIT),
mDdely funk¢nich typtt (FORMIX, FORMIND), mDdely dynamiky ,,Gap* skupiny
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(MOSAIC, ROPE), -ekofyziologick¢é modely ,Big Leaf* (PnET, 3-PG) a
ekofyziologické modely primérného stromu (GOTILWA, SPRUCE) — (FABRIKA,
PRETZSCH 2011).

V nasich podminkach je nejcastéj$i pouzivany ristovy model biodynamiky lesa
SIBYLA, ktery lze zatadit do stromovych empirickych modeld zavislych na pozicich
simulujici rast a mortalitu stromil, pfi¢emz pozice stromu urcuji piirtst a velikost
konkurenc¢niho tlaku (FABRIKA, PRETZSCH 2011). Je vytvofen na principech ristového
simulatoru, jenZ se snazi co nejvérohodnéji napodobovat jak chovani lesniho porostu
jako celku, tak 1 jednotlivych stromd jako soucasti lesniho ekosystému.
Je parametrizovan pro podminky Ceské republiky, Némecka a Slovenska a pro hlavni
jehli¢naté dieviny: smrk, jedli a borovici a pro listnaté dieviny: buk a dub (FABRIKA
2005). Zakladni principy slovenského simulatoru SIBYLA (FABRIKA 2005) vychazi
z rastového simulatoru SILVA vyvinutého v Némecku (PRETzZSCH 2002). Simulétor
SIBYLA se sklada z mortalitniho modelu, modelu ptirozené obnovy lesa, kalamitniho
modelu, probirkového modelu, konkurenéniho modelu, pfirGstového modelu a
kalkula¢niho modelu.

Simulatory lesniho ekosystému maji dlouhou historii vyvoje sahajici do 60. let 20.
stoleti. Jedna se napi. 0 model NEWNHAM (1964) nebo VUOKILA (1965) — (HARKONEN
et al. 2010). Vyvoj a pouziti rGstovych modell znaéné zvysilo v poslednich dvou
desetiletich s vyvojem pocitacové techniky schopné vykonévat rozsahlé komplexni
simulace a naroc¢nou analyzu dat (WEISKITTEL et al. 2011). Simulatory lesniho
ekosystému napodobuji chovani lesnich ekosystémi ve formé pocitacového programu,
od kterého se vSak simulator odliSuje vyuZitim riznych typil lesa. Jeho podstatou je
vyuziti vice dievin, stromt rdzného véku i v bohat¢ strukturovaném porostu. Ristovy
simulator by také m¢l reagovat na okolni rozmanité podminky piirodniho prostiedi,
zejména zménu klimatu, a rozdilny management a péstebni opatfeni s moznosti jejich
proménlivosti v ¢ase. Simulator by mél predpovidat vyvoj struktury lesa, jeho biomasy,
produkce, biodiverzity, vynosi a nakladi (FABRIKA, PRETZSCH 2011). Rustové
simulatory nejsou rustové tabulky pievedené do pocitacového programu. Ristové
tabulky jsou vytvofené pouze pro jeden typ porostu, pro stejnovéké monokultury
s plnym zakmenénim (FABRIKA 2005).

Rustové simulatory mohou nalézt vysoké uplatnéni v lesnim hospodatstvi v mnoha
smérech. Mezi hlavni vyhody pouziti simuldtor patii vytvareni kratkodobych prognoz

pro planovaci ucely ¢i analyzy dlouhodobé predikce vyvoje lesnich porosti v rdmeci
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riznych typl hospodafeni ¢i vychovnych zésahii a jejich optimalizace (ZAcH 2001;
WEISKITTEL et al. 2011). SimulatDry lesnich ekDsystémi také umDznuji strategické
rDzhDdDvéni napiiklad v dfevDzpracujicim primyslu, pfi¢emZ jsDu schDppyedvidat
t&zebni mDznDsti i zapDmDci udajii znventarizace (DURSKY 2001). Se stale se
zvySujicim vyznamem mimDprDdukénich funkci lesa a certifikace rDsté vyuzitelnDst
rustDvych simulatDri wywDdDbé hDdnDceni diverzity pDrDstli etnymi strukturadlnimi
indexy. Mezi dalsi mDznDstijejich aplikace patii DdvDzeni etatu predmytnich tézeb,
nahrazeni ristDvych tabulek nebD vyuziti jakD wucebni pDmicky prD trénink
uskuteciiDvani riznych hDspDdarskych Dpatieni pfi vychDve lesZ4CH 2001; FABRIKA,
PrRETZSCH 2011). Velky vyznam uplatnéni ristDvych simulatDra je také pii anayze
vlivu klimatickych zmén na rast lesa. Na zakladé klimaticky DrismtDvanych rastDvych
mDdelt je mDzZné tytD ristDvé simulatDry vyuzit prD rDzbDr vlivu klimatetkzmén na
prDdukeci a stabilitu lesa a najit Dptimalni managementDvé feSenve fDrmétvorby smési

vhDdnych dfevin ¢i vychDvnych zasahti PRETZSCH et al. 2008).

4. Metodika

4.1. Charakteristika zajmového uzemi

Hlavnim zajmovym tzemim pro zhodnoceni struktury a vyvoje smiSenych lesnich
porosti byla Sudetska soustava, piedev§im CHKO Orlick¢ hory, CHKO
Broumovsko, Krkono$sky narodni park a Karkonoski Park Narodowy v Polsku. Tyto
porost byly pouzity pro analyzy jejich struktury a vyvoje véetné piirozené obnovy. Pro
modelovani Stihlostniho kvocientu a §itky korun byla navic pouzita rozsahla soustava
100 trvalych vyzkumnych ploch (TVP), nachazejicich se v 18 ptirodnich lesnich
oblastech s tézistém v Sudetské soustavé (SHARMA et al. 2016a, 2016b). Sit TVP
pokryva siroky vysSkovy gradient (240—1370 m) s rozpétim primérnych roc¢nich teplot
4-9,5 ° C a thrnem pramérnych ro¢nich srazek 500 az 1450 mm. Délka vegetacniho
obdobi se pohybuje vrozmezi 55-180 dnd. TVP byly zalozeny v rdmci feSeni
vyzkumnych projekti Vyzkumného ustavu lesniho hospodafstvi a myslivosti,
Vyzkumné stanice Opoéno a Fakulty lesnické a dievaiské, Ceské zemddélské univerzity
v Praze. Na Obr. 8 je znazornéna lokalizace vybranych TVP pro studium struktury a
vyvoje smiSenych porosti a v Pfil. 1 je uveden podrobny popis hlavnich TVP

nachazenich se v Sudetské soustave.
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Obr. 8: Lokalizace TVP s obrysem piirodnich lesnich oblasti; bile znacky znazornuji
TVP hodnocené vkap. 6.1. ,,Obnova lesnich porosti“, Sedé znacky v kap. 6.2.

»Struktura lesnich porosti* a ¢erné znacky v kap. 6.3. ,,Modelovani lesnich porosta®.

Krkonosim jako nejvysiimu pohoii v CR byla vénovéana nejvétsi pozornost. Na
uzemi narodnich parkt Krkono$§ byl vyuzit systém 62 TVP (probihajici vyzkum jiz od
roku 1980) od 4. do 8. lesniho vegetacniho stupné. Tyto TVP reprezentuji zejména
prirod¢ blizké smisené, bukové a smrkové porosty v riznych stanovistnich podminkach,
s riznym stupném vlivu imisi a typem hospodareni. Velka ¢ast vyzkumu byla také
vénovana smisenym porostim na byvalych zeméd¢€lskych ptdach, zejména pak olsi
lepkavé a jasanu ztepilému. Nejvétsi pozornost byla pfitom vénovana lokalitdm
Bazinky, Rychorsky prales, Boberska stran, Chojnik, Lomniczka, Strma stran, Pod
Voseckou boudou, Vaclavak, Suchy Dil, LyseCiny (VACEK, LEPS 1987; VACEK, LEPS
1996; VACEK et al. 2010; ZAHRADNIK et al. 2010; VACEK, VACEK, SCHWARZ et al.
2009, 2010; VACEK et al 2012; VACEK et al. 2015¢).

V Orlickych hordch a Broumovsku byla vyuzita data ze 46 TVP ve vyskovém
gradientu vrozmezi 420-1095 m n. m. TVP sahaji od bohaté strukturovanych

smiSenych sutovych porostt, ptes jedlobukosmrkové porosty, az po ptirodni rezervace
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horskych raselinnych smréin. V Orlickych horach se jedna o NPR Trc¢kov, NPR
Bukacka, PR Cemy dil, PR Pod Vrchmezim, PR Sedlonovsky vrch, PR Komafi vrch
(VACEK et al. 2013, 2014a, 2014b), v CHKO Broumovsko méfeni probihalo zejména
v Evropsky vyznamné lokalité¢ Kozinek a v NPR Broumovské stény (VACEK et al.
2015b). Pozornost byla vénovdna i smiSenym porostim s dominantnim smrkem
ztepilym, olsi lepkavou, modfinem opadavym a javorem klenem zaloZenych na

byvalych zeméd¢€lskych ptidach, a to zejména v oblasti Neratova v Orlickych horéch.

4.1.1. KrkonoS$sky narodni park

Krkonose jsou jediné uzemi v Ceské republice, kde je v pomémé velké Gasti
zastoupen subalpinsky vegeta¢ni stupenl a nachazi se zde i arktoalpinskd tundra.
KrkonoS$sky narodni park s rozlohou 36 300 ha byl vyhlasen v roce 1963, ktery se déle
zvétsil o ochranné pasmo o vymeéire 18 642 ha. Hlavnim divodem ochrany byl
mimotradny prirodovédecky a védecky vyznam Krkonos. Z celkové vyméry lesy
pokryvaji 67 % (SCHWARZ 1997). Na severnich polskych svazich byl ziizen narodni
park v roce 1959 s vymérou 5 560 ha. Od roku 1992 jsou Krkonose v podob¢ bilateralni
biosférické rezervace KrkonoSe/Karkonosze zatazeny do svétové sité biosférickych
rezervaci UNESCO (FLOUSEK et al. 2010).

V Krkonosich se nachazi neobvykle velké mnozstvi glacidlnich reliktl a endemitt
(cf. JENIK 1998). Alpinské travniky, porosty borovice kleCe, spolecenstva kart,
subarkticka raSeliniSté, horské smrkové, smrkojedlobukové a bukové lesy reprezentuji
biodiverzitu, jez je v &eskych pohofich unikatni (JENIK et al. 1994; JENIK, STURSA
2003).

Historicky je tato pfirodni lesni oblast dlouhodobé ovliviiovana ¢lovékem. Do 13.
stoleti byly Krkonose pokryty pfevazné pralesy smrku, jedle, buku a kle¢i nad horni
hranici lesa. Od 13. stoleti vSak vlivem kolonizace dochazelo k postupnému snizovani
rozlohy lesa vrcholici prelomem 15. — 16. stoleti a zapiic¢inéné expandujicim hornickym
1 sklafskym primyslem (LOKVENC 1978). S nové€ vzniklymi rozsdhlymi holose¢emi, na
kterych byl kvali ekonomické rentabilité vysazovan hlavné smrk, doslo k uplné
transformaci druhové skladby. Autochtonni bohaté strukturované stabilni lesni porosty
byly pifeménény na vysoce labilni stejnovéké smrkové monokultury. Nasledné
pocatkem 19. stoleti dochazelo k masivnimu naruSovani pfirodnich ekosystému

Krkono$ diky rozsdhlym pastvindm pro dobytek na tkor pfedevsim kosodfeviny, ale i
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buku. Ve druhé poloviné 20. stoleti také lesni ekosystémy negativné ovlivnily imise,
predevsim pak vysoké koncentrace SO, (PRUSA 2001; KRAL et al. 2015; VACEK et al.
2015c). V soucasné druhové skladbé v narodnim parku dominuje smrk ztepily s 86,7 %
(ptirozena skladba 49,4 %), borovice kle¢ s 6,9 % (pfirozena skladba 6,1 %) a buk lesni
$s2,6 % (pfirozena skladba 26,7 %). Jedle bélokora v ptirozené druhové skladbé
dosahovala 15,6 %, v soucasnosti zaujiméa pouze 0,1 % (Tab. 1) — (SCHWARZ et al.
2010; VACEK, MOUCHA et al. 2012).

Tabulka 1: Soucasnd, pfirozena a optimalni druhova skladba Krkonosského narodniho

parku (SCHWARZ et al. 2010).

Drievina Soucasna druhova  Pfirozend druhova Druhova skladba
skladba (%) skladba (%) optimalni (%)
jedle bélokora 0,1 15,6 9,2
borovice kle¢ 6.9 6,1 6,1
modfin opadavy 0,9 0,0 0,0
smrk ztepily 86,7 494 49.0
buk lesni 2,6 26,7 30,4
jefab ptaci 0,6 1,30 2,4
ostatni listnace 2,2 0,9 2,9
jehli¢nany celkem 94,6 71,1 64,4
listnace celkem 5.4 28.9 35,7

Reliéf Krkonosského narodniho parku je vysledkem dlouhodobého pulsobeni
geomorfologického a geologického vyvoje. Z geologického hlediska jsou zde
zastoupeny zejména krystalické bridlice, zejména svory, fylity, ruly a ortoruly,
uprostied nichz se rozklada Zzulovy masiv (CHALOUPSKY 1983). Vyskyt bohatych
spolecenstev je vazan na vlozky amfibolit, kvarciti a vapnitych dolomiti (PRUSA
2001). Z pidnich typi zde ptevladaji podzoly, rankery, kryptopodzoly, kambizemé a
v mensi mife 1 organozemé a gleje (TOMASEK, ZUSKA 1983; PODRAZSKY, VACEK 1994;
VACEK, VACEK, SCHWARZ et al. 2010; PODRAZSKY, VACEK et al. 2010). Primérné ro¢ni
srazky se meéni s nadmotskou vysSkou v priméru od 590 mm do 1350 mm a pramérna

rocni teplota klesa s nadmotskou vyskou od 7,5°C do 0,2 °C. Dle Quitta (QuUITT 1971)
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je hiebenova oblast Krkono§ fazena do chladné klimatické jednotky CH4, stfedni
polohy do CH6 a nizsi do CH7.

Nejrozhlésenéjsi lesni vegetacni stupenn (LVS) v KrkonoSich je smrkobukovy (35,8
%), dale smrkovy (24,7 %), bukosmrkovy (18,2 %) a klecovy (14,4 %). V Ceské casti
Krkonos$ jsou vyrazné¢ dominantni SLT: 6K — kyseld smrkova bucina (17,3 %), 7K —
kysela bukova smrc¢ina (11,0 %) a nésledné hojné jsou zastoupeny 9Z — kle¢ (8,4 %).
V ceské casti Krkono§ jasné pievldda ekologickd tada kyseld (54,7 %), znacné je
zastoupena také tada extrémni (17,7 %) a zivna (13,1 %), v polské ¢asti Krkono$
dominuje ekologickd tada kyseld (47,4 %) a fada extrémni (35,1 %).
Z fytocenologického hlediska se jedna o rostlinna spolecenstva naleZejici do podsvazu
Eu-Fagenion a Acerenion a svazu Luzulo-Fagion, ve vysSich polohdch do svazu
Piceion excelsae, Castecné 1 do svazu Pinion mughi (MIKYSKA 1972).

Nejpodstatnéjsi ¢ast vyzkum probihala I. zéné¢ Krkonosského néarodniho parku,
zejména na lokalité Bazinky, Rychorsky prales a Boberska stran.

L. zéna NP Bazinky byla piivodné zfizena jako statni ptirodni rezervace v roce 1960,

na vyméte 33,4 ha se rozklada v nadmotské vysce 830—1 070 m. Vyzkumné aktivity
°C a thrn srazek se pohybuje okolo 1200 mm. Délka vegetaéni doby se pohybuje mezi
116-92 dny (VACEK, VASINA, MARES 1987). Geologické podloZi tvoii pfevazné fylity,
ruly a kvarcity. Pfevladajicim piidnim typem jsou svézi kambizemé, v okoli pramenist’
gleje ¢i oglejené kambizemé a ve vrcholovych partiich kryptopodzoly (PODRAZSKY,
VACEK et al. 2010). Jadro I. zony tvofi geneticky cenné produktivni smrkobukové
populace se zna¢né diferencovanou prostorovou a vékovou strukturou. Na zdjmovém
uzemi Bazinek ptfevazuji rostlinnd spolecenstva nalezejici do podsvazu Eu-Fagenion a
Acerenion a svazu Luzulo-Fagion, v nejvyssich partiich do svazu Piceion excelsae
(MIKYSKA 1972).

I. zéna NP Boberskd stran byla vyhlaSena jako statni ptirodni rezervace v r. 1963.

Nachazi se v nadmotské vysce 660-800 m a ma vyméru 18,6 ha. V této severni oblasti
(v okoli Hadi cesty) byly v roce 1980 zalozeny tfi TVP. Geologické podlozi zdjmové
lokality je tvofeno pifevazné fylity, krystalickymi bfidlicemi s dominanci svorl, a
metamorfovanymi diabasy. Ptevladajicim plidni typem v niZSich partiich je mezotrofni
kambizem. Délka vegeta¢niho obdobi dosahuje 135 dnli (VACEK, CHROUST, SOUCEK
1994). Pramérna ro¢ni teplota je 6 °C a thrn srazek kolisa okolo 860 mm (VACEK et al.

2015a). K nejcennéj$im stanoviStim patii autochtonni bohaté kvétnaté buciny az bohaté

48



horské sutové lesy nalezejici do asociace Dentario enneaphylli-Fagetum (MIKYSKA
1972).

I. zéna NP Rychorsky prales byla plivodné ziizena jako statni pifirodni rezervace

v roce 1976, a to na vyméte 143,0 ha a v nadmotské vysce 900—1 033 m. Geologické
podlozi zajmové lokality je tvofeno krystalickymi bfidlicemi a metamorfovanymi
diabasy. Vyzkumné¢ aktivity zde probihaji od r. 1980. Nahorni ploSina Dvorského lesa je
silné DvliviDvdana vrchODvym fenDménem. Délka vegetacni dlby ve vrchDDvych
partiich klesa na 90 dnli (VACEK, CHROUST, SOUCEK 1994). Primérné roc¢ni teplota se
pohybuje okolo 5 °C a Ghrn srazek je cca 1260 mm (VACEK et al. 2015a). Pievladajicim
pudnim typem je oligotrofni kambizem. V zdjmovém Uzemi se pievladaji druhové
chud¢ acidofilni vegetacni typy nalezejici do asociace Calamagrostis villosae-Fagetum

(MIKYSKA 1972).

4.1.2. CHKO Orlické hory

CHKO Orlické hory, vyhlasena vroce 1969, se rozklada na plose 20 400 ha v
nadmoiské vysce od 416 m na fece B€l€¢ do 1 115 m na vrcholu Velké Destné (VACEK,
MOUCHA et al. 2012). Celé tzemi CHKO je také chranénou oblasti pfirozené akumulace
vod a nékteré partie jsou zafazeny mezi evropsky vyznamné lokality soustavy Natura
2000. Z celkové vymery lesy pokryvaji 68 % (AOPK 2014). Z geologického hlediska je
pohoti soucésti orlicko-kladského krystalinika se zastoupenim zejména ortorul,
parabfidlic, svord, pararul a rul (HAJEK 2002). Nejhojnéji zastoupenymi ptidnimi typy
jsou kambizemé, kryptopodzoly a podzoly (VACEK, MOUCHA et al. 2012). Dle Quitta
(Quitt 1971) Orlické hory nélezi do klimatické oblasti CH3 a hiebenové polohy do
oblasti CH2. Ve vyssich polohach se pohybuji primérné rocni teploty okolo 4°C a v
podhtfi dlouhodoby primér dosahuje 7°C. Primérné rocni srazky stoupaji s
nadmoiskou vySkou od 850 do 1300 mm. Ze soucasné druhové skladby je nejvice
zastoupen smrk ztepily s 86,1 % (v pfirozené skladbé 32,1 %) a buk lesni s 5,4 % (v
prirozené skladbé 33,8 %). Jedle bélokora dosahuje pouze 0,6 %, pfiCemz v pivodni
druhové skladbé dosahovala 28,7 % (Tab. 2) — (VACEK, MOUCHA et al. 2012; AOPK
2014). Z fytocenologického hlediska se jedna o rostlinnad spoleCenstva nalezejici do

podsvazl Acerenion 1 Eu-Fagenion a svazu Luzulo-Fagion (MIKYSKA 1972).
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Tabulka 2: Soucasnd, pfirozend a optimalni druhova skladba CHKO Orlické hory
(AOPK 2014).

Dievina Soucasna druhova  Pfirozena druhova Druhova skladba
skladba (%) skladba (%) optimalni (%)
jedle belokora 0,6 28,7 2,9
smrk ztepily 86,1 32,1 74,7
buk lesni 5,4 33,8 15,1
olSe lepkava 2.8 0,2 0,9
jerab ptaci 1,1 0,3 0,2
btiza bila 1,6 0,3 0,8
javor klen 0,7 3,8 2,5
ostatni listnace 1,7 0,8 2,9
jehlicnany celkem 86,7 60,8 77,6
listnace celkem 13,3 39,2 22,4

V CHKO Orlické hory prfedmétem dlouhodobého zajmu byly zejména piirodni
smrkobukové porosty s vtrousenou ¢i primiSenou jedli bélokorou a javorem klenem
v NPR Trékov, NPR Bukacka, PR Cerny dil, PR Pod Vrchmezim a PR Sedlofiovsky
vrch. Hlavnim cilem ochrany téchto lokalit je uchovani pfirozenych spoleCenstev a
geneticky velmi cennych, vysoce produktivnich smrkojedlobucin (ekotypy ptivodniho
buku, smrku, jedle a klenu) a zachovéani velké druhové diverzity acidofilnich horskych
bucin v oblasti vrcholového fenoménu.

PR Cerny Dul se rozklada na ploe 26,4 ha ve vyskovém rozpéti 780 — 884 m n. m.
Ochrana této lokality byla vyhlaSena v r. 1954. Primérna ro¢ni teplota lokality ¢ini ca
5° C a ro¢ni uhrn srazek kolisa kolem 1 200 mm. Geologicky podklad tvofi migmatity.
Prevladaji kyselé modalni kambizemé, misty se vyskytuji kryptopodzoly (VACEK et al.
2014a). Jadro rezervace tvoii kvétnaté az kyselé buciny a jedlobuciny nalezejici do
podsvazii Acerenion i1 Eu-Fagenion a svazu Luzulo-Fagion (MIKYSKA 1972). Ve
stromovém patie zde dominuje buk, vtrouSen je smrk, klen, jetdb a jedle. Zbyvajici
piiblizné dv¢ tietiny rezervace tvoti druhotné smrkové porosty s ojedinéle vtrouSenym
bukem, klenem, jetdbem 1 jedli (svaz Piceion excelsae). V pramennych Zlebech se
nalézd pomérné bohata prameniStni vegetace nalezejici do svazu Cardamino-Montion

(WAGNEROVA 1976; VACEK et al. 2014a). Rezervaci obhospodaiuji Lesy CR, s. p.
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NPR Trékov se rozklada v nadmoiské vySce 760-920 m a jeji ochrana byla
vyhlaSena v r. 1982. Priméma ro¢ni teplota lokality se pohybuje okolo 5,5 °C a Ghrn
srazek kolisa kolem 1000 mm. Geologické podlozi tvoii pievazné krystalické biidlice
pedologického hlediska ptevazuji kyselé kambizemé, misty prechazeji v gleje a v
kryptopodzoly. Jadro rezervace tvoifi geneticky velmi cenné produktivni
smrkojedlobukové populace se znacné diferencovanou prostorovou a vékovou
strukturou a s relativné bohatou pfirozenou obnovou dfevin stromového patra, zejména
buku lesniho, smrku ztepilého, javoru klenu i jedle bélokoré (VACEK, PODRAZSKY 1992;
VACEK et al. 2013b). Bylinné patro je tvoieno béznymi druhy smrkojedlobucin
nalezejicimi piedevsim do podsvazl Acerion a Castecné 1 do Eu-Fagion a svazu Luzulo-
Fagion (MIKYSKA 1972).

PR Pod Vrchmezim se rozprostira se na plose 16 ha ve vySkovém rozpéti 890-1020

m n. m. Ochrana této lokality byla vyhlasena v r. 1960. Primérna ro¢ni teplota lokality
kolisa okolo 4° C a ro¢ni Ghrn srazek se pohybuje kolem 1200 mm. Geologicky podklad
tvofi svorova rula a graniticky svor. Pfevazné kysela kambizem je mirné skeletovita a
ojedinéle ptrechazi v kryptopodzoly. Svah rezervace je ¢lenén menSimi pramennymi
zleby, v nichz se vyskytuje stara jedlova bucina s javorem klenem, jefabem ptacim a
smrkem ztepilym se znacnou floristickou bohatosti. Mimo oblast pramenist’ je rozSifena
bukova smrcina s klenem a jefabem a ve vrcholovych partiich na casti 1 ¢istd smr¢ina
(VACEK, PODRAZSKY 1992). Jedna se pievazné o spoleCenstva nalezejici do podsvazii
Acerion 1 Eu-Fagion a svazu Luzulo-Fagion (MIKYSKA 1972).

PR Sedlonovsky vrch se rozklada ve vySkovém rozpéti 790-1050 m n. m. Ochrana

této lokality byla vyhlaSena v r. 1954. Primérna ro¢ni teplota lokality se pohybuje okolo
4° C a ro¢ni uhrn srazek kolisa kolem 1200 mm. Geologicka podlozi tvoii pievazné
svorové ruly a granitické svory. Z geologického hlediska pfevazuji kambizemé a v
nejvysSich partiich 1 kryptopodzoly. Jadro rezervace tvoii z pfirodovédeckého a
lesnického hlediska cenny smrkobukovy pralesovity utvar s vtrouSenym javorem
klenem a jedli bélokorou (VACEK, PODRAZSKY 1992). Bylinné patro je tvofeno pievazné
druhy smrkojedlobukovych porostii, nalezejicich vétSinou do svazu Luzulo-Fagion a jen
okrajové do podsvazu Acerion (MIKYSKA 1972).

NPR Bukacka lezi v nadmotské vySce 910—1 025 m. Ochrana této lokality byla
vyhlaSena v r. 1954 na vyméie 50,7 ha. Pramérna roéni teplota lokality je cca 4 °C, ahrn

srazek se pohybuje kolem 1 200 mm. Geologicky podklad tvoii svorové ruly a svory.
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Pfevazné silné kyseld modalni kambizem je vétSinou hlinitopisCitd, kamenitd az
balvanitd. Orlické hory, budované z chudsSich krystalickych hornin, se vyznacuji
prevahou acidofilni vegetace hercynského typu, takZe tim vice prekvapuje floristicka
bohatost této rezervace (VACEK, PODRAZSKY 1992). V chranéném uzemi pod
vrcholovym fenoménem se nachazi stard pralesovitd bucina se spolecenstvy,
nalezejicimi pfevazné do svazu Luzulo-Fagion (MIKYSKA 1972). Jeji stromové patro je
ve vrcholovych partiich rezervace s vyraznym vrcholovym fenoménem tvofeno
zakrslym bukem lesnim a pfimiSenym smrkem ztepilym, jefdbem pta¢im a javorem
klenem. Tato rezervace stejné¢ jako tfi predeSlé je obhospodaifovana Spravou lest

Kristina Colloredo-Mansteld Opocno.

4.1.3. CHKO Broumovsko

CHKO Broumovsko s rozlohou 41 000 ha byla vyhlasena v roce 1961. V soucasné
dobé lesnatost CHKO je 38 % (AOPK 2013). Primérna teplota se pohybuje v zavislosti
na nadmotské vysce (350-880 m) v rozmezi 5,5-7,0 °C a primérny ro¢ni uhrn srazek je
650—-1000 mm. Z geologického hlediska se na izemi CHKO nachazi zejména slinovce,
slepence a piskovce (PRUSA 2001). Z pedologického hlediska prevazuji kambizemé a
podzoly, hojné jsou zastoupeny litozemé a kryptopodzoly (VACEK, MOUCHA et al. 2012;
AOPK 2013). Rozhodujici zastoupeni ma 5. LVS (45,7 %), dilezity je i podil 4. LVS
(27,9 %) a 6. LVS (18,1 %). V téchto LVS je nejvice zastoupena fada kysela a zejména
edafické kategorie K (32,8 %) — (AOPK 2013). Ze soucasn¢ druhové skladby je nejvice
zastoupen smrk ztepily s 71,3 % a buk lesni s 7,4 % (Tab. 3) — (VACEK, MOUCHA et al.
2012; AOPK 2013). Z fytocenologického hlediska ptevladaji kvétnaté a acidofilni
buciny svazu Fagion a Luzulo-Fagion a dubohabiiny svazu Carpinion.
Nejzachovalejsimi ptirozenymi lesnimi spolecenstvy jsou reliktni bory na kvadrovych
piskovcich (svaz Dicrano-Pinion) a sutové lesy (svaz Tilio-Acerion) — (MIKYSKA

1972).
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Tabulka 3: Soucasnd, pfirozena a optimalni druhova skladba CHKO Broumovsko

(AOPK 2013).

Dievina Soucasna druhova  Pfirozena druhova Druhova skladba
skladba (%) skladba (%) optimalni (%)
jedle belokora 0,5 22,5 3,0
smrk ztepily 71,3 11,3 64,6
borovice lesni 6,6 1,9 7,0
modiin opadavy 5,6 0,0 0,0
ostatni jehli¢nany 0,3 0,0 0,0
buk lesni 7,4 54,8 16,6
duby 0.4 1,9 0,9
btiza bila 3,9 1,3 3.4
javor klen 1,6 1,4 1,7
olse lepkava 1,1 0,8 0,8
ostatni listnace 1,3 4,1 2,0
jehli¢nany celkem 84,3 35,7 74,6
listnace celkem 15,7 64,3 25,4

V CHKO Broumovsko byly pfedmétem dlouhodobého vyzkumu zejména piirodni
smisené sut'ové porosty s dominantnim bukem lesnim, javorem klenem a lipou srd¢itou
v Evropsky vyznamné lokalité¢ Kozinek a v NPR Broumovské stény.

Evropsky vyznamna lokalita Kozinek je jednim z typti chranénych tizemi v ramci

soustavy  NATURA 2000. Lokalita je vyznamna ptedev§im hojnym vyskytem
prioritniho biotopu sut'ovych lest spolu s biotopy skalnich vychozii a rovnéz zna¢nou
rozlohou kvétnatych bucin. Nadmoiska vyska lokality je 378—504 m. Svahy udoli jsou
hluboce zatiznuty do opukovych plosin. Ve svazich jsou ¢etné skalni vychozy slinovce.
Geologicky podklad tvofi ptevazné kiidové sedimenty (VEJILUPEK 1986). Prevladajicimi
pudnimi typy jsou pararendziny a kambizemé (MIKESKA et al. 2000). Z klimatického
hlediska lokalita Kozinek nalezi do mirné teplé oblasti (QUITT 1971) s primérnou rocni
teplotou 7,2°C a rocnim uhrnem srazek 742 mm (TOLASZ et al. 2007). Sutové lesy jsou
tvofeny rostlinnymi asociacemi Aceri-Carpinetum, Mercuriali-Fraxinetum a v mensi

mite 1 Lunario-Aceretum, kvétnaté buciny asociacemi Aceri-Fagetum a Asperulo-
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Fagetum, kterd je prechodem mezi bu€inami a sutovymi lesy (cf. FALTYSOVA et al.
2002).

NPR Broumovské stény (450-770 m n. m) je soucasti Broumovské kotliny tvofici

prikré a mirné jihozapadni svahy rozbrazdéné skalnimi roklemi a kanony. Je tvofena
kvadrovymi kifemitymi piskovci. Pidy jsou prevazné modalni kambizemné a kambické
rankery. Primérnd ro¢ni teplota kolisa okolo 6,1 °C a ve vegetaénim obdobi se
v priméru pohybuje okolo 12,2 °C. Primérné ro¢ni srazky jsou 857 mm a ve
vegetacnim obdobi 473 mm (VACEK et al. 2015b). Z hlediska potencialni vegetace
prevazuji kvétnaté buciny (Dentario enneaphylli-Fagetum) a bikové buciny (Luzulo-

Fagion; MIKYSKA 1972). Obé tato chranéna uzemi obhospodatuji Lesy CR, s. p.

4.2. Sheér dat
4.2.1 Struktura a vyvoj porostii

Sbér dat probéhl na trvalych vyzkumnych plochach (TVP) o velikosti 50 x 50 m a
rozmérech 62,5 x 40 m (0,25 ha), v ostatnich pfipadech pak s ohledem na mensi vyméru
porostni skupiny ¢i charakteru reliéfu byla pfi zalozeni volena i mens$i velikost
pravouhlé plochy. Pro stanoveni struktury piirozené obnovy, stromového patra dievin,
fragmentli odumtelych stojicich a lezicich stroml a korunovych projekci bylo na TVP
pouzito technologie FieldMap (IFER-Monitoring and Mapping Solutions Ltd.).
Stromové patro bylo dle stromovych tfid rozdéleno na horni etdZ (stromy nadiroviové
a uroviiové) a dolni etdz (stromy podiroviiové — vrastavé a zastinéné a potlacené —
zivotaschopné a odumirajici), pficemz byli méfeni vSichni jedinci, jejichz vycetni
tloustka s klirou byla (DBH) > 4 cm. U stroml byly méfeny tyto charakteristiky: DBH,
vyska, nasazeni zelené koruny a korunova projekce, resp. Sitka koruny minimaln¢ ve 4
smérech na sebe kolmych. Za nasazeni zelené koruny u jehlicnani byl povazovan
preslen s nejmén¢ dvéma zivymi vétvemi a u listnatych dfevin prvni rozdvojeni osy
kmene s Zzivymi vétvemi, jenZ je charakterizovano zacatkem souvislé koruny (UHUL
2003). Vycetni tloustky stromového patra byly méfeny kovovou primeérkou s presnosti
na 1 mm a vysky pomoci vySkoméru laser Vertex s presnosti na 0,1 m. VSechna méteni
na novych TVP nebo jiz zaloZzenych TVP (opakovani v intervalu péti let) probihala dle
standardni dendrometrické metodiky (UHUL 2003; SMELKO 2007). Terénni méfeni
probihala souladu s ustanovenimi Agentury ochrany pfirody a krajiny. Vyzkum byl
proveden s opravnénim ke vstupu na chranénd tizemi, kde se TVP nachdzely.
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4.2.2. Produkce a kvalita porosti

Na kazdé¢ TVP se nahodnym vybérem (generovanim ndhodnych cisel) vybralo 25—
50 uroviiovych stromil, u nichz se zjiStovali kvalitativni znaky produkce podle
metodiky UHUL (2003) a u ol3i podle prace LUKACIK, BUGALA (2005). Kvalita
produkce byla hodnocena podle ristu a predbéznosti kmene (rovny pribézny, Sikmy
prubézny, pokiiveny, Savlovity), povrchu kmene (hladky, ockovity), zdravotniho stavu
a poSkozeni kmene (zdravy, poskozeny tvrdou hnilobou, poSkozeny mékkou hnilobou),
¢isténi kmene (velmi dobré, dobré, Spatné). Déale byl hodnocen ptipadné typ zlomu,
nahradni vrchol, typ rozdvojeni, doupny strom a v posledni fad¢ typ poskozeni (zveéfi,
mechanicky, stafim apod.). U vybranych nejc¢astéji 30 zdravych trovitovych stromil na
kazdé TVP byly pomoci Presslerova nebozezu odebrany vyvrty ve vycetni vysce (130
cm) kolmo na osu kmene po svahu i proti svahu. Nésledné v laboratofi byly Sitky
letokruhti méfeny binolupou Olympus s pfesnosti na 0,01 mm na méficim stole

LINTAB a zaznamenavany programem TsapWin (RESISTOGRAPH).

4.2.3. Prirozena obnova

Pro studium pfirozené obnovy byl ve vétsing piipadl vytyCen a stabilizovéan jeden
transekt o rozmérech 50 x 10 m (500 m?) tak, aby reprezentoval primérnou &etnost a
vyspélost narostli na celé TVP. Do méfeni pfirozené obnovy byli zahrnuti vSichni
jedinci pfitomni na jednotlivych transektech s DBH < 4 cm. U studie vlivu mikroreliéfu
a zveéte na piirozenou obnovu byli zjisStovani vSechny jednici obnovy na celé plose
(VACEK et al. 2014, 2015b), u ostatnich TVP byli méteni pouze jedinci s vyskou > 150
cm. U pfirozené obnovy byla zaznamenana pozice vSech jedinct, tloustka kofenového
krécku pomoci posuvného meétidla (s presnosti 1 mm), dievina, celkova vyska, vyska
nasazeni zelené koruny, Sitka koruny (s pfesnosti 1 cm) pomoci vysuvné vyskomérné
laté a eventualn€ DBH. Pro kazdého jedince v siti 1 x 1 m byl klasifikovéan jeden ze Ctyt
typt mikroreliéfu (vyvysSenina, snizena, Sikmina, rovina; VACEK et al. 2015b). Pro
hodnoceni vySkové struktury byla pifirozend obnova rozdélena do vyskovych tfid. Do
prvni vyskové tfidy byli zahrnuti jednoleti a ostatni jedinci s vySkou < 10 cm, do druhé
nélet s vySkou 10,1-20 cm atd.

U vSech jedinct bylo také hodnoceno poSkozeni zvéfi: okus termindlniho vrcholu,

boc¢ni okus, skody vytloukdnim a loupanim. Pro studium vlivu poskozeni zvéfe na
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obnovu, u juvenilnich stadii studovanych dievin (smrku ztepilé¢ho, jedle bélokoré, buku
lesniho a javoru klenu), byly odebrany vzorky u jedincli s neposkozenym béznym
ristem a s rustem snizenym okusem k rlstovym analyzam v poctu 5 kust z kazdé

varianty (VACEK et al. 2014a).

4.2.4. Odumrelé dievo

V ramci kazdé TVP bylo vyhodnoceno lezici a stojici odumielé dievo (vEetné
pafezll). Odumielé¢ dfevo bylo hodnoceno jak z kvalitativnich, tak i1 kvantitativnich
parametrl. Z hlediska kvantity objem odumielého dieva a jeho podil na celkové zasobé
porostu, z hlediska kvality byla zjisStovana dievina a prevladajici stupenn rozkladu.
Objem odumielého dfeva (primér konce > 7 c¢m, délka > 1 m) byl stanoven podle
metodiky HARMON et al. (1986), pficemz bylo vyhodnoceno pouze odumftelé dievo
pochézejici z TVP. Naproti tomu kdyZ byla pata kmene mimo plochu a vétSina dievni
hmoty lezelo vné plochy, tlejici dievo nebylo hodnoceno jakou soucast vyzkumné
plochy. U kmend byla métena jeji délka a priméry na zacatku, uprostted a konci. U
paiezt a pahyli byl zjistovan pramér ve vysce 30 cm nad zemi a vyska, ptipadné DBH.

Odumielé dievo bylo klasifikovano podle tfid rozpadu (upraveno podle MASER et
al. 1988; SPETICH et al. 2002): 1 = dfevo tvrdé, bez znamek rozkladu; 2 = okrajové Casti
vétsSinou mekké, vnitini ¢ast tvrda (pfipadné naopak), podil z m&kké hniloby méné nez
40 %; 3 = okrajové Casti vétSinou mckké, vnitini ¢ast castecné mekkad (pripadné
naopak), podil z m&kké hniloby 40-80 %; 4 = dievo mékke, podil z mékké hniloby vice
nez 80 %, obrys castecné¢ deformovany; 5 = difevo mékké, obrys deformovany nebo
chybi, dfevo pokryté piidou a vegetaci. Klira, mechanickd soudrznost dieva, mnozstvi
vétvi, tvar dieva, barva dfeva a kontakt leziciho tlejiciho dieva s pidou byly vychozi
charakteristické znaky této péticlenné stupnice (pro stojici odumielé dievo pouze 4 tiidy
rozkladu). Stupné byly hodnoceny i na zéklad¢ vyskytu dfevokaznych hub, mechii,
liSejnikd, trav, bylin a pfirozené obnovy lesnich dfevin. Jako objektivni kritérium
hodnoceni stupné rozkladu bylo pouzito okuldrni hodnoceni a ocelovy niiz. Prostorové
rozmisténi vSech hodnocenych subjekt odumielého dfeva bylo zaméfeno pomoci

technologie Field-Map (IFER-Monitoring and Mapping Solutions Ltd.).
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4.4. Analyza dat

Na jednotlivych TVP byly u jedinct stromového patra hodnoceny riistové parametry,
kvantita a kvalita produkce, odumftelé dievo, ptfirozena obnova a horizontalni, vertikalni

a druhova diverzita, v¢etné interakci mezi nimi.

4.4.1. Diverzita

Horizontalni struktura byla na jednotlivych plochidch zhodnocena u vSech jedinct
obnovy, stromového patra, pahyli a stfedi horizontalni projekce korun. Byly spocitany
Hopkins-Skellamtv index (HOPKINS, SKELLAM 1954), Pielou-Mountfordiv index
(PIELOU 1959; MOUNTFORD 1961), Clark-Evanstv index (CLARK, EVANS 1954),
Ripleyova L- nebo K- funkce (RIPLEY 1981; PENTTINEN et al. 1992), které reprezentu;ji
zpusob rozmisténi jedincl po ploSe porostu. Na grafickych vystupech cernd linie
zachycuje L- funkci pro redlné vzdalenosti jedincti na TVP, silnd Seda cara stfedni
pribéh pro ndhodné rozdeleni stromtl v prostoru a dvé slabsi stfedové kiivky prezentuji
95 % interval spolehlivosti. Kdyz je ¢ernd linie rozdéleni strom na TVP pod timto
intervalem, tak indikuje tendenci jedinct k pravidelnému rozmisténi, a pokud je nad
timto intervalem, tak tendenci ke shlukovitosti. Dale z hlediska distribu¢nich indext
zalozené na frekvenci stromt v jednotlivych kvadratech byl pouzit David-Moorav index
(DAVID, MOORE 1954). Velikost ¢tvercit u TVP byla zvolena na 10 x 10 m (25
kvadrath) a transekty u pfirozené obnovy byly rozdéleny na 2,5 x 2,5 m (80 kvadratt).
Kritéria agregacnich indexi jsou uvedeny v Tab. 4. Prostorovy vztah mezi horni a dolni
etazi a prirozenou obnovou byl hodnocen péarovou korela¢ni funkei (STOYAN, STOYAN
1992).

Pro vypocet téchto charakteristik popisujici horizontalni usporadani jedinct na plose
byl pouzit program PointPro 2.2 (CZU, Zahradnik) a software R 3.1 (The R
Foundation). Test vyznamnosti odchylek oproti hodnotdm ocekavanym pro ndhodné
uspotadéani bodl byl proveden pomoci Monte Carlo simulaci. Stfedni hodnoty L- funkce
byly odhadnuty jako aritmetické priméry z L- funkci spocitanych pro 1999 nahodné
vygenerovanych bodovych struktur.

Déle byly v ramci hodnoceni biodiverzity spocitany: index tloustkové diferenciace a
vyskové diferenciace (FULDNER 1995), index druhové riiznorodosti (SHANNON 1948;
SiMPSON 1949), index druhové vyrovnanosti (HILL 1973; PIELOU 1975), index druhové

bohatosti (MARFALEF 1958; MENHINICK 1964), Arten-profil index (PRETSCH 2006) a
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index celkové porostni diverzity (JAEHNE, DOHRENBUSCH 1997). Kritéria druhovych,

strukturdlnich a komplexnich indexii jsou uvedeny v Tab. 4.

Tabulka 4: Prehled indexti popisujicich strukturu porostu a jejich interpretace.

Kritérium  Kvantifikaitor Oznaceni Reference Hodnoceni
Vertikalni Arten-profil Ap (Pri)  PRETZSCH 2006 rozpéti 0-1; vyrovnana vertikalni
diverzita index struktura Ap < 0,3, vybérny les Ap > 0,9
Strukturalni  Tloustkova TM, (Fi)  FULDNER 1995 rozpéti 0-1; nizkd TM < 0,3, stiedni TM
diferenciace  diferenciace = 0,3-0,5, vysokd TM = 0,5-0,7, velmi
Vyskova TM; (Fi)  FULDNER 1995 vysoka diferenciace TM > 0,7
diferenciace
Horizontalni Index a (P&Mi) PIELOU 1959; sttedni hodnota o = 1, shlukovitost o >
struktura nendhodnosti MOUNTFORD 1961 1, pravidelnost a < 1
Index A (H&Si) HOPKINS, sttedni hodnota A = 0,5, shlukovitost A
shluku SKELLAM 1954 > (0,5, pravidelnost A < 0,5
Agregacni R (C&Ei) CLARK, EVANS stiedni hodnota R = 1, shlukovitost R <
index 1954 1, pravidelnost R > 1
Index ICS DAVID, MOORE sttedni hodnota ICS = 0, shlukovitost
velikosti (D&MI) 1954 ICS > 0, pravidelnost ICS <0
klastru
Druhova Druhova D; (Mai) MARFALEF 1958 minimum D = 0, vyss§i D = vyssi
diverzita bohatost D, (Mei) MENHINICK 1964  hodnota
Druhova H’ (Si) SHANNON 1948 rozpéti 0-1; minimum H" (A) =0,
heterogenita A (Sii) SIMPSON 1949 maximum H" =1 —pro 10 dfevin
(Hertleyova mira)
Druhova E; (Pii) PIELOU 1975 rozpéti 0-1; minimum E = 0, maximum
vyrovnanost  E, (Hii)  HILL 1973 E=1
Komplexni  Porostni B (J&Di) JAEHNE, monotdnni struktura B <4,
diverzita diverzita DOHRENBUSCH rovnomérnd struktura B = 4-6,
1997 nerovnomeérna struktura B = 6-8,
ruznoroda struktura B = 8-9,
velmi rtiznoroda struktura B > 9
4.4.2. Produkce

Z namétenych dendrometrickych tdaji byly pro kazdou TVP vypocteny tyto

porostni charakteristiky: priméré vycetni tloustka porostu jako aritmeticky a
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kvadraticky primér tlouSt€k vSech stromil, variabilita tloustky jako smérodatna
odchylka tloustek vSech stromil, stfedni porostni vyska jako aritmeticky priamér vysek
vSech stromil, horni porostni vyska jako primérnd vySka 10 % nejvysSich stroml v
porostu, horni vycetni tloustka jako primérna tloustka 10 % nejtlustSich stromil v
porostu, vytvarnice jako pomérné ¢islo vyjadiujici podil objemu stromu k objemu valce,
jenz ma se stromem spole¢nou zakladnu a vysku, Sitka koruny jako prumér kruhu
odvozeny z namétené korunové projekce, hektarova zasoba sdruzeného porostu jako
soucet podruzného a hlavniho porostu, primérny objem stromu jako podil zasoby a
pocti stromli v porostu, hektarova vycetni kruhova zdkladna jako soucet kruhovych
zékladem vSech stromt, Stihlostni kvocient jako pomérné ¢islo mezi vySkou a tloustkou
sttedniho stromu, celkovy bézny piirast jako rozdil celkové objemové produkce ve
dvou periodach délené délkou periody (5 let), celkovy primérny pfirast jako podil
celkové objemové produkce porostu a jeho véku a celkovd objemova produkce jako
zéasoba hlavniho porostu ve véku ¢ zvétSena o sumu vsech zasob podruzného porostu do
véku ¢

Kvalita stanovisté (bonita) byla odvozena z horni porostni vysky (SHARMA et al.
2016b). Rist dominantnich stroma, ktery je siln€¢ korelovan s bonitou stanovisté, byl
vyjadfen indexem stanovisté, resp. bonity (MONSERUD 1984; CRECENTE-CAMPO et al.
2010). Objem zivych stojicich stromt byl kalkulovany podle objemovych rovnic
publikovanych v praci PETRAS, PAITIK (1991) a softwarem SIBYLA (FABRIKA, DURSKY
2005). Vstupem do rovnice je vycetni tloustka a vyska dané hlavni dieviny. Standardné
pro hodnoceni produkce porostu byl pouzit objem hroubi bez kliry. Pro srovnani dlouhé
casové fady méteni na nékterych TVP s novymi vysledky bylo pouZito stejnych metod.

Z ukazateld hustoty porostu byly také spocitany: projekéni plocha korun vypoctena
na zakladé priméru korun vSech stromu a velikosti plochy, stupen zapoje dle projekcni
plochy korun vsech stromii (CROOKSTON, STAGE 1999), zakmenéni dle rastovych
tabulek (HALAJ et al. 1987), index hustoty porostu dle po¢tu stromii a kvadratické¢ho
priméru tlousték vSech stromil (REINEKE 1933). Dale bylo odvozeno pomoci softwaru
SIBYLA také mnozstvi vytranspirované vody, biomasy, mikrozivin, makroZivin,
stopovych prvki, toxickych prvka a spotiebovaného CO, a vyprodukované¢ho Os.
Potencidlni transpirace vody ve stromech byla vypoctena na zékladé¢ povrchu koruny
stromu, pramérné denni teploty ve vegetatnim obdobi a délky vegetacniho obdobi.
Obsah chemickych prvkl ve stromech byl odvozen na zdkladé vyzkumi jednotného

obsahu prvkii v 10 mg.kg” susiny (BUBLINEC 1994). Jednotkovy obsah prvki zavisi na
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druhu dieviny a komponentu stromu — kofen a patez, dievni hmota kmene, kiira kmene,
vétve a asimilacni organy. Mnozstvi CO, a O, byly vypocteny na zdklad¢ primérné

hodnoty odvozené z molekulové hmotnosti kysliku a uhliku.

4.4.3. Dedrochronologie

Letokruhové piirtstové série byly jednotlivé kiizoveé datovany (odstranéni chyb
spojenych s vyskytem chybé&jicich letokruhtl) s vyuzitim statistickych testi v programu
PAST application (KNIBBE 2007) a nasledné podrobeny vizualni kontrole podle prace
YAMAGUCHI (1991). Jestlize byl nalezen chybé¢jici letokruh, byl na jeho misto vlozen
letokruh s Sitkou 0.01 mm. Jednotlivé kiivky z TVP byly dale standardné detrendovany
a byla znich vytvofena primérna letokruhové série v programu ARSTAN. Pro
detrendaci byl pouzit 30—100 lety spline ¢i piipadné negativni exponenciala (GRISSINO-
MAYER et al. 1992). Analyza negativnich vyznamnych let byla provedena dle SCHWEIN-
GRUBER (1990) a DESPLANQUE et al. (1999). Pro kazdy strom byl testovan vyznamny
rok jako extrémné uzky letokruh, ktery nedosahuje 40 % z priméru pfirGstd z
piedchozich 4 let. Vyskyt negativniho roku byl prokazan, pokud se tato silna redukce
pfiristu vyskytla alespon u 20 % stromli na ploSe. Pro zavislost klimatickych
charakteristik (mésicni teploty a srazky v jednotlivych letech) na radialnim pfirastu byl

pouzit software DendroClim (BIONDI, WAIKUL 2004).

4.4.4. Modelovani lesnich porostu

Vizualizace struktury zkoumanych smiSenych porostii a simulace jejich vyvoje byla
provedena pomoci rustového simulatoru biodynamiky lesa SIBYLA (FABRIKA 2005;
FABRIKA, DURSKY 2005). Tento model byl pouZit pfi modelovani vyvoje porostu v fadé
praci (BOSECA et al. 2013; VACEK et al. 2013b; AMBROZ et al. 2015) a potvrzuji
vysokou spolehlivost modelu (SPULAK, SOUCEK 2010; VACEK et al. 2015a).
Modelovani samovolného vyvoje porostii s pouzitim mortalitniho modelu, modelu
prirozené obnovy a Skod zvéti bylo provedeno na obdobi 40-100 let (v pétiletych
intervalech) s pfedpokladem ekologicky stabilniho prostfedi. Jako vstupni data byly
pouzity charakteristiky jednotlivych stromovych udaji: dfevina, soutfadnice stromu,
vyska, nasazeni zelené koruny, vycetni tloustka a vE&k. Pro vétsi statistickou
vyznamnost predikce bylo nastaveno opakovéani simulace 25x (5% opakovani
generovani struktury, 5% opakovani prognézy). Z vysledné hodnoty byl spocitan
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aritmeticky primér veli¢in z opakovanych simulaci a nasledné byla zvolena simulace
nejvice se blizici priméru. Piadni vlhkost a ziviny byly odvozeny z typologického
klasifikaéniho systtmu UHUL. Klimatické tdaje byly ziskdny z blizkych
meteorologickych stanic v zdjmovych uzemich Sudetské soustavy. U metody cilové
frekvencni kiivky, ur€ené zejména pro vybérné lesy, byl pouzit geometricky klesajici
fad podle Liocourta (LIOCOURT 1989).

Pro konstrukci a vypocet vyskovych kiivek byly pouzit regresivni model podle
Néslundovi funkce (NASLUND 1936). Pro modelovani Sitky korun a Stihlostniho
kvocientu buku lesnitho a smrku ztepilého byly pouzity prostorové explicitni a
prostorové neexplicitni modely (SHARMA et al. 2016a, 2016b). Pro prostorové explicitni
konkurenéni modely byly vyuzity Hegyiho index (HEGYT 1974) a Martin-Ektv index
(MARTIN, EK 1984). Pro vyhodnoceni konkuren¢nich vztahti byl pouzit konkurencni
index zalozeny na DBH a vySce stromtl. Maximalni vzdalenost konkuren¢nich stromt
byla odvozena z horizontalnich a vertikalnich thli (BIGING, DOBBERTIN 1992; SHARMA
et al. 2016a, 2016b).

Pro popis variability Sitky koruny byla vyuzita DBH, horni porostni vyska,
Stihlostni kvocient, nasazeni zivé koruny a celkova porostni tloustka vsech dievin na
plose. Pro predikci modelti $tihlostniho kvocientu jako vysvétlujici proménné byla
pouzita DBH, horni porostni vyska (ukazatel bonity stanovisté), horni vycetni tloustka a
kvadraticky primér DBH (pro prostorové neexplicitni modely). Pro odhad parametr
jednotlivych modelll na zaklad¢ nelinearni metody nejmensSich ¢tverci byl pouzit PROC
MODEL v programu SAS (SAS Institute Inc.) aplikovanim Marquardtovi metody a pro
smiSené modely macro NLINMIX v SAS. Pro modelovani $tihlostniho kvocientu byla
pouzita exponencialni funkce a jednotlivé stromy byly rozdéleny do stromovych tiid dle
IUFRO klasifikace (horni, stfedni a spodni vrstva). Kvalita modelti a dat byla
hodnocena koeficientem determinace (R?), stfedni kvadratickou chybou (RMSE) a

analyzou rezidui.

4.4.6. Vztahy mezi ristovymi parametry, strukturou porostu a stanovistém

Analyza hlavnich komponenti (PCA) byla provedena v programu CANOCO 4.5
(TER BRAAK, SMILAUER 2002) pro zhodnoceni vztahu mezi strukturou porostu
(vertikalni, horizontalni, druhovou a celkovou), tloustkovym pfirtistem, produkénimi

parametry, pfirozenou obnovou, klimatickymi (teplota a srazky) a imisnimi
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(koncentrace SO,, NOy, Os3) daty, mortalitou, Skodami zvéfi a stanoviStnimi
charakteristikami (sklon, vlhkost, expozice, nadmoiska vyska, zasobeni Zivinami). Data
byla pted analyzou zlogaritmovéana a standardizovéana. Vysledky vicerozmérné PCA
analyzy byly vizualizovany ve form¢ ordinac¢niho diagramu vykreslené programem
CanoDraw (TER BRAAK, SMILAUER 2002). Situaéni mapy byly vytvoieny v programu
ArcGIS 10.0 (Esri).

Vliv skody zvéfi na piirozenou obnovu, vySkova diferenciace obnovy, rozdily
v produkénich ukazatelich, vliv mikroreliéfu na rist obnovy, vliv svahu na plasticitu
korun a dal§i parametry byly testovany v programu STATISTICA 12 (StatSoft) pomoci
korelacnich analyz, studentova t-testu a analyzy rozptylu (ANOVA). Potfebné datové
soubory byly pro ziskani normdalniho rozdéleni (Kolmogorov-Smirnoviv test)
zlogaritmovany. Rozdily byly nésledné hodnoceny dle Fisherova testu nebo Tukeyho
HSD testu. Pro riizné situace byla téZ pouZzita Pearsonova korelace a Spearmanova
neparametrickd korelace. Statisticky signifikantni tidaje byly zaznamenédny nésledujicim

zpusobem: P > 0,05, P <0,05, P <0,01 aP <0,001.

5. Prehled publikovanych praci

Piehled publikovanych praci se sklada ze tii tematickych okruht, kde v kazdém
v nich jsou prezentovany 2 prace, tj. celkem 6 praci z ¢asopist s impakt faktorem. U 4
praci je dizertant prvnim autorem a u 2 praci druhym autorem, pficemz podil prvniho i

druhého autora u téchto praci je stejny, a to 45 %.

Prvnim tematickym okruhem je Obnova lesnich porosti:

1. VACEK Z., VACEK S., BILEK L., KRAL J., REMES J., BULUSEK D., KRALICEK 1. (2014):
Ungulate Impact on Natural Regeneration in Spruce-Beech-Fir Stands in Cerny dil
Nature Reserve in the Orlické Hory Mountains, Case Study from Central Sudetes.
Forests, 5: 2929-2946.

2. VACEK Z., VACEK S., PODRAZSKY V., BILEK L., STEFANCIK 1., MOSER W.K., BULUSEK
D., KRAL J., REMES J., KRALICEK 1. (2015):. Effect of tree layer and microsite on the
variability of natural regeneration in autochthonous beech forests. Polish Journal of

Ecology, 63 (2): 233-246.
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Druhym tematickym okruhem je Struktura lesnich porosti:

3. VACEK Z., VACEK S., BILEK L., REMES J., STEFANCIK L. (2015): Changes in horizontal
structure of natural beech forests on an altitudinal gradient in the Sudetes.

Dendrobiology, 73: 33-45.

4. VACEK Z., VACEK S., PODRAZSKY V., KRAL J., BULUSEK D., PUTALOVA T., BALAS M.,
KALOUSKOVA 1., SCHWARZ O. 2016. Structural diversity and production of alder stands

on former agricultural land at high altitudes. Dendrobiology, 75: 31-44.

Tretim tematickym okruhem je Modelovani lesnich porostu:

5. SHARMA R.P., VACEK Z., VACEK S. (2016): Individual tree crown width models for
Norway spruce and European beech in Czech Republic. Forest Ecology and
Management, 366: 208-220.

6. SHARMA R.P., VACEK Z., VACEK S. (2016): Modelling individual tree height to
diameter ratio for Norway spruce and European beech in Czech Republic. Trees, 30: 4:

(publikovano online 15 June 2016).

Tematicky okruh I

5.1. Obnova lesnich porostii

5.1.1. Ungulate Impact on Natural Regeneration in Spruce-Beech-Fir Stands in
Cerny dil Nature Reserve in the Orlické Hory Mountains, Case Study from

Central Sudetes

1. VACEK Z., VACEK S., BiLEK L., KRAL J., REMES J., BULUSEK D., KRALICEK I. (2014):
Ungulate Impact on Natural Regeneration in Spruce-Beech-Fir Stands in Cerny dil
Nature Reserve in the Orlické Hory Mountains, Case Study from Central Sudetes.

Forests, 5: 2929-2946.
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Abstract: The paper presents the results of a study on tree regeneration of forest stands in
the Cerny dil Nature Reserve, which is situated in the Orlické hory Mountains Protected
Landscape area in the Czech Republic. Research was conducted in a spruce-beech stand
with an admixture of silver fir, sycamore maple and rowan on two comparative permanent
research plots (PRPs) (PRP 1—fenced enclosure and PRP 2—unfenced). Typological, soil,
phytosociological and stand characteristics of the two PRPs are similar. The results showed
that ungulate browsing is a limiting factor for successful development of natural
regeneration of autochthonous tree species. The population of tree species of natural
regeneration on the fenced plot (PRP 1) is sufficient in relation to the site and stand
conditions. However, natural regeneration on PRP 2 is considerably limited by browsing.
Damage is greatest to fir, sycamore maple and rowan; less severe to beech; and the least
to spruce.
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beech (Fagus sylvatica L.); Norway spruce [Picea abies (L.) Karst.]; admixed tree species

1. Introduction

Autochthonous mixed forests have a high capacity for autoregulation [1-3] and are often considered
as model subjects for research on ecological stability and sustainability [4]. Nevertheless, these forest
ecosystems are vulnerable to environmental disturbances [5—7], such as wind throw, snow break, water
stress and biotic agents, among which ungulate herbivory seems to be one of the most important
factors [8,9]. Ungulate browsing can strongly influence forest stand dynamics by compromising the
regeneration process in both natural and managed forests [8]. Mountain and submontane forests with
overpopulation of deer species are more susceptible to damage than forests at lower elevations [10].
This difference is also the result of the longer regeneration period and slower initial growth of typically
shade-tolerant tree species, such as Norway spruce [Picea abies (L.) Karst.], European beech (Fagus
sylvatica L.), and especially silver fir (4dbies alba Mill.), which have slower tree response after
browsing and hence lower growth performance compared to other species [11]. Mountainous areas in
the Czech Republic are characterized by high numbers of red deer (Cervus elaphus L.) and a higher
incidence of deer browsing and bark stripping than elsewhere in the country [12]. Despite this fact
there is a lack of long-term field studies and thus the effects of ungulates on forest stands are still
relatively unknown.

The approaches to managing forests and wildlife in protected areas should always be based on
ecological principles with the long-term goal of ecosystem protection [13,14], but also must
acknowledge the carrying capacity of the environment. Over the long term, most protected forests will
be left to develop without direct human intervention [15]. Nevertheless, ecological criteria based on
present and future autoregulation capacity should be properly selected for these forests [2]. For this
purpose, a network of representative forest reserves was selected in the Czech Republic, and
appropriate management principles were formulated based on long-term studies [16,17]. Many authors
recommend active management during the transition period before the forest is left to be regulated by
natural processes [18], which should shorten the time necessary to reach the target state [19-21].
These recommendations are often restricted to silvicultural operations, such as thinning, selection
harvest or enrichment planting, while the impact of ungulates is often neglected or underestimated.

The dispersal of many plants, and hence their presence at particular sites, is often related to
the activity of large mammals [22]. Thus, plant interactions with biotic vectors of dispersal are highly
important for the species composition of plant communities. In contrast, the overpopulation of
ungulates, principally deer, was repeatedly found to be a factor suppressing the diversity of understory
forest flora and regeneration of the woody plant component of forest ecosystems [8—10,23,24].
Suppression of tree species caused by ungulates in spruce-fir-beech stands—particularly the reduction
to elimination of mainly silver fir, sycamore maple and rowan (Sorbus aucuparia L.) and to a lesser
extent European beech—has been confirmed by many authors [8,25-27]. Ungulates can be the most
important driver of meta-community structure in mesic systems without strong abiotic influences in
warm temperate forests [28]. An analysis of the global level of browsing revealed that seedlings on
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south-facing slopes were browsed more intensively than those on slopes with other exposures [29].
Similarly, Cagnacci et al. [30] showed that probability of roe deer (Capreolus capreolus L.) presence
decreased nonlinearly with elevation because the thicker snow cover and lower temperatures in spring
reduced ungulate movement and the duration of the period when seedlings are available. Over the long
term, game browsing has a considerable impact not only on species composition but also on age and
spatial structure of stands [8]. On the other hand, ungulate browsing may help to form some herb layer
of forests in the present landscape [28].

Mixed stands of beech, fir and spruce in the area of Orlické Mountains (Central Sudetes) are
characterized by a long (350—400 years) cycle of autogenous development [31] with discrete and often
rare regeneration events of particular tree species. Regeneration almost exclusively takes place in
the shelter of the parent stand with limited canopy openings; coniferous species regenerate in small
groups, while beech regeneration tends to cover wider areas and outcompete admixed tree species,
such as silver fir and sycamore maple (Acer pseudoplatanus L.) [27,32]. Silver fir seems to be the
most heavily browsed of the commercially important tree species [9,10,33] in this area, as in other
mountain regions.

Almost all fir trees in the Cerny dil Nature Reserve belong to large diameter classes, and after
subsequent dieback of these trees, new mature trees do not appear. Therefore, the proportion of fir in
these stands is further decreasing. In beech-fir forests throughout the Carpathians Vrska et al. [34]
documented a decreasing share of silver fir in these vast forest reserves. Klopcic et al. [35] described
the gradual aging of the fir population in Dinaric Mountains along with the insufficient establishment
of young fir trees under the stress of game browsing in mixed stands in Slovenia.

To evaluate some of these influence, this study was intended to quantify the impact of ungulates on
regeneration of fir, beech, spruce, rowan and sycamore maple and on the height and spatial structure of
natural regeneration; and to evaluate the role of ungulates in the shift of tree species composition
towards the dominance of beech in the Cerny dul Nature Reserve. This conservation area is one of
the most valuable natural forest remnants in the Central Sudetes.

2. Materials and Method
2.1. Area Description

The study was conducted on the two permanent research plots (PRPs) in the Cerny dul Nature
Reserve in the southeastern part of the Orlické Mountains (Czech Republic), ca. 2 km southwest of
the border with Poland. The reserve contains 26.37 ha situated at between 740 and 884 m a.s.lL
Average annual temperature is 5 °C and annual precipitation is approximately 1200 mm (630 mm
during the growing season). The geological bedrock is built of migmatites and orthogneisses of
the Gieraltov and Snéznik type. Soil conditions on the crystalline bedrock are fairly heterogeneous.
The soils are generally poor in mineral nutrients. Acid modal Cambisols are dominant, Cryptopodzols
occur locally and Gleysols to Histosols are found around spring areas. According to local managers,
estimated game stocks in Cerny diil are as follows: 32 red deer, 77 roe deer and 16 wild boar
(Sus scrofa L.); however, real game stock numbers are mostly higher: 51 red deer, 45 roe deer and
43 wild boar per 1000 ha.
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The main objective for protection of this reserve (declared in 1954) has been to conserve natural
remnants of spruce-beech-fir stands at lower ridge locations of the Orlické Mountains. Natural
spruce-fir-beech populations occur in the reserve on 32.7% of its area, yet the most valuable stands of
the core zone of the reserve occupy only 17.7% of the total reserve area. The core zone consists of
herb-rich to acid beech stands and fir-beech stands belonging to the sub-alliance Acerenion,
Eu-Fagenion and the alliance Luzulo-Fagion [36]. The remaining approximately two-thirds of
the reserve are composed of secondary spruce stands with sporadically admixed beech, sycamore
maple, rowan and fir (the alliance Piceion excelsae). A rich riparian vegetation community belonging
to the alliance Cardamino-Montion is found in spring valleys [37].

The location of the PRPs is shown in Figure 1; Table 1 gives the present basic characteristics of
each plot. PRP 1 is situated on a moderate slope of southeastern exposure in a game-proof fenced
enclosure established in 1985. Prior to installing the fence, local managers considered the regeneration
throughout the forest to be insufficient. According to the Czech typological system it is forest
type 6S—fresh spruce-beech forest (Piceeto-Fagetum oligomesotrophicum), and according to
the Zurich-Montpellier School, it is the plant association Dentario enneaphylli-Fagetum Oberdorfer ex
W. and A. Matuszkiewicz 1960. The soil type is acid mesotrophic modal Cambisol. PRP 2 is located
in the same forest and has similar site and stand conditions, but it is outside the game-proof
fenced enclosure.

Figure 1. Location of autochthonous mixed stands on permanent research plots (PRPs)
1 and 2 in Cerny dil Nature Reserve (PRP 1: 50°12'05” N, 16°31'10" E; PRP 2:
50°12'03" N, 16°31'14" E).
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2.2. Data Collection

FieldMap (IFER-Monitoring and Mapping Solutions Ltd.) was used to establish a 50 x 50 m plot
(0.25 ha) in each of the two PRPs to determine the structure of tree layers and composition of natural
regeneration of trees. The position of all trees in the understory, midstory, and canopy and in
the natural regeneration (recruits with breast-height diameter overbark <7 cm) was mapped by this
system. Height, height to the base of the live crown, and crown width of the recruits were measured
with a hypsometer. In the tree layer, the green crown values and crown projection areas were also
measured at >4 points along the crown perimeter.

In all recruits, browsing of the terminal apex, lateral browsing, and repeated browsing were
investigated by tree species on PRP 2 (unfenced plot). Samples of Norway spruce and European beech
in juvenile stages were taken from within and outside of the game-proof fenced enclosure for stem
analyses (i.e., five samples of each species at each location). Age and height growth (in 5 cm
increments) were determined by counting tree rings at a particular stem height.

2.3. Data Analysis

Horizontal and vertical structure was evaluated in all recruits on the plots. Hopkins-Skellam
index [39], Pielou-Mountford index [40,41], Clark-Evans index [42] and Ripley’s K-function [43]
were computed, which represent the mode of recruit distribution on the stand area. The David-Moore
index [44] was used to determine distribution based on tree frequency in quadrats. Each PRP contains
25 10 x 10 m quadrats. Horizontal structure of the tree layer and natural regeneration of beech are
related to the year 2014.

To calculate characteristics describing the horizontal structure of trees across the plot, the PointPro
2.1 programme was used. The test of the significance of deviations from the values expected for
random distribution of points was performed by Monte Carlo simulation. The mean values of
the K-function were estimated as arithmetic means from K-functions computed for 1999 randomly
generated point structures. A list of indices of horizontal structure is given in Table 2.

Table 2. Overview of the indices describing the horizontal structure and their
common interpretation.

Index Mean value Aggregation Regularity
Hopkins-Skellam A=05 A>0.5 A<0.5
Pielou-Mountford a=1 a>1 a<l

David-Moore ICS=0 ICS>0 ICS<0
Clark-Evans R=1 R<1 R>1

Species diversity was analysed in the framework of species richness [45,46], species
heterogeneity [47,48] and species evenness [49,50]. The values of the indices range from 0-1,
where 0 denotes minimum species diversity and 1 denoted maximum diversity. Further, biological
canopy (sum of crown projections per hectare) and mensurational canopy (crown closure; proportion
of a stand covered by the crowns) were calculated.

Statistical analyses were processed in the Statistica 12 software. Data were log transformed to
acquire normal distribution (tested by Shapiro-Wilk test). Differences in frequencies of height classes,
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mean height of natural regeneration recruits for each tree species, species diversity and height of
recruits not damaged and damaged by browsing between the two PRPs were separately tested by
one-way analysis of variance (ANOVA). Significance level was 0.05.

3. Results
3.1. Structure of Natural Regeneration

On the fenced plot (PRP 1), the numbers of recruits per hectare are as follows: 28,680 beech trees,
9412 spruces, 2236 firs and 92 rowans, i.e., 40,420 recruits in total. The horizontal structure of natural
regeneration and tree layer on PRP 1 is shown in Figure 2. Beech, spruce and fir recruits are
aggregated mostly in distinct and large groups (Figures 2 and 4, Table 3). Rowans are interspersed as
single trees (Figure 2, Table 3). On the unfenced plot (PRP 2) the numbers of recruits per hectare are
as follows: 30,872 beech trees, 2988 spruces, 104 firs, 52 rowans and 24 sycamore maples, i.e.
34,040 trees in total. Beech and spruce recruits are concentrated mostly in groups (Figures 2 and 4,
Table 3). Fir and rowan occur as single trees and only very sporadically (Figure 2, Table 3).

Figure 2. Horizontal structure of the forest stand on PRP 1 (fenced) and PRP 2 (unfenced).
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In the representation of recruits by height classes (Figure 3), the frequency of individuals on PRP 1
by height class is only slightly right skewed, approaching the shape of the Gauss curve. This pattern
indicates less height differentiation among regeneration in lower size classes compared with PRP 2.
Recruits in the height classes of 30-80 c¢cm prevail (4472-5404 trees ha™'). In the other height classes
the number of natural seedlings and advance growth recruits is lower. On PRP 2 the height structure of
recruits is markedly right skewed. Recruits in the height class of 4050 cm prevail (4472 trees.ha™').
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Comparing height structure, the mean frequency of all recruits in height classes is similar for both
plots (F(1,30= 0.3, P> 0.05), significantly higher for fir (Fa,30= 12.8, P <0.001) and spruce on PRP 1
(Fa,30= 7.8, P < 0.05) and similar for beech (F(1,30= 0.1, P > 0.05). Comparing height structure of
natural regeneration, the mean frequency of all recruits already in height classes >70 cm is
significantly higher on PRP 1 (F(1,16)= 4.6, P <0.05).

Figure 3. Histogram of the height structure of recruits on Cerny dtil PRP 1 (fenced) and
PRP 2 (unfenced) as converted per 1 ha.
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According to all computed structural indices and Ripley’s K-function on PRP 1, the recruits are
distributed across the plot in a distinctly aggregated manner (Table 3, Figure 4). A more detailed
analysis of the horizontal structure by tree species indicates that the distinct formation of spruce, beech
and fir groups is the most frequent while rowan is the least frequently grouped. The horizontal
structure of rowan is random at a recruit spacing from 5-9 m; at the other distances, it is aggregated
(“clumpy”). The K-function suggests that this tree species is interspersed as single trees and
the aggregation of recruits is substantially smaller than on PRP 2. Furthermore, on the unfenced plot,
all computed structural indices indicate the distinctly aggregated distribution of recruits across the plot
(Table 3). The aggregated distribution of recruits and/or random distribution of fir (from the spacing of
2 m) according to their distance are expressed by Ripley’s K-function (Figure 4). Groups of spruce and
beech are formed the most frequently and groups of fir the least frequently. Fir distribution is
moderately clumpy according to the Clark-Evans index, but according to the other three indices it is
fully random, which documents single and sparse occurrence. The spatial pattern of rowan is
aggregated according to structural indices, but rather random from the spacing >3 m according to
the K-function.
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Table 3. Indices describing the horizontal structure of mixed spruce, fir and beech stands
on PRPs 1 and 2.

Index Beech Spruce Fir Rowan all regeneration
Fenced PRP 1
Hopkins-Skellam 0.980 * 0.952 * 0.922 * 0.788 * 0.841 *
Pielou-Mountford 15.060 * 11.566 * 6.595 * 2316 * 10.992 *
David-Moore 28.400 * 7313 * 1.871 * —0.042 13.236 *
Clark-Evans 0.572 * 0.694 * 0.702 * 0.569 * 0.742 *
Unfenced PRP 2
Hopkins-Skellam 0.937 * 0.956 * 0.651 0.882 * 0.892 *
Pielou-Mountford 31.041 * 11.132 * 1.401 2.936 * 14.132 *
David-Moore 17.417 * 7.983 * 0.063 1.744 * 12.192 *
Clark-Evans 0.568 * 0.536 * 0.845 * 0.281 * 0.692 *

* Statistically significant.

Figure 4. Horizontal structure of the natural regeneration of mixed spruce, fir and beech
stand on PRPs 1 and 2, expressed by the K-function; the black line represents the
K-function for real distances of trees on the PRP; the bold blue line represents the mean
course for random spatial distribution of trees and the two thinner central curves represent
95% interval of reliability; when the black line of tree distribution on the PRP is below this
interval, it indicates a tendency of trees toward regular distribution, and if it is above this
interval, it shows a tendency toward aggregation.
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Figure 4. Cont.
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3.2. Species Diversity

Species heterogeneity indices indicate medium to high species diversity on PRP 1, and
comparatively poor diversity on PRP 2 (Table 4). Similarly, indices of species evenness are often
twice as high for PRP 1 as for PRP. Comparing PRPs, indices of tree species heterogeneity and
evenness were significantly higher for the fenced plot than for the unfenced plot (Fa, 6) = 12.6,
P <0.05). Indices of relatively poor species richness are similar for both PRPs.
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Table 4. Indices describing the species biodiversity of natural regeneration.

species richness species heterogeneity  species evenness

PRP
m Dy (Mai) D,(Mei) A (Siiy H’(Shi) E:(Pii) E: (Hii)

1 (fenced) 4 0.283 0.020 0.439 0.756 0.545 0.882
2 (unfenced) 5 0.287 0.021 0.169 0.328 0.237 0.349

Notes: m = species number, D; (Mai) = Margalef’s index, D, (Mei) = Menhinick’s index, 4 (Sii) = Simpson’s
index, H’ (Shi) = Shannon’s index, E; (Pii) = Pielou’s index, E> (Hii) = Hill’s index.

3.3. Impact of Ungulates on Natural Regeneration

A comparison of recruit heights of the particular species show a significant difference between the
two PRPs (Fq, 18,606 = 1609, P < 0.001). The difference was most evident in beech (F(, 14,884y = 2437,
P <0.001), rowan (F1,32=50.1, P < 0.001) and fir (F(,ss1)= 33.2, P < 0.001) (Figure 5). The mean
height of fir is 42.4 cm (= 1.2 S.E.) on PRP 1 and 15.8 cm (+ 5.4 S.E.) on PRP 2, where damage to the
terminal apex by browsing is observed in 82% of all trees. In recruits taller than 15 cm, the ratio of
browsing amounts to 100%. In rowan, the mean height in PRP 2 is 12.6 cm (= 7.7 S.E.; 84% damage
to the terminal apex) and in PRP 1, 60.4 cm (£ 5.7 S.E.). The smallest difference in heights is recorded
in spruce with a difference of 7.9 cm (53.3 cm + 1.1 S.E. on PRP 1; 45.8 cm = 1.4 S.E. on PRP 2).

Table 5 summarizes damage caused by ungulate browsing to natural regeneration broken down by
tree species on PRP 2. The greatest damage is caused to rowan (browsing of the terminal apex in 85%
of trees and of lateral shoots in 60% of trees) and fir (browsing of the terminal apex in 82% and of
lateral shoots in 78% of trees). Beech is damaged to a smaller extent (browsing of the terminal apex in
65% and of lateral shoots in 45% of trees) and the smallest damage was observed in spruce (browsing
of the terminal apex in 22% and of lateral shoots in 14% of trees). Natural regeneration of sycamore
maple is completely browsed by brown hare (Lepus europaeus Pallas) every year. In 2013, in the stage
of seedlings with cotyledons, there were 3328 trees per hectare on PRP 2 but at the end of the growing
season only 27 trees. Hence sycamore maple regeneration is markedly suppressed before the
lignification of seedling stems.

Figure 5. Mean height of recruits of particular tree species on PRPs 1 and 2 with 0.95
reliability interval.
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Table 5. Browsing to natural regeneration on unfenced PRP 2 broken down by
tree species.

T £ shoot b . Beech Spruce Fir Rowan
€ 01 Shoo TOWSINn
M € indha' % ind.ha' % ind.ha' % ind.ha' %
1 time 8372 27.1 356 119 22 212 8 15.4
24 times 6737 218 217 73 26 250 17 32.7
Terminal .
5+ times 4832 157 9 32 37 356 19 36.5
total 19941 646 669 224 85 817 44 84.6
Lateral 1945 452 416 139 81 779 31 59.6

Notes: Browsing on sycamore maple for small number of individuals not included; ind. = individuals.

Comparing samples of height growth, the mean height of full growth is significantly higher than
reduced growth caused by browsing for both main tree species: beech (F,2200= 68.4, P < 0.001) and
spruce (Fa, 236) = 77.8, P < 0.001). Figure 6 shows that in the initial stage (by 6 years of age,
Fa,19= 8.5, P < 0.05; or by 8 years of age Fu, 14y= 37.7, P < 0.001) the studied tree species are
scarcely damaged by ungulates. However, when they exceed the height of the herb layer, they are
periodically browsed for many years; only rarely do they grow up to avoid the impact of game.
For example, a beech recruit at this site is about 328 cm (£ 15.4 S.E) tall on average at 26 years of age
if beyond the reach of game, but under heavy browsing by game it is only 88 c¢cm (+ 8.2 S.E.) tall
(i.e., 27% of the former height). The situation for spruce is similar. With current height growth its
height is 306 cm (+ 13.8 S.E) at 28 years of age, but under heavy browsing it is only 84 cm (+ 7.7 S.E;
i.e., 27% of the former height). A much worse situation is observed in fir, rowan and sycamore maple.
Because of their limited number, these tree species were not analysed.

Figure 6. Full height growth of beech and spruce compared to reduced growth caused

by browsing.
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4. Discussion

The research confirmed clear differences in composition, height and spatial structure of natural
regeneration between two study plots. Although the mature stand structure and spatial arrangement are
similar, these differences are not the result of different light conditions (Table 1). We do not have
detailed quantitative data on seedling and sapling layer conditions prior to fencing, but according to
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the forest stand inventory conducted for the Agency of Nature Conservation and Landscape (Czech
Republic) in 1983, the area was covered by only sparse regeneration not exceeding 40 cm in height
(data not published). Today, natural seedlings, advance growth and the initial phase of the early growth
stage are obviously damaged by ungulates on PRP 2. Ungulates are a limiting factor for successful
regeneration as they severely damage or even fully suppress natural regeneration in unfenced parts of
the reserve. In contrast, as a result of the minimum pressure of red deer and other ungulates on PRP 1,
natural regeneration with distinct height and diameter differentiation has become established there.

The total number of natural regeneration is 16% lower on PRP 2 than on PRP 1 (34,040 recruits per
ha on PRP 2 versus 40,420 recruits per ha on PRP 1), with the largest decrease in numbers of silver fir
(95% reduction) and rowan (43% reduction). Heavy game browsing negatively influenced the species
composition of the understory: in recent years, on the unfenced plot, the shift from lower to higher
height classes has been very sporadic for fir, rowan and beech, and less so for spruce. The decreasing
proportion of fir is explained mainly by the destructive influence of ungulates on its natural
regeneration. In near-natural mixed forests in the Lom forest reserve in Bosnia and Herzegovina
Bottero et al. [51] found a sharp decrease in the share of fir relative to the share of all trees in
the growth and developmental stages studied. Among recruits in the height range of 10—-100 cm fir
accounted for 67% in the Lom forest reserve, beech accounted for only 17% and spruce for 10%.
Among recruits taller than 100 cm and with breast-height diameter <7.5 cm beech was dominant with
a 74% share, the fir share was only 18% and changes in the spruce share were not significant.
A decrease in fir representation in mixed forests was also observed in Slovakia, where fir is replaced in
forest stands mainly by European beech [52]. Similar observations of damage caused by ungulates to
natural regeneration in comparable mixed stands were reported by Jaworski et al. [53], who conducted
research in the West Carpathians in Poland. Their results confirmed reduction of fir in the range of
4%—15% in relation to the site within a 10-year period, mainly giving way to beech. Saniga et al. [54]
also revealed the dominance of European beech in productivity and function at all developmental
stages in a virgin forest in the Skalnd Alpa National Nature Reserve. A similar trend was observed in
mixed forest stands in Dobro¢ virgin forest in Slovakia [55].

According to Klopcic et al. [35] natural regeneration of fir in the unfenced parts of a silver
fir-European beech forest (35 years ago) suffered the most damage or even elimination of regeneration
by game in the 20-50 cm height classes and no taller recruits were found. In the fenced location,
the density of fir recruits was 4.8 times higher than in the unfenced part. In the Cerny dtil Nature
Reserve, the difference in fir density is even more marked; in the game-proof fenced enclosure,
the share of recruits is 21.5 times higher than outside the fenced enclosure. Similarly, Vrska et al. [25]
discussed changes in the environment and development dynamics of the tree species component of
ecosystems in the Sumava Mountains natural forests and proposed a solution to the problem of
excessive ungulate population levels in relation to the competitiveness of the primary tree species in
natural regeneration of silver fir, European beech and Norway spruce. Based on the results of repeated
investigations, they concluded that completely fencing virgin forests is currently the only way of
ensuring their relatively natural spontaneous development. Research in mixed forests of spruce, fir and
beech in Slovenia by Diaci et al. [26] showed that a decline in the fir population was caused not only
by suppression of natural regeneration by herbivores but also by air pollution (sulfur dioxide
emissions), to which the fir is relatively sensitive. Similar observations of the additional influence of
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air pollution on the health status and decline of silver fir stands in the Krkonose Mountains of
the Czech Republic were reported by Vacek et al. [38].

Spatial structure of natural regeneration also clearly differed between fenced and unfenced plots;
the latter is characterized by more pronounced aggregation of all recruits irrespective of species than in
the fenced area. Comparable findings about the recruit distribution in spruce-fir-beech stands in
the Trckov National Nature Reserve in the Orlické Mountains were reported by Vacek et al. [27].
Similar results were obtained by Sebkova et al. [56] in mixed forests of the Boubin virgin forest in
the Horni Vltavice district of the Sumava and Janik et al. [57] in mixed fir stands in the Western
Carpathians. The research being reported here found that the naturally aggregated pattern in the fenced
area was created by a large number of fir recruits, whereas outside the fenced area a limited number of
fir recruits (caused by repeated browsing damage with high mortality rates) has led to a random spatial
pattern. Similarly, the spatial pattern of silver fir seedlings was random in closed stands in
the Krkonose Mountains, where most of the seedlings were injured by browsing [58]. Conversely,
rowans of seed origin in the fenced area are randomly distributed, but on the unfenced plot repeated
browsing by ungulates readily creates new individuals by vegetative ways [8] and thus aggregated
distribution. Spatial segregation of natural regeneration as a result of browsing damage was also
confirmed by Peck et al. [59]. The absence of young sycamore maples on the fenced plot is the result
of a more distant seed source; on the unfenced plot one mature sycamore maple is present in
the overstory.

Nevertheless, we should not be misled by the notion that these areas were free of browsing pressure
in the past. Instead, historical evidence shows that the studied spruce-fir-beech stands were influenced
by cattle grazing from the 16th to the 18th century [60], which could account for the reduction in
the share of shade-tolerant and especially of broad-leaved tree species and for the retention of some
light-demanding species [22].

5. Conclusions

The paper confirms the hypothesis about the long-term influence of game on the species mix,
spatial and age structure of forests and development of the studied autochthonous populations.
However, homogenous initial tree regeneration on the compared plots must be considered when
interpreting the present results. Natural regeneration of silver fir, sycamore maple and rowan in
particular has not been successful in the study area without protection by fencing to keep out
ungulates. Considering the current regulatory situation and the lack of effective methods for reducing
ungulate populations to ecologically tolerable levels, it is necessary to find effective methods for
the protection of natural regeneration. In many cases, mechanical protection of highly palatable tree
species or fencing of whole regenerating forest stands may be justified.
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The present study describes natural regeneration on five permanent
research plots (PRP) in juvenile growth and development phases
(regrowth and advanced growth) in autochthonous beech forests in
Broumovské stény National Nature Reserve located in the Protected
Landscape area in the northeast part of Czech Republic. The stands of
herb-rich beech forests were studied in the optimum to break-up stage.
Natural regeneration was not evenly spaced but rather was clustered.
Mean regeneration density ranged from 1,472 to 44,888 recruits per
ha. European beech (Fagus sylvatica L.) made up 78.5-98.0% of all
regeneration. Sycamore maple (Acer pseudoplatanus L.) was also
relatively abundant. Regeneration dominance and abundance responded
to the mature stand canopy, soil skeleton, microrelief, ground vegetation
cover, and surface characteristics. The results suggest a relationship
between recruit height and microrelief in 4 out of 5 PRPs. We found
statistically significant differences in height of natural regeneration (F(2,
18843)= 191.8, P <0.001) on mounds (74.0 cm), on slopes (119.5 cm)
and on pits (121.0 cm) due to high soil skeleton content on mounds with
numerous rock outputs, minimum amount of fine earth and lower water
retention, both necessary for recruit growth. In addition to the character
of microrelief, the growth of natural regeneration was negatively
influenced by mature stand density and canopy indicators.

INTRODUCTION

such as aphids, herbaceous competition and
game browsing (Korpel 1978, Dolling

In the last two decades European beech (Fa-
gus sylvatica L.) forests have become the sub-
ject of numerous research activities mainly
because of importance as a dominant natu-
ral forest community in Europe (Peterken
1996, Oheimb et al. 2005). Stands with a
high degree of naturalness are also often con-
sidered as a model for close-to-nature forest
management in European forestry (Meyer
et al. 2003).

European beech is a typical climax tree
that occupied 40.0% of the Czech landscape
in previous centuries. Today, beech cover in
the Czech Republic has decreased to 7%. It is
recommended that beech be 18.0% of the for-
est composition (MZe 2013).

The success of natural regeneration of
beech depends on many factors, includ-
ing climate, site aspect and elevation, seed
production and dispersal and biotic factors,

1996, Emborg 1998, Wagner 1999, Sz-
wagrzyk et al. 2001, Birkedal et al. 2009,
Léf and Welander 2004, Cermék and
Mrkva 2003, Vacek et al. 2013). In Euro-
pean natural forests, windstorms often create
canopy gaps that result in changes in light,
soil moisture, and nutrient availability (Gal-
hidy et al. 2006). Since light is a key growth
factor along with water and nutrients (Mad-
sen 1995), regeneration success in natural
forests is often related to structural dynamics
and gap formation (Emborg 1998, Bilek
et al. 2014, Jarcuska 2009, Barna 2011,
Micovsky 2013, Kozlowski et al. 1991).
At the stand level, natural regeneration
is dependent upon a sufficient number of
fructifying mature trees with well-developed
crowns, seed year occurrence, favorable
seed bed conditions, germination and initial
growth of recruits and their mortality (Pole-
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no etal. 2009, Bilek et al. 2009). According
to Overgaard (2010) large annual levels of
seed production have occurred in recent de-
cades. The intervals between good seed-years
has decreased since 1974 from 5 to 2.5 years
(Overgaard 2010).

Gap dynamics have been studied inten-
sively using a wide range of modified mod-
els (gap models) that are intended to deter-
mine basic driving factors (Kaufmann and
Linder 1996, Yaussy 2000, Bugmann
2001, Allen et al. 2010). Disturbances are
commonly scaled from those involving in-
dividuals, to groups of overstory trees, and,
finally, to large-scale mortality events, some-
times referred to as stand-replacement distur-
bances (Franklin et al. 2007). Where there
are overlapping patterns of individual and
gap mortality of overstory trees, a complex
mosaic structure and multi-cohort develop-
ment of forest stands are ensured (Zukrigl
1991, Vacek et al 2010, Bilek et al. 2014).

To ensure successful natural regeneration,
these complex relationships also must be re-
spected in managed forests and are of crucial
importance mainly in system with emphasis
on natural processes and biotical automa-
tion (Saniga and Kralovic 2009). In these
management systems, new recruits are of au-
tochthonous or site-adapted allochthonous
origin; they conserve the appropriate char-
acteristics of the maternal population and
are well adapted to local conditions (Korpel
1989, Vacek et al. 2010). Moreover, by con-
serving local gene pool and the natural com-
position of site-adapted tree species, such
activities increase the vitality and stability of
forest stands (GOmOory et al. 1998).

Several studies from the Sudetes and cen-
tral European middle mountains document-
ed the tendency to regular distribution of
individuals in the upper canopy level, in con-
trast to the clustered distribution of regenera-
tion (Vacek et al. 2010, Szwagrzyk and
Czerwczak 1993). This pattern has also
been found in other natural European forests
dominated by beech (von Oheimb et al.
2005, Commarmot et al. 2005). The ten-
dency of clustered establishment and growth
of the regeneration is influenced by gap for-
mation and the creation of favorable micro-
sites (Zeibig et al. 2005).

The purpose of this presented study is
to evaluate the structural diversity of natural
regeneration in autochthonous beech stands
in the National Nature Reserve Broumovské
stény as a function of microsite. We examined
the relationships between microrelief, vegeta-
tion cover, mature stand and soil parameters,
and height, density and canopy characteris-
tics of natural regeneration recruits. Since
in dense beech forest stands the light is for
natural regeneration limiting growth factor,
its success is often related to gap-formation;
higher radiation in gaps often leads to faster
growth and generally higher success of tree
seedlings, but increased light intensities may
also have contradictory effect, when changes
in resource availability induce higher ground
vegetation cover and intense competition for
resources (Collet et al. 2001, Petritan et
al. 2009, Barna 2011). Thus, beside cano-
py indicators special attention is paid to the
characteristics of microrelief that may have
strong effect on the initial performance of
natural beech regeneration.

MATERIALS AND METHOD
Area description

Broumovské stény region — Central Sudetes
(450-770 m a.s.l.) represents a part of the
Natural Forest Zone number 24 — Sudety Hills
and Protected Landscape Area Broumovsko
(Fig. 1). The north- and east-facing slopes
above Broumov basin are very steep. In con-
trast, south and west facing slopes are gradual
and dissected by many ditches and canyons.
Overlaying Jurassic sandstone, soils are pre-
dominantly oligotrophic to mezotrophic,
mainly Cambisols and Cambic Rankers as
well as Cryptopodzols, Regozems and Litho-
zems in few locations. They are light, sandy
to loamy-sandy. Mean annual is 6.1°C and
mean annual precipitation is around 857 mm
(473 mm in the vegetation season). The grow-
ing season is 139 days and the Lang's rain
factor is 140 (Mikeska et al. 2000, Vacek
et al. 2012). The potential natural vegetation
consists of the herb-rich beech forests (Den-
tario enneaphylli-Fagetum) and acidic beech
forests (Luzulo-Fagion). The predominant
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Table 1. Overview of the basic characteristics of the permanent research plots.

Alti- Expo- Slope . Mean Diameter Height Volur;le Crow " Basal N

PRP  tude ston  (°) Species age (cm) (m) (m’. projec.  area (m?
(m) 8 ha'!) (ha) ha™!)
640 E 31 Pa, Fs, Ap 92 30.4 27.0 549 2.7 40.9

2 644 E 33 Pa, Fs, Ap, Ug 163 31.3 15.0 561 3.2 38.9

3 638 E 35 Pa, Fs, Ap 163 45.3 24.5 491 2.6 30.1

4 645 g 35 CraF S’T‘zp’ APb gy 95 20.7 601 2.9 448

5 614 NE 42 Fs, Sa 163 37.1 22.0 566 2.0 32.5

Notes: Pa — Picea abies (L.) H. Karst., Fs — Fagus sylvatica L., Ug — Ulmus glabra Huds., Ap - Acer
pseudoplatanus L., Apl - Acer platanoides L., Tc - Tilia cordata Mill., Sa — Sorbus aucuparia L.; GPS: 1 -
50°34'25" N, 16°15'41" E, 2 - 50°34'29" N, 16°15'40" E, 3 — 54°34'33" N, 16°15'39" E, 4 - 50°34'36" N,

16°15'37" E, 5 - 50°34'43" N, 16°15'36" E.

12°E 14° E

16° E

/ |

Germany

50° N+ ____Czech/Republic

e ]
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Fig. 1. Location of permanent research plots 1-5 autochthonous beech stands in the Protected Land-

scape Area Broumovsko - Sudety Hills.

forest site type is Acereto-Fagetum lapidosum.
On parts of PRPs 1 and 2, Abieto-Fagetum
saxatile and Ulmi-Fraxineto-Aceretum saxa-
tile are also present.

Location of the permanent research plots
(PRP) is demonstrated on Fig. 1, their basic
characteristics in Table 1. Mezotrophic and
modal Cambisols are prevailing on the PRP,
on the PRP 1 and 2 also Cambic Rankers oc-
cur. The beginning optimum stage was domi-
nant on the PRP 1 and 4, break-up stage on
the PRP 2, 3 and partly 5.

Data collection

The Field-Map technology (IFER-Monitoring
and Mapping Solutions Ltd.; cf. Smelko and
Merganic 2008) was used to determine the
natural regeneration structure as well as the
tree layer on five permanent research plots
(PRP) of size 50 x 50 m (0.25 ha). Using these
data, we measured the position of all regen-
eration recruits with diameter at breast height
(dbh) outside bark <7 c¢cm and recorded tree
species, total height, height of green crown
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base, crown width (to 1 cm accuracy) and di-
ameter at the ground surface (to 1 mm accu-
racy). For each recruit we classified the site as
one of three types of microrelief (mound, pit,
slope) at a scale of 1.0 m.

Data analysis

Horizontal spatial arrangement, vertical
structure and species composition of the
natural regeneration were described. We used
the following coeftficients to describe the hori-
zontal structure of natural regeneration: Hop-
kins-Skellam index (Hopkins and Skel-
lam 1954), Pielou-Mountford index (Pielou
1959, Mountford 1961), Clark-Evans index
(Clark and Evans 1954); Ripleys L-func-
tion (Ripley 1981). The David-Moore index
(David and Moore 1954) was applied to
determine the tree distribution frequency in
particular quadrates; 25 quadrates were de-
limited for each PRP (10 x 10 m).

The program PointPro 2.1 and R 3.1
(Hothorn and Everitt 2014) was used
to calculate characteristics describing the
horizontal spatial distribution of individuals.
Monte Carlo simulation was used to test for
significance of deviations. The average values
of the L-function were estimated as arithme-
tic means from L-functions calculated for
1999 randomly generated point structures.
The characteristics of distribution indices are
shown in Table 2. Multitype pair correlation

function was used to calculate the relation-
ship between natural regeneration and ma-
ture overstory according to the coordinates of
individuals.

Species diversity was described by using
the species richness determination (Menh -
inick 1964), species heterogeneity charac-
teristics (Simpson 1949, Shannon 1948;
10 tree species were set as default for maxi-
mal entropy) and species evenness (Pielou
1975), where the values range between 0
(minimum species diversity) and 1 (the max-
imum one). Furthermore, biological canopy
(sum of crown projections per hectare) and
mensurational canopy (crown closure; pro-
portion of a stand covered by the crowns)
were calculated.

The heights of regeneration recruits were
evaluated with respect to the forest develop-
ment stage and also with respect to microrelief
on particular PRPs. Forest development stag-
es were classified according to Schmidt-
Vogt (1985) and Korpel (1989).

Analyses were processed in the Statistica 12
software (StatSoft, Tulsa). Data were log trans-
formed to acquire normal distribution and test-
ed by using Kolomogorov-Smirnov procedure.
The effects of microrelief on the height of natu-
ral regeneration recruits, differences among
height of recruits on plots and differences in
species diversity of recruits were separately test-
ed by one-way analysis of variance (ANOVA).
Significant differences were subsequently test-
ed by post-hoc comparison Tukey’s HSD tests.

Table 2. Overview of indices describing the horizontal structure and their common interpretation.

Index Mean value Aggregation Regularity
Hopkins-Skellam A=05 A>05 A<05
Pielou-Mountford a=1 a>1 a<l1
Clark-Evans R=1 R<1 R>1
David-Moore ICS=0 ICS>0 ICS<0

Table 3. Species composition of the natural regeneration on permanent research plots 1-5.

PRP FS AP PA Other species Frequency
% % % % ind. ha™

1 91.3 7.9 0.5 0.3 (Aa) 1476

2 78.5 20.3 0.8 0.3 (Ug) 9412

3 80.5 9.9 8.2 1.4 (Sa) 5624

4 81.2 18.1 0.2 0.6 (Tc, Sa) 14128

5 98.0 0.9 1.1 <0.1 (Sa) 44 888

Notes: FSs — Fagus sylvatica, Ap — Acer pseudoplatanus, Pa — Picea abies, Ug — Ulmus glabra, Sa — Sorbus

aucuparia, Tc - Tilia cordata, Aa — Abies alba.
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Unconstrained principal componentanal-
ysis (PCA) in the CANOCO for Windows 4.5
program (Ter Braak and Smilauer 2002)
was used to analyse relationships among
canopy cover parameters of recruits and full
grown trees, density and height recruits, tree
layer height, slope, ground vegetation cover
and similarity of 5 research plots. Data were
centred and standardized during the analysis.
The results of the PCA were visualized in the
form of an ordination diagram constructed
by the CanoDraw program.

RESULTS

Abundance and species diversity
of the natural regeneration

Species composition of the natural regenera-
tion on each PRP is documented in Table 3.
The average number of recruits with height
210 cm and dbh <7 cm was approximately
15,000 ind. ha™'. We recorded the fewest re-
cruits on PRP 1 (1,472 ind. ha') and the
most on PRP 5 (44,888 ind. ha™'). Consider-
ably higher abundance were found on plots
in the break-up stage (PRP 2, 3, 5) compared
to plots in the optimum growth stage. Regen-
eration was predominately European beech
(78.5-98.0% of total recruits). Sycamore (Acer
psudoplatanus) was also fairly abundant, rep-
resenting approximately 20% on PRPs 2 and
4 (1,908 and 2,556 ind. ha™ respectively). The
representation of Norway spruce (Picea abies)
was 0.2-8.2% of total recruits. Other tree spe-
cies (Abies alba, Tilia cordata, Sorbus aucu-
paria and Ulmus glabra) accounted for <1%
of regeneration.

Statistically significant differences in spe-
cies diversity of natural regeneration among
plots were found (F = 3.1, P <0.05). The

(4, 15)

species diversity (Table 4) can be character-
ized as low, largely a function of domination
by beech. PRP 4 contained the most species
(5). According to Menhinick's index, how-
ever, the highest species richness was detect-
ed on PRP 1, which was affected by the low
number of recruits on this plot. Regardless of
the index, the regeneration was species—poor.
The indices of species heterogeneity are rela-
tively low to medium rich on PRPs 2, 3 and
4 and extremely low on PRPs 1 and 5. The
greatest species homogeneity was found on
PRPs 2 and 3, where the disruption process of
the overstorey is in progress. The lowest spe-
cies diversity occured on PRP 5, where beech
is dominant in the overstory.

Height structure of the natural
regeneration

The height structure of the natural regen-
eration on PRPs 1-5 (Fig. 2) is fairly het-
erogeneous on all plots, depending on the
dynamics of the development cycle. The
largest mean heights are reached by recruits
on PRP 5(1489 cm + 0.8 SE) and PRP 3
(93.9 cm + 1.7 SE), and the smallest mean
heights on PRP 1 (29.5 cm + 4.6 SE). We found
that greater regeneration and differentiation
of the regeneration coincided with the open-
ing of the canopy in response to the decay of
the mature stand, as shown on PRP 5. Here,
the recruits were mainly in the height class
80.1-100.0 cm (10,856 ind. ha'). We also re-
corded a high percentage of advanced growth
taller than 200 cm in PRP: 24.4% (10,956 ind.
ha™'). Results were completely different on
PRP 1 in the optimum stage, where the height
of only 3.1% of the regeneration recruits ex-
ceeded 50 cm (46 ind. ha™). Significantly
greater height differentiation was observed in

Table 4. Indices describing the species biodiversity of natural regeneration.

PRP m D (Mei) X (Sii) H’ (Shi) E (Pii)
1 4 0.108 0.046 0.057 0.095
2 4 0.041 0.342 0.249 0.413
3 4 0.053 0.335 0.290 0.482
4 5 0.042 0.308 0.522 0.324
5 4 0.019 0.040 0.049 0.082

Notes: m — species number, d (Mei) - Menhinick's index of species richness, A (Sii) — Simpson's index
of species heterogeneity, H (Shi) — Shannon's index of species heterogeneity, E (Pii) Pielou's index of

species homogeneity
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Fig. 2. Frequency of height classes of natural re-
generation on permanent research plots.

stands in the break-up stage compared to the
optimum stage.

PRP 3 had the greatest share (28.2%) of the
smallest seedlings (those < 20 cm in height).
Only the initial phases of regeneration occur
on this plot, and light is limited. This small-
est seedling are almost absent on PRP 5 (only
0.09% of all recruits) because of competi-
tion from advanced growth. On PRPs 1 and
4 (in the optimum overstorey growth stage
without the youngest seedlings) 88.9-91.1%
of recruits had a root collar diameter <1 cm,
whereas on plots in the break-up stage this
share of this category ranges between 10.1
and 67.7%. A relatively high number of re-
cruits with diameter on root collar over 4 cm
was registered on the PRP 5 (1,246 ind. ha!,
i.e. 11.3% respectively).
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Statistically significant differences in
height of natural regeneration among plots
were found (ANOVA, F(4, o) = 1431.0,
P <0.001). Higher height values were re-
corded on plots in the break-up stage (PRPs
2, 5). Height of regeneration on these two
plots was significantly different from that on
the other plots (ANOVA, P <0.001). On the
other hand, the hypothesis of homogeneity of
PRPs 1, 3 and 4 was not rejected (PRPs 1 and
4:P=0.18; PRPs 1 and 3: P=0.28; PRPs 3 and
4: P = 0.99).

Effect of microrelief

A significantly higher proportion of natural
regeneration recruits was found on pits and
slopes (ANOVA, F, ... = 1918, P <0.001)
than on mounds. There was no difference
in mean height of recruits on pits and slopes
(ANOVA, P = 0.44). The mean height of re-
cruits on mounds was 74.0 cm + 2.2 SE, on
slopes 119.5 cm + 0.7 SE and on pits 121.0
cm + 1.7 SE (Fig. 3). The tallest recruits were
found on PRP 5, especially on pits (161.5 cm
+ 1.8 SE), followed by PRP 2, particularly on
slopes (102.9 cm + 1.8 SE). Recruits with the
shortest mean heights were found on PRP
3, especially on mounds (22.5 cm + 4.5 SE),
followed by PRP 1, particularly on mounds
(27.0 cm * 10.6 SE). On most plots, recruits
were the tallest on pits and the shortest on
mounds (Fig. 3). On PRP 1 there were no dif-
ferences in recruit heights among microrelief
types (test, P > 0.05).
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Fig. 3. Average height of natural regeneration among plots with respect to microrelief types A) and
clustered for all plots B); significant differences (P X0.05) among microreliefs are indicated by different
letters; error bars represent standard error of the mean.
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Horizontal structure
of the natural regeneration

The natural regeneration was consider-
ably aggregated (Table 5, Fig. 4) based on
our results using applied structural indices
(Hopkins-Skellam, Pielou-Mountford, Da-
vid-Moore, Clark-Evans). Ripley’s L-function
also supported the conclusion that regen-
eration recruits had a clumped distribution
(Fig. 5). PRP 2 was the most highly aggre-
gated (A = 0.987, a = 14.546, ICS = 27.222,
R =0.469), whereas according to the L-func-
tion, PRP 1 was the most highly aggregated,
twice as much as PRP 3. The most clustered
tree species was beech. Beech and sycamore
regeneration were concentrated in groups of
different size. Spruce regeneration was locat-
ed in larger gaps and on sites with favourable
edaphic conditions. Fir (Abies alba), rowan
(Sorbus aucuparia), lime-tree (Tilia cordata)
and elm (Ulmus glabra) seedlings are inter-
spersed. Considerably higher spatial diversity
was observed in break-up stages (PRP 2, 3, 5)
than in the optimum growth stage (Fig. 4).

Results of multi-type pair correlation
analysis showed a negative effect of the parent
stand on the natural regeneration at smaller
spacing (X1.0-2.5 m). Distribution at higher
spacing across the plots is mostly random (no
spatial relationship).

Relationships among canopy,
recruit height and density
and plot parameters

Results of the PCA are presented in the form
of the ordination diagram in Fig. 6. The first
ordination axis explained 61%, the first two
axes together 82% and the first four axes to-
gether 99% variability of data. The first axis x
represented plot slope and soil depth, togeth-
er with canopy indicators of recruits. Second
axis y represented stand height. Recruit densi-

ty, stand age, crown projection of recruits and
crown closure of recruits were positively cor-
related with plot slope and soil depth. These
parameters were negatively correlated with
stand density and canopy indicators of the
stand. Stoniness was positively correlated with
stand height and negatively correlated with
recruit height and density. Vegetation cover
was negatively correlated with stand density
and canopy indicators of the stand. Stand age
and vegetation cover had less effect on mutual
relationships among canopy, recruit height
and density and plot parameters.

DISCUSSION

The success of natural regeneration manage-
ment in forestry obviously depends on the
abundance and survival of seedlings. Korpel
(1978) determined that the values of the nat-
ural regeneration abundance (<3 years) were
approximately 25,000 ind. ha™ in natural
beech forests of Slovakia at altitudes between
600-760 m a.s.l. For successful development
and growth of the regeneration he conclud-
ed that the minimum number of recruits
should be 20,000 ind. ha™. In our study, natu-
ral regeneration numbers (height of recruits
> 10 cm and dbh <4 cm) averaged 15,100 ind.
ha. Nagel et al. (2006) found similar num-
bers of natural regeneration in southeatern
Slovenia in fir-beech forests, ranging from
11,654 to 14,615 ind. ha™. Lower regeneration
density was documented in the acidophillic
and mesophyllic beech stands of the north-
eastern Germany (Oheimb et al. 2005),
where the abundance of regeneration was on
average 3,202 with a maximum of 9,408 ind.
ha™. Meyer et al. (2003), however, reported
higher values in natural beech forests of Al-
bania, ranging from 19,259 to 29,844 ind.
ha™. Bilek et al. (2014) found even higher
seedling densities (9,020 to 75,778 ind. ha™)
in Central Bohemia in the Vodéradské buciny

Table 5. Indices describing the horizontal structure of natural regeneration.

Index PRP 1 PRP 2
Hopkins-Skellam 0.943* 0.987*
Pielou-Mountford 9.082% 14.546*
David-Moore 10.773* 27.222%
Clark-Evans 0.475% 0.469*

PRP 3 PRP 4 PRP 5
0.983* 0.960* 0.920*
9.613* 9.794* 6.164*
7.415* 25.285* 29.983*
0.547* 0.635* 0.622*

* statistically significant
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Fig. 5. Horizontal structures of natural regeneration on permanent research plots 1-5 expressed by
Ripley s L-function; the black line represents the K-function for real distances of trees on the perma-
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trees and the two thinner central curves represent 95% interval of reliability; when the black line of tree
distribution on the plot is below this interval, it indicates a tendency of trees toward regular distribution,
and if it is above this interval, it shows a tendency toward aggregation.

Natural Reserve. Korpel (1989) reported be-
tween 11,674 and 21,345 recruits ha™' in for-
est reserves in middle elevations of Slovakia
(Vihorlatsky Kyjov, Rozok a Havesovd). High
variability was evident in all cases, depending
particularly on the size of the canopy opening

and on gap formation contrary to the closed
forest environment.

Korpel (1978) stated that 5-year-old
beech regeneration in single cohort manage-
ment systems can reach a height >40 cm only
if canopy closure is less than 0.5. We found
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similar stand conditions were in our study
observed on PRP 5 with stocking 0.5 and
the most advanced beech regeneration in the
height class 80.1-100.0 cm. The lowest seed-
ling density and mean height of beech regen-
eration was observed on PRP 1, which had
an overstory stocking 0.9. These results are
similar to those of Bilek et al. (2013). They
documented the best growths of seedlings on
the locations with canopy 0.5, satisfactory on
sites with canopy 0.6 and unsatisfactory on
sites with canopy 0.8, ten years after a heavy
seed crop. Expressed differences in recruit
heights between plots can be explained as a
result of different levels of overstory tree den-
sity, gap disturbances and prevailing habitat
conditions. Reduced levels of variation in re-
cruit heights within sample plots are in line
with other similar research that report close
to normal distribution for initial natural re-
generation, whereas on PRP 1 and 5 advanced
regeneration displayed a shift to right-skewed
height-classes distribution as the strongest
individuals start to differentiate within the
regeneration cohort (Vacek et al. 2014).
Silver fir and sycamore numbers and rela-
tive dominance in our study were compara-
ble to numbers reported by Korpel (1978,
1989), who found 2,400-6,750 ind. ha™! of fir
recruits in similar conditions. In the oversto-
ry the share of this species was 14%. Nagel
et al. (2006) found similar numbers of silver

fir regeneration, slightly lower than those in
Oheimb et al. (2005).

Our study found the regeneration was
strongly aggregated horizontally, similar to
other studies (Rozas 2003,Nagel et al. 2006,
Paluch 2007, Szewczyk and Szwagrzyk
2010, Vacek et al. 2010). The clustered na-
ture of the recruit distribution was evident in
our study not only near the canopy gaps, but
also relatively far from them. Abundance and
size of recruits of natural origin is strongly
affected by the canopy closure of the parent
overstory. Significantly higher species as well
as spatial variability including height distri-
bution form was documented in the break-up
stage comparing to the optimum stage.

The recruits were significantly taller in
the terrain depressions (pits) and slopes com-
pared to those growing on mounds. This was
even emphasized by the high soil skeleton
content on mounds with numerous rock out-
puts, minimum amount of fine earth and low-
er water retention, both necessary for recruit
growth (Vodde etal. 2010). Limiting growth
of recruits on mounds is also connected with
sensitivity to frost and drought (Wagner
et al. 2010). This is in contrast to the situa-
tion in the Giant Mts., where taller regenera-
tion and more vigorous growth was found on
the elevated sites (Vacek et al. 2009). This
results was likely due to different climatic
conditions of the Giant Mts. and by soil fac-
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Fig. 6. Ordination diagram showing results of PCA analysis of relationships among canopy parameters
(crown closure, crown projection) of recruits (marked as ‘R’) and stand (marked as ‘S’), density, height,
stand age, vegetation cover and research plot attributes (plot slope, stoniness, soil depth); M indicate the

research plots.
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tors with much lower soil skeleton content.
The quantity of the natural regeneration was
also strongly modified by the topography and
soil herb and moss cover found in this part
of Central Sudetes (Vacek and Matéjka
2003) as well as in the primeval and natural
forests of the Slovakia in Vihorlatsky prales
Kyjov, Rozok and Havesova (Korpel 1989).

Results of multivariate analysis showed
that mature stand canopy (crown projection,
crown closure), soil depth and stoniness was
important for recruit density and recruit can-
opy characteristics. Similar result were con-
firmed by many authors (cf. Madsen and
Larsen 1997, Madsen and Hahn 2008),
who demonstrated a significantly positive
effect of increasing light levels on natural re-
generation (Ammer et al. 2008, Sefidi et
al. 2011, Bilek 2014 et al.). However, this re-
lationship between mature stand canopy and
the density of natural regeneration recruits
is not linear and may vary considerably de-
pending on local competition (Collet and
Le Mogeudec 2007). Analysis also showed
a negative effect from stony soil and positive
effect of soil depth on the growth of recruits
(Madsen and Larsen 1997, Diaci et al.
2005).

It has been shown that unmanaged old-
growth forest stands support high variability
of natural regeneration recruits concerning
their height, tree species and spatial pattern.
Natural regeneration is typically variable in
time and space as result of ongoing gap dy-
namics with absent or very limited large-scale
break-up of senescent parent stands. This is
in accordance with other studies conducted
in similar natural conditions in stands domi-
nated by European beech. Therefore it is ex-
pected that multi-aged management regimes
are better suited for the retention of structural
and spatial attributes characteristic for these
forest ecosystems.

CONCLUSION

High variability of natural regeneration was
documented on all studied plots. Natural re-
generation of beech dominated stands was
predominantly aggregated with rather uni-
form size structure within clusters of natural
regeneration and more expressed differences

in heights of recruits among plots. Changes
of horizontal structure are influenced mainly
by microrelief types, competition of parent
stand and soil parameters. The occurrence
and growth of recruits was negatively influ-
enced by parent stand density and canopy
closure. Regeneration was in general more
prospering on pits and slopes with more fa-
vourable moisture characteristics. This is in
contrast to the situation in other parts of the
Sudetes, where taller regeneration and more
vigorous growth was found on the elevated
sites (Giant Mts.). This results was likely due
to different climatic conditions of the Giant
Mts. and by soil factors with much lower soil
skeleton content.
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Surprisingly these aspects have been studied along
extensive altitudinal gradients worldwide (Barrera
et al. 2000; Motta et al. 2006; Holeksa et. al. 2007;

Modifications of spatial patterns of important
forest attributes such as living mature trees and
their crowns, deadwood and natural regeneration
along altitudinal gradient may result from various
environmental conditions such as climate, edaphic
conditions, disturbance regime and human impact.

Girardin et al. 2014), but less information has been
gathered from temperate zone with special focus on
beech dominated forests.

Due to its ecological plasticity and broad ecological
amplitude European beech (Fagus sylvatica L.) occurs
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over a wide range of mesic soils, with pH ranging
from 3.5 to over 7.0, and humus form mull to mor
with the exception of pseudogleys, or soils with re-
ducing conditions within 20 cm from the soil surface
(Le Tacon 1981; Otto 1994). In central Europe beech
dominates the major and central part of the mois-
ture and nutrient range of forests and is absent only
where rain is insufficient, or where the soil is too
dry (Ellenberg 1996). In the conditions of the Czech
Republic, beech occurred originally in the submon-
tane, montane and subalpine zones from 300 m a.s.l.
to 1300 m a.s.]. (Neuhduslovd et al. 1998), but was
on most sites replaced by Norway spruce (Picea abies
/L./ Karst) as economically more interesting species.
In the present Czech Republic, the representation of
beech has been reduced from more than 40% of the
natural representation to less than 8% today (Minis-
try of Agriculture of the Czech Republic 2013) and
most beech forest have been modified in their tree
species composition and structure.

In Central European conditions extensive rem-
nants of old-growth beech forests remain to a larg-
er extent in the Carpathians, but in the absence of
strong human impact valuable examples of natural
or near-natural beech stands are also known from
the Central European middle-mountains including
also the mountain range of the Sudetes (Jenik 1998).
Man-made forest stands mostly have lower volumes
of dead wood (standing and fallen) — (Christensen et
al. 2005), simplified DBH and age structure and reg-
ular distribution of trees, while natural forest stands
that originate from natural regeneration (from seeds,
vegetative sprouts or by layering) usually have an
aggregated or randomly irregular initial distribution
(Vacek et al. 2010a, 2010b) and generally higher
structural heterogeneity (Rademacher et al. 2001;
Rozas 2006). In the course of stand development
this type of distribution changes toward moderate-
ly regular distribution in favourable environmental
conditions (Korpel 1995; Wolf 2005), while in less
favourable conditions more irregular or aggregated
structures are expected (Vacek et al. 2010b).

Commonly, structural indices and functions are
used to study the structure of forest stands. In nu-
merous studies on horizontal structure of forest
stands, distribution indices based on a distance of
trees to the nearest neighbour have frequently been
used for a long time. Probably the best-known ag-
gregation index R (Clark and Evans 1954) compares
the actual distance of a tree to its nearest neighbour
with a distance fulfilling the condition of purely ran-
dom stand structure given by the Poisson probability
distribution. Frequently are also used distribution
indices based on a distance between a randomly se-
lected point and actual positions of trees. The first
index of this type was proposed by Hopkins and
Skellam (1954); it is based on the principle that the

population has a random distribution in case that the
distribution of distances from any point to its near-
est neighbour coincides with the distribution of dis-
tances from a randomly selected tree to its nearest
neighbour. The same principle was applied e.g. by
Mountford (1961).

In the seventies of the 20t century the first distri-
bution functions were proposed (Geyer 1999) with
the objective to express the horizontal structure in a
continuous way. Their advantage is that they docu-
ment the intensity of particular types of distribution
to various distances (Pretzsch 2009). The frequently
used K-function (Ripley 1977) shows the mean value
of the number of individuals situated at a distance
smaller than or equal to r from a randomly chosen
individual.

Conversly, a relatively small number of authors
have dealt with indices describing the vertical struc-
ture (Ferris-Kaan et al. 1998; Weber 1999). The Ar-
ten-profil index (Pretzsch 1992) is based on com-
binations of the Shannon index of species diversity
divided into three storeys. Neumann and Starlinger
(2001) proposed the vertical evenness index based
on tree distribution into four stand layers closely re-
lated to their crown projections.

To evaluate the overall diversity of forest stand by
means of complexity indices is more suitable than
the above-mentioned structural indices aimed at one
component of the stand structure only. Complexity
index (Holdridge 1967) is calculated as the product
of dominant height, basal area, tree number and spe-
cies number, but data on tree distribution are miss-
ing in this index (Neumann and Starlinger 2001).
The stand diversity index (Jachne and Dohrenbusch
1997) is based on the combination of species com-
position, vertical and horizontal structure and crown
differentiation. An extensive overview of indices
concerning stand structure diversity is shown for in-
stance in the work of McElhinny et al. (2005).

In the National park of the Krkonose Mts. the
near-natural management increasingly makes use of
natural processes in forest stands, especially of nat-
ural regeneration, either spontaneous or controlled
(Kooijman et al. 2000). However, such approach re-
quires deep knowledge of the structure and develop-
ment of near-natural forest stands in the particular
forest stand types. Hence, structural characteristics
of autochthonous beech stands at different altitudes
may be an important source of knowledge for forest
managers and conservationists.

The object of this paper was to evaluate forest
structure with different habitat and stand character-
istics on three permanent research plots (PRP) repre-
senting fragments of autochthonous stands in herb-
rich beech forests, acidophilous beech forests and in
beech groups around the timberline in the eastern
Krkonose Mts. including prediction of their develop-
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ment by 2040. The aim of our study was to demon-
strate the impact of altitude (climatic and edaphic
habitat conditions) on the horizontal structure of
beech stands in the optimum to the initial break up
stage left to be regulated by natural processes.

Materials and Methods
Site descriptions

The study was conducted on three permanent
research plots (PRP) situated in the 1 zone of the
eastern part of the Krkonose National Park, Czech
Republic. The National Park is covering area of 550
km? and is located on the Czech-Polish border, in
Krkonose Mts. The parent rock is formed mainly by

granite, mica schist and phyllite. At the lowest alti-
tudes Cambisols are dominant and above 1,000 m
Podzols prevail. Average annual precipitation varies
with altitude and aspect from 860 mm to 1260 mm,
mean annual temperature decreases with altitude
from 6.1°C to 2.6°C.

PRPs were established on given sites in order to
cover wide altitude range of European beech (Fa-
gus sylvatica L.) in this locality from herb-rich beech
forests (PRP 31) to acidophilous mountain beech
forests (PRP 29) and beech forests under the pro-
nounced summit phenomenon (PRP 27). PRPs were
established in 1980 and they are 50 x 50 m in size,
i.e. 0.25 ha. Fig. 1 shows the localization of PRPs and
Table 1 shows the basic characteristics of particular
forest stands.

Table 1. Overview of basic characteristics of particular forest stands (according to forest management plan, stand 2014)

For-

Plot name GPS Tre.e Height DBH Voglun’f Altitude  Expo- Gracohent est Air pollut.
species (m) (cm) (m3.ha) (m) sure ©) type zone
beech 30 44 407
. 04NN
iga‘;‘ 5{20‘;2%;1; maple lf;/ 28 40 0 740 NE 23 6B9 D
y spruce 32 42 21
U Bukového 50°38'44"N  beech 174/ 26 48 212
29 pralesa B 15°52'14"E  spruce 24/10 29 47 24 950 SE 16 651 ¢
beech 15 31 85
U Bukového 50°38'57"N 174/
27 pralesa A 15051'46" E spruce 31/18 19 34 45 1 030 SW 3 6Z0 C
rowan 15 22 2

Explanatory notes: Age — age of trees in particular tree layers; 6Z0 — dwarf spruce-beech forest growing on the ridge, 6S1 — acid spruce-
beech forest with broad buckler fern, 6B9 — rich spruce-beech forest growing on the slope; air pollution threat zones C — 2-5% of trees

die per year, D — 0-2% of trees die per year.
12°E
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Fig. 1. Localization of permanent research plots in the Krkonose National Park
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On the lowest-lying PRP 31 the upper storey is en-
tirely composed of beech. Mean height of the stand
is 24.4 m (top height 29.0 m — 95% quantile of tree
heights), mean breast-height diameter (DBH,,) is
41.2 cm = 10.4 S.D. and stocking 7. The soil type
is modal Cambisol. In 2014 the standing volume
amounted to 394 m?3.ha”!, total current increment
was 6.5 m®.hal.year! and total mean increment was
2.26 m3.hal.year!'. On PRP 29 the upper storey is
dominated by beech (97%) with admixture of spruce
(3%). Mean height of the stand is 11.9 m (top height
26.5m), mean DBH, ,26.4 cm + 19.5 S.D. and stock-
ing 8. The soil type is modal Cambisol. In 2014 the
standing volume amounted to 436 m3.ha™, total cur-
rent increment was 4.9 m3.ha".year! and total mean
increment was 2.09 m3.hal.year!. On the highest al-
titude lying PRP 27 the upper storey is dominated by
beech (96%) with admixture of rowan Sorbus aucupar-
ia L. (3%) and spruce (1%). Mean height of the stand
is 11.2 m (top height 14.6 m), mean DBH, , 26.2 cm
+ 7.5 S.D. and stocking 6. The soil type is modal
Cryptopodzol. In 2010 the standing wood volume
amounted to 218 m?3.ha’!, total current increment
was 3.8 m®ha'.year! and total mean increment was
1.12 m3.ha-l.year.

Data collection

To determine the structure and especially posi-
tion of all trees, natural regeneration and snags on
PRPs was recorded using the FieldMap technolo-
gy and equipment (IFER-Monitoring and Mapping
Solutions Ltd.). The measurement of tree layer com-
prised all individuals whose breast-height diame-
ter over bark was DBH , > 4 cm. These secondary
characteristics were also measured in trees: DBH, ,,
height of the tree, height of the green crown setting
with a hypsometer Laser Vertex and crown projec-
tion at least at 4 points along the crown perimeter.
All measurements of tree layer were repeated every
fifth year from 1980 to 2010 (with the exception of
the first 10-year period) with standard dendrometric
methodology (Smelko 2007). On each PRP one tran-
sect of 50 X 5 m in size (250 m?) was established for
the study of horizontal structure of natural regener-
ation (seedling from 10 cm height to saplings with
DBH, , < 4 cm). The transect was outlined so that it
would represent the average frequency and maturity
of advance growth on the entire PRP.

Data analysis

Horizontal structure was evaluated on the particu-
lar plots separately for natural regeneration and for
the tree layer. Hopkins-Skellam index (Hopkins and
Skellam 1954), Pielou-Mountford index (Mountford
1961), Clark-Evans index (Clark and Evans 1954)

Table 2. Overview of indices describing the horizontal
structure and their common interpretation

Index Mean value  Aggregation  Regularity
Hopkins-Skellam A =05 A>05 A <05
Pielou-Mountford a=1 a>1 a<l1
Clark-Evans R=1 R<1 R>1

and Ripley’s K-function (Ripley 1977) were calcu-
lated. The horizontal structure of the tree layer is
related to the years 1980, 2010 and 2040, that of
natural regeneration to 2010, snags and crown pro-
jection to 1980 and 2010. The criteria of structural
indices are given in Table 2. For a completely ran-
dom distribution of points K(r) = wr? is applicable.
In case that the value K(r) calculated from real data
is higher than the expected value, it can be explained
as a trend of forming point clusters at a distance r.
Inversely, the lower K(r) value indicates a trend of
repulsion, i.e. the formation of regular point struc-
tures.

To calculate these characteristics describing the
horizontal structure across the plot the PointPro 2.1
program (Copyright 2010 Daniel Zahradnik) was
used. The test of the significance (a=0.05) of devia-
tions from the values expected for random distribu-
tion of points was performed by Monte Carlo simula-
tion. The mean values of K-function were estimated
as arithmetic means from K-functions computed for
1 999 randomly generated point structures. In the
results statistically significant values (exceeding the
confidence interval) are designated with asterisk.

The prediction of the horizontal structure of the
tree layer with an outlook of 30 years, using the simu-
lation of spontaneous development and assuming the
ecologically stable environment, was done by means
of the SIBYLA growth simulator of forest biodynam-
ics (Fabrika 2005). Individual tree data including
their age and coordinates were used as source data.
Soil moisture and nutrients were derived from the ty-
pological classification system. Climatic information
was obtained from a nearby meteorological station at
Rychory. For a higher statistical significance of pre-
diction the 36X repetition of simulation was used
(6x repetition of structure generation, 6 X repetition
of prognosis) — (Spuldk and Soucek 2010). The arith-
metic mean of variables from repeated simulations
was calculated from the resultant value and then the
simulation most approaching the mean was chosen.
Stand diversity was evaluated by the following indi-
ces: Arten-profil index (Pretzsch 1992), diameter and
height differentiation index (Fiildner 1995), where
the values range is between 0-1, when 0 represents
minimum and 1 the maximum one and total diver-
sity index (Jachne and Dohrenbusch 1997), where
values B > 9 indicate rich structure, and the index
value below 4 indicates a monotonous stand struc-
ture. Next, crown projection area and crown closure
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(canopy overlying the forest floor) was derived and
stand density index (SDI) was calculated as measure
of stand density (Crookston and Stage 1999). Situ-
ational maps were made in ArcGIS program (Copy-
right 1995-2010 Esri).

Unconstrained principal component analysis
(PCA) in Canoco for Windows 4.5 program (ter
Braak and Smilauer 2002) was used to analyze re-
lationships among basic mensurational characteris-
tic, slope of terrain, altitude, age of stand, time and
all structural diversity with emphasis on horizontal
structure in order to reveal similarity of all records.
Data were log-transformed, centered and normed
before the analysis. The results of the PCA analysis

PRP 31

Species )
© Fagus sylvatica ® Snag <
Crown projection

Specins 0 5 10 15 20
© Fagus sylvatica
® Picea abies ©® Snag 2L

© Sorbus aucuparia =51 Crown projection

were visualized in the form of an ordination diagram
constructed by CanoDraw program.

Results
PRP 31

Almost the entire plot of the autochthonous beech
stand has a two-storey structure while single trees
of the middle storey occur only locally and sparsely.
The tree layer is composed only of beech with 236
trees.ha (SDI 0.50). Fig. 2 shows the horizontal
structure of this stand in 2010. The total per-hec-
tare crown projection area is 2.06 ha at present and

97598
GO

(e

SR

8
)

(3

Ny
I X
S

Ve

=,
8%
X
oA

N5

0

L

L0

Species 0 5 10 15 20m

© Fagus sylvatica
® Picea abies
© Sorbus aucuparia

© Snag
Crown projection

Fig. 2. Horizontal structure of the tree layer of the beech forest on PRP 31, 29 and 27
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Table 3. Indices describing the horizontal structure of tree layer, natural regeneration, crown projection and snags on PRPs

Tree layer

Tree layer

Tree layer

Regenera-

Crown p.

Crown p.

Index  PRP 1980 2010 2040 tion 2010 1980 2010~ Snags 1980 Snags 2010
31 0.367* 0319* 0.285* 0.688* 0.293* 0313* 0.408 0.463
Hgsn 29 0.450 0.533 0.493 0.640* 0.499 0.449 0.543 0.570
27 0.705* 0.724* 0.685* 0.722* 0.485* 0.462 0.654 0.451
31 0.881 0.737* 0.711* 2.102* 0.682* 0.721* 1.093 1214
o 29 1.014 1.129 1.096 1.670* 1.220 1.021 1216 1.329
27 1.722* 1.654* 1.636* 2,676 1.119 1.019 1.911 1.073
31 1.267* 1276* 1.383* 0.892* 1373+ 1352+ 1275 1250
C81§Ei 29 1.115 0.996 1.054 0.840* 0.982 1.141* 1.113 1.092
27 0.746* 0.647* 0.724* 0.788" 1.041 1.122% 0.881 1.154

* Statistically significant

crown closure is 0.87. Neither of these two values
has almost changed over 30 years of study. The to-
tal per hectare number of natural regeneration re-
cruits is 73 800: beech accounts for 68%, sycamore
maple Acer pseudoplatanus L. for 22% and rowan for
9% whereas the representation of the other species
(Norway spruce, European ash /Fraxinus excelsior L./
and red elderberry /Sambucus racemosa L./) is below
1%. As a result of the relatively slow and irregular
opening-up of canopy height and diameter differenti-

TREE LAYER 1980

300

2504

K (n)

200+

1504

1004

Distance (m)

TREE LAYER 2040

3004

< 250

200+

150+

100+

50

OAemee=

2 4 6 8 10
Distance (m)

X 25

ated natural regeneration is gradually formed there.
Crown projection area and crown closure of natu-
ral regeneration are 0.12 and 0.10 ha, respectively.
Beech, European ash and sycamore maple regenera-
tion is mostly concentrated into biogroups. The oth-
er tree species are mostly interspersed as single trees
but are also in clumps.

Table 3 documents index values of the horizontal
structure of individuals of the tree layer. According to
all three calculated structural indices (Hopkins-Skel-
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Fig. 3. Horizontal structure of beech stand on PRP 31 — U Hadi cesty F expressed by K-function
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Table 4. The development of index values of tree layer on PRPs to 2010 and 2040 after prediction of spontaneous devel-

opment

PRP Year A (Pi) TM, (Fi) TM, (Fi) B (J&Di)
1980 0.638 0.316 0.172 5.520

31 2010 0.638 0.342 0.159 4.926
2040 0.628 0.297 0.140 4.595
1980 0.382 0.329 0.224 6.161

29 2010 0.452 0.404 0.311 7.399
2040 0.562 0.466 0.387 8.364
1980 0.467 0.256 0.145 6.645

27 2010 0.508 0.259 0.224 6.943
2040 0.521 0.273 0.265 7.154

Explanatory notes: A (Pi) — vertical Arten-profile index, TM, (Fi) — index of diameter differentiation, TM, (Fi) index of height differentia-

tion, B (J&Di) — total diversity index

lam, Pielou-Mountford and Clark-Evans) the distri-
bution of individuals of the tree layer on this PRP is
moderately regular. The moderately regular distribu-
tion of the tree layer individuals according to their
distance (spacing) is also shown by Ripley’s K-func-
tion while at a smaller spacing (less than 4 m) the
tree distribution on the plot is regular (Fig. 3). The
horizontal structure of this stand has been moderate-
ly regular since the beginning of the observation and
with the progressive dynamics of the stand the trend
of regularity has been slightly increasing. Stand-
ing dead wood was from 1980 to 2010 distributed
randomly and centroids of crown projection were
regular. Table 3 also documents index values of the
horizontal structure of natural regeneration recruits.
According to all three calculated structural indices
natural regeneration on this PRP is aggregated. The
clumped distribution of natural regeneration recruits
according to their distance is also shown by Ripley’s
K-function (Fig. 3).

Table 4 documents the values of structural indices
(A - Arten-profil index, TM, — diameter differenti-
ation index, TM, - height differentiation index and
B - total diversity index) in the autochthonous Euro-
pean beech forest with interspersed sycamore maple
on PRP 31 — U Hadi cesty E It is a stand with high
vertical diversity that has hardly changed during the
stand development. Medium diameter and very low
height differentiation of the stand will be decreasing
from now on. Total diverstity of this stand was in-
termediate at the beginning of the observation and
it has slightly decreased with progressive dynamics,
which is caused by the absence of growing-up natural
regeneration.

PRP 29

The number of individuals of the tree layer is 716
trees.ha?! (SDI 0.74) when the number of trees has
increased more than twice since 1980. At present
crown projection area reaches the value of 3.32 ha
and crown closure 0.96. The total per hectare num-

ber of natural regeneration recruits is 13,320: beech
accounts for almost 100% while the share of rowan
and Norway spruce less than 1%. Crown projection
area and crown closure of natural regeneration are
0.51 and 0.25 ha, respectively. Rowan and spruce re-
cruits are individually admixed.

According to all three calculated structural indi-
ces all individuals of the tree layer are distributed
randomly on this PRP (Table 3, Fig. 2). The random
distribution of individuals of the tree layer according
to their distance (spacing) is also shown by Ripley’s
K-function at a tree spacing from 1 m; at a smaller
spacing the tree distribution on the plot is aggregated
(Fig. 4). A more detailed analysis of the upper and
lower storey indicates that codominant and dominant
trees have a random distribution showing an inclina-
tion towards regularity (HS = 0.486, PM = 1.088, CE
= 1.102). On the other hand, the horizontal structure
of shaded and intermediate trees is aggregated at a
significance level of 95% (HS = 0.661, PM = 1.658,
CE = 0.945). K-function also confirms the aggregated
distribution of the lower storey (random distribution
to a distance of 3 m). In the last 15 years several tens
of trees have passed from the growth stage of young-
growth stand to the small pole stage, which has ac-
centuated the random distribution of trees to a larger
extent. Random distribution is expected in several
subsequent years. On the contrary, with accelerated
disintegration of the upper storey several growing-up
groups would create an aggregated structure. Both,
the horizontal structure of crown projection centroids
and snags is random. Spatial distribution of natural
regeneration on this PRP is aggregated according to
selected structural indices (Table 3), and also accord-
ing to the Ripley’s K-function (Fig. 4).

PRP 29 is characterized by medium vertical di-
versity that is slowly increasing with ongoing disin-
tegration of the stand and with the onset of a new
forest generation. Diameter differentiation index
documents a stand of medium and/or low differen-
tiation in 2010. Based on the TM,, this stand can be
considered as intermediately differentiated. It is so,
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Fig. 4. Horizontal structure of beech stand on PRP 29 — U Bukového pralesa B expressed by K-function

because the height of the overwhelming majority of
trees distinctly deviates from the mean height of the
stand (11.83 m * 6.14 S.D.), only a few trees have
a height around this mean. Both values of structural
differentiation show a steady increase (Table 4.). To-
tal diversity of this forest was intermediate at the be-
ginning of the observation while it is increasing with
ongoing disintegration of the stand. With the gradu-
al growing up of further trees to the upper storey a
change in the stand structure from uneven structure
to relatively rich structure is to be expected.

PRP 27

The total number of individuals of the tree layer
per hectare was 768 (SDI 0.79). At present the value
of crown projection area is 2.26 ha and that of crown
closure is 0.90. The total per-hectare number of nat-
ural regeneration recruits is 47,960 while beech ac-
counts for 95%, rowan for 4% and Norway spruce for
1%. Crown projection area of natural regeneration
is 0.05 and crown closure of natural regeneration is
0.06 ha.

Spatial pattern of the tree layer is aggregated (Fig.
2, Table 3), which is also truth for the natural regen-
eration on this PRP The distribution of individuals of
the tree layer and natural regeneration indicated by
Ripley’s K-function is shown on Fig. 5; in the spacing
range of 5-9 m the tree distribution across the plot
is random, at lower and higher spacing aggregated.
Distribution of natural regeneration is aggregated by
K-function. The horizontal structure of crown projec-
tion centroids was random to regular and had much
more higher values towards the regularity than tree
layer. Standing dead wood on PRP 27 showed again
random spatial pattern. Simulations of spontaneous
development of the horizontal structure do not re-
veal any pronounced changes in the future.

Table 4 documents the values of structural indices
in an autochthonous beech stand with rowan admix-
ture and interspersed spruce on PRP 27. It is a stand
of medium vertical diversity that will increase only
slightly within 60 years of development with oscil-
lations. Diameter and height differentiation of the
stand is relatively low and it will gradually increase
in the years to come. These both values of TM index
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Fig. 5. Horizontal structure of the beech stand on PRP 27 — U Bukového pralesa A expressed by K-function

are the lowest determined values on all PRP. Total
diversity of this stand reached mean values at the
beginning of the observation (irregular structure)
while it has slowly been increasing with ongoing dis-
integration of the stand and subsequent growing-up
of natural regeneration.

Results of the PCA analysis are presented in the
form of the ordination diagram on Fig. 6. The first
ordination axis explained 53%, the first two axes to-
gether 78% and the first four axes together 98% vari-
ability of data. The first axis x represented altitude
and slope, together with live tree density, tree height
and DBH, .. Second axis y represented the course of
time (since 1980 till 2040) and average age of stand
with canopy (crown projection area and crown clo-
sure). Number of trees and altitude were positively
correlated (P < 0.05) to one another with aggrega-
tion indices (or negatively with Clark-Evans index).
Average height of trees was positively correlated with
DBH, , and Arten profile index, while these parame-
ters were negatively correlated with Total diversity
index. Indicators of canopy and partially height with
diameter differentiation are increasing in the course
of time, while average age of living trees in the stand

is decreasing in the time, namely due to new recruits.
The dynamics of parameters in the course of 60 years
was remarkable especially for PRP 29 as marks of
each record are relatively distant from one anoth-
er (move from the break up to growing up stage),
whereas marks for PRP 31 representing the optimum
stage were relatively close together in the diagram.

Discussion

The horizontal distribution of spruce trees in a
montane zone, particularly in the timberline area,
was studied by many authors (e.g. Holeksa et al.
2007; Pittner and Saniga 2008), but to the spatial
structure of mountain beech forests has been paid
less attention (cf. Vacek and Hejcman 2012). On all
investigated plots all used indices (Hopkins-Skel-
lam index, Pielou-Mountford index, Clark-Evans)
were in the interval of values indicating aggregated
through random to regular distribution of trees. Tree
distribution on PRP 31 in biostatic developmental
stage showed a tendency of regular spatial pattern
(from 3 m). Regular spacing is often the result of
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competition of neighbouring trees. Regularity in dis-
tribution of the upper storey trees was also observed
in beech forests in Slovenia (Rugani et al. 2013).
Random distribution of all individuals of the tree
layer prevails on PRP 29 situated at a lower altitude,
which is result of disintegration of the overstorey.
Spatial analyses documented that the upper storey
is distributed randomly showing an inclination to-
wards regularity but trees in the lower storeys have
a clumped distribution. This spatial pattern was
also observed in other natural beech forests (von
Oheimb et al. 2005; Commarmot et al. 2005). An
inclination towards aggregation in the lower storey
is a result of the successful aggradation of natural
regeneration in canopy gaps (Zeibig et al. 2005).
Shift from significantly aggregated distribution of
new recruits through random to regular in large
sized trees (DBH,, > 32.5 cm) was also confirmed
in near-natural beech forests in France (Wijdeven
2004). The aggregated spatial pattern of tree layer
individuals on PRP 27 at the altitude 1 030 m a.s.l.
is the effect of former intensive cattle grazing (Vera
2000) and summit phenomenon with harsh climate
conditions. Trees are distinctly aggregated to a dis-
tance of 4 m and subsequently from 8 m. In these
extreme conditions trees grow in biogroups; natural
regeneration of beech is also more successful in the
shelter of larger trees. This trend of deviation from
random distribution was observed also in the eco-
tone of the timberline that is accentuated there by
vegetative propagation as an adaptation to extreme

growth conditions (Dolezal and Srtitek 2002; Vacek
et al. 2010b).

Similarly like in other studies on Fagus sylvatica
natural regeneration (Nagel et al. 2006; Vacek et al.
2010b), the horizontal structure of regeneration was
found to be distinctly aggregated. Aggregated spatial
pattern of natural regeneration recruits on all PRP
was confirmed also by Ripley’s K-function indicat-
ing clear preference of young beech individuals for
specific microsite conditions. Spatial patters of the
crown projection centroids were from random to
regular. As in our case Schréter (2012) shows that
the crowns of beech were more regularly distribut-
ed than their trunks (most of the PRP 27), which
is caused by phototropism and crown plasticity of
beech growth allowing efficient use of space. Snags
had during the whole observation period strictly ran-
dom distribution regardless of altitude. This spatial
pattern was founded also in Sarrahn natural beech
forest in Germany (von Oheimb et al. 2007).

The value of Arten-profil index on the studied lo-
calities in 2010 ranged from 0.45 to 0.64, which indi-
cates stands of medium to high vertical diversity. The
highest value of the Fiildner's index of diameter and
height differentiation was reached on PRP 29. The
lowest height differentiation (0.16) was found on
PRP 31. Similar values of the Arten-profil index (0.44
and 0.45) were determined in 90-years-old beech
stands in Slovakia (Ciganka PRP and Zlata Idka PRP)
that were left to spontaneous development (Ste-
fanc¢ik 2013). Intermediate structure differentiation
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was also observed on all PRPs according to the Fiild-
ner's index of diameter and height differentiation
(0.40 and 0.43). PRP 27 under the strong influence
of extreme climatic conditions shows rather limited
growth of trees (smallest tree dimensions among
the studied plots) and relatively low differentiation
of diameter structure. The complexity stand diver-
sity index of natural beech fragments in the eastern
Krkonose Mts. indicated that these are stands with
mostly irregular structure. Rather regular structure
was found out on PRP 31, representing late biostatic
developmental phase.

The resultant value of reliability of future devel-
opment simulation depends on the growth simula-
tor error expressing the deviation of a subsequently
modelled stand from its actual condition (Pretzsch
2001). The author of the growth simulator of for-
est biodynamics SIBYLA (Fabrika 2005) stated that
at a 95% statistical significance level for the predic-
tion interval of 50 years the mean error of per-hec-
tare standing volume was = 5% for an unmixed
even-aged stand generated from tree data including
the coordinates while it was = 15% (error of mean
DBH =+ 8%, mean height + 6%) for an unmixed un-
even-aged stand generated from stand data. In our
case, considering the complexity of input data, pre-
diction interval of 30 years and age structure of the
forest stand composed mostly of one tree species, the
maximum magnitude of mean error is estimated to
be = 8%. The comparison of the actual condition of
the forest on PRP measured after 10 years and de-
velopment simulations based on 1980 input data did
not reveal any larger differences. These differences
were considerably minimized after subsequent pre-
diction by adding new trees reaching the registration
limit. Generally, the most significant deviation was
observed on PRP 27 because the stand growth on
this plot is distinctly influenced by extreme condi-
tions of the summit phenomenon.

No distinct changes have occurred in the hori-
zontal structure on all PRP since 1980 and in the
subsequent prediction of stand development by the
SIBYLA simulator till 2040. Similar results were con-
firmed by Korpel (1995), who concluded that exten-
sive disturbances in natural beech stands are very
scarce. The values of indices of height variability,
structure differentiation and total stand variability
on PRP 27 and 29 showed a positive increase during
the period of observation. These changes in struc-
tural characteristics can be expected from now on as
a result of gap dynamics and gradual growing-up of
natural regeneration recruits above the registration
limit. A pronounced increase in the values of these
indices was recorded on PRP 29, e.g. the assumed
value of total stand variability in 2040 amounting to
8.4 exceeded the boundary from the originally almost
regular stand structure to relatively complex forest

structure. In PRP 31, where the simulator predicts
the lowest mortality, all indices show a downward
tendency. Vertical diversity is the only exception with
rather constant values during the observation period.
Our research has revealed the relatively high qual-
ity of prediction of the used growth model. Research
of Spulak and Soucek (2010) also showed only mod-
erate differences in evaluated stand indices between
reality and models. However, in fact it is to take into
account that the dynamics of beech forests may be
influenced by unforeseeable anomalous disturbances
of high intensity (Mountford 2002; Closset-Kopp et
al. 2006). On the other hand, beech forests in the
montane zone are less exposed to these events com-
pared with lowland beech forests in NW Europe with
generally windier climate (Christensen et al. 2005).
With very pronounced microsite differences that
are typical of forest stands in the area of the distinct
summit phenomenon or near the timberline (cf. Va-
cek and Hejcman 2012) also mature stands tend to
maintain here the aggregated structure that is typical
only for juvenile stages of beech forests in more fa-
vourable sites (herb-rich beech forests). The results
show, thus spatial pattern of tree layer dependent on
the altitude, but also on the number of trees that is
closely associated with the development stage.
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Introduction

Afforestation of marginal agricultural and degrad-
ed lands is a crucial topic in both the European and
world context (European Communities, 2003; FAO,
2008). The environmental aspects also accompany
these efforts in more advanced economies (Aosaar et
al., 2012). With respect to these facts, countries of
the European Union are estimated to exclude 12-16
million hectares (ha) from agricultural production.
On a global scale, 385-472 million ha of abandoned
agricultural land are suitable to establish plantations
of fast-growing trees (FAO, 2008; Campbell et al.,
2008). Large areas of abandoned former agricultural
land suitable for this purpose are situated in Eastern
Europe (Henebry, 2009) as well as in some parts of
Western Europe (Anthelem et al., 2001). The Czech
Republic also adopted a subsidy plan for replacing
crop production by afforestation in 1992 (Cerny et
al., 1995; Holubik et al., 2014), which has been sup-
ported until now (Vacek et al., 2009). Increased wood
production is aimed to be used as bioenergy source,
becoming an important issue in fast-growing species
cultivation (Directive 2009/28/EC). The share of en-
ergy from renewable sources is presumed to increase
to 20% by 2020. However, for transformation of agri-
cultural land to forest-type areas, the natural succes-
sion with spontaneous pioneer species promotion is
convenient on abandoned agricultural lands (Vacek
et al., 2009). The nature of spontaneously formed
stands is influenced by a number of factors, such as
the method and intensity of previous management,
altitude, terrain configuration, distance from poten-
tial seed sources, occurrence of mast years, weather
trends, wild game, etc. (McVean, 1956). Such stands
differ not only in their production potential but also
in other functions expected from a forest stand.

The alder species belong among fast-growing tree
species of an increasing importance in Europe in the
last decades (Hytonen & Saarsalmi, 2009), especially
in northern Europe and Baltic countries (Johansson,
1999; Uri et al,, 2014; Hytonen & Saarsalmi, 2015).
They are characterised by a considerable tolerance to
adverse climatic and edaphic environmental condi-
tions, yet they constitute stands producing good-qual-
ity timber on sites where other commercially impor-
tant tree species are limited by unsuitable conditions
for successful growth and development due to their
ecological valence (Bugala & Pittner, 2010; Tobita et
al., 2010). At the same time, the alder can be involved
in the rehabilitation of disturbed soils (Roy et al.,
2007; Krzaklewski et al., 2012) and perform one of the
fundamental forestry functions, which is the achieve-
ment of adequate quantity and quality of production
within the shortest possible time (Claessens et al.,
2010). The great importance of alder is accentuated
by the European attention paid to the species under

the working groups Noble Hardwoods and Scattered
Broadleaves within the EUFORGEN programme (e.g.
Krstini¢ et al., 2002). In more favourable conditions,
some introduced species can also fulfil these functions
(Kacdlek et al., 2013; Reme$ & Zeidler, 2014).

In two-phase afforestation, due to their coloniza-
tion abilities pioneer trees create more favourable
microclimatic conditions for introduction of target
species, whose properties limit their applicability in
open areas (Vares et al., 2003). Spontaneously, alder
stands create variable environments for these pur-
poses (Soucek & épulék, 2010; Johansson, 2005).
Alder species show fundamental cultivation advan-
tages, important for establishing fast-growing forests
(Claessens et al., 2002). Their seedlings resist direct
solar radiation and frost fairly well, and in the past
they also suffered minimal disease attacks (Hubbes,
1983). More recently, after 1993, Phytophthora decline
of riparian alder populations has become an impor-
tant problem in Europe (Cerny & Strnadovi, 2010).
After felling, new alder vegetation rises from both
root and stump shoots, making artificial afforesta-
tion of clearings redundant (Saarsalmi et al., 1991).
Due to its capacity of symbiotic nitrogen fixation, the
alder tree can cover a substantial part of its annual
nitrogen requirement by means of this process (Uri
et al., 2011). Compared to other fast-growing ener-
gy tree species, the requirement for costly nitrogen
fertilisation is minimal or zero. In addition, studies
conducted both abroad and in this country indicate
a major ability of biomass accumulation by pioneer
tree stands (e.g. Uri et al., 2002; Johansson, 2005;
Soucek & épulék, 2010; Aosaar et al., 2011), despite
the bioenergy use is minor compared to intensive
fast-growing tree plantations.

Edaphic factors are among the main drivers of
both the black alder (Alnus glutinosa L. Gaertn.) and
the grey alder (Alnus incana L. Moench.) (Bialobok et
al., 1980). Riparian alder stands are the most com-
mon type of alluvial forest in the Czech Republic.
They are associations of the sub-alliance Alnenion
glutinoso-incanae, with the black alder predominant in
the tree layer at lower altitudes and the grey alder at
higher ones. Alder stands in spring areas are a spe-
cific case, most commonly found on upper reaches of
watercourses (Lukacik & Bugala, 2005). Unlike oth-
er types of alluvial forests, rather little attention has
been paid to the structure and development of alder
stands so far, although they are highly endangered in
Europe (Ellenberg, 1996). Both autogenous influenc-
es (Pokorny et al., 2000) and various external factors,
such as water-table fluctuations (Brock et al., 1989),
the effect of wind disturbances (Wolf et al., 2004)
and pathogens (Cech, 1998), have been described
as important for the dynamics of alder stands. For
example, the negative impact of ivy (Hedera helix L.)
on the radial growth and on some anatomical char-
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acteristics of black alder wood was shown by Yaman
(2009). Various disturbances increase the structural
diversity of the wetland forest vegetation types (An-
derson & Leopold, 2002) and the variability in stand
conditions, especially light and humidity conditions,
for their regeneration (Battaglia & Sharitz, 2006).

In the Slovakian context, the structure of natural
alder stands was assessed by Korpel (1991), who
documented low differentiation to relatively homoge-
nous stand structure within the 140-170-year devel-
opmental cycle. Bugala & Pittner (2010) demonstrat-
ed that the black alder stands in Slovakia show very
low height and diameter structural diversity and a
pronounced tendency to clustering due to vegetative
propagation. The variability in the qualitative indica-
tors of trunks and tops of the natural grey alder pop-
ulations in the Polana area showed great differences,
influenced in particular by specific ambient condi-
tions as well as individuals’ properties and coenotic
status within the stand (Bugala & Migas, 2011).

The structure and development of these stands
have long been influenced by human activity. For ex-
ample, Brock et al. (1989) and Douda et al. (2009)
mentioned the negative effect of increased waterta-
ble in black alder stands on their dynamics as a con-
sequence of drainage ditches clogging. The health
status of black alder stands is considerably affected
by decreasing watertable and periods of low total
precipitation (Rodriguez-Gonzdlez et al., 2014) as
well as by fungal pathogens (Worrall et al., 2010).
The 20™ century meant a return to quasi-natural
alder plant associations in various parts of Europe
(Giisewell & Le Nedi¢, 2004). Nevertheless, the sec-
ondary succession of these wetland forests has not
been studied adequately so far (Warren et al., 2004).

The objective of the paper was to assess the struc-
tural diversity and production of alder stands estab-
lished on former agricultural land by planting and,
partially, by secondary succession. Above all, it pre-
sents an analysis of structural diversity and the quan-
tity and quality of timber production. In our study we
aimed to prove that: (1) these stands in mountainous
locations in the Sudetes mountains can achieve rele-
vant production parameters allowing their industrial
processing or energy use, (2) their radial growth is
affected by climatic characteristics (precipitation and

temperature) and that (3) structural diversity and
production of these stands in Natura 2000 are com-
parable with other forest stands if minimum man-
agement is applied.

Material and methods

Description of the study area

The study was conducted in stands with dominant
black alder in protected areas in the Sudetes moun-
tains in the Czech Republic, along the Polish border,
established on former agricultural land in the 1950s
with a long-term action of high water table. Three
permanent research plots (PRP — K41, K42, K43) are
located in the Krkonose National park in the eleva-
tion gradient of the Lysecinsky brook, and one PRP
(Z02) is in the Orlické hory Protected Landscape
Area. The average annual precipitation in the PRPs
rises from 680 mm to 890 mm and the average an-
nual temperature drops from 11.6°C to 10.3°C with
the altitude. The bedrock consists of phyllites and
schists. From the pedological point of view, the pre-
dominant soil type is modal gley, with local transi-
tion to organosol gley and gleyed cambisoly. The PRP
localization is shown in Fig. 1, and an overview of the
basic information on the PRPs is in Table 1.
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Fig. 1. Localization of permanent research plots with the
black and grey alder in the Krkono$e Mts. and in the
Orlické hory Mts

Table 1. Overview of basic site characteristics of permanent research plots

Altitude Grow. season Temperature Rainfall

Name of PRP (m) (days) (C)! (mm)’ Soil Aspect Slope (°) Forest site type?
K41 U Lys. potoka 1 890 110 10.3 650 Gleysols SW 9 7V
K43 U Lys. potoka2 835 115 10.8 640 Gleysols SE 13 6V
K44 U Lys. potoka3 785 120 11.2 630 Gleysols S 5 6V
Z02 Neratov 2 680 130 11.6 560  Gleysols (Cambisols) SE 4 6V (60)

Notes: 'in the growing season; *forest site type: 7V — moist beech-spruce stand, 6V — moist spruce-beech stand, 60 — medium-moist
spruce-fir stand. Potential vegetation: stream and spring alder forest of sub-group Alnenion glutinoso-incanae.
GPS: PRP K41 - 50°42'34" N, 15° 50' 12" E; PRP K43 — 50°42'26" N, 15°49'56" E; PRP K44 - 50°42'10" N, 15°49'47" E; PRP ZO2 - 50°13'

07"N, 16°32'50" E.
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Data collection

The FieldMap technology (IFER-Monitoring and
Mapping Solutions Ltd.) was used to determine the
structure of the tree layer and natural regeneration
when establishing two PRPs sized 5050 m and two
PRPs sized 30x83.3 m (0.25 ha). This setup was used
to identify the positions of each individual of the tree
layer and their crown projections, at least in 4 direc-
tions perpendicular to one another. The diameters at
breast height (DBH) and heights and heights of the
live crown bases were measured in all individuals of
the tree layer. The tree layer DBH was measured us-
ing a metal calliper to the nearest 1 mm; the heights
were measured with a Vertex laser hypsometer to the
nearest 0.1 m. Tree forks up to 1.3 m in height were
evaluated in the field. If the tree fork was lower than
at 1.3 m, both trunks or several trunks (multi-trunks)
with DBH > 4 cm were measured as separate trees (at
the height of more than 1.3 m it was evaluated as a
single tree) according to the methodology of Forest
Management Institute (FMI, 2003).

In each PRP random selection (uniform distribu-
tion of random numbers by RNG/Excel) was used to
select first 50 dominant and codominant trees of black
alder in which the qualitative production character-
istics were identified (cf. Lukdc¢ik & Bugala, 2005).
The timber production quality assessment was based
on the trunk growth and course (straight, skew, sa-
bre-shaped, crooked), trunk surface (smooth, bud
clusters), health status and trunk condition (healthy,
damaged by hard rot, damaged by soft rot), and
self-pruning (very good — without adventitious shoots,
good — 1-4 shoots per m, poor — > 5 shoots per m).
A Pressler auger was also used to collect cores from
these trees at breast height (130 cm), perpendicularly
to the trunk axis both downhill and uphill. The cores
were used for determination of stem rot damage, dis-
tinguishing the types of rot (hard and soft rot).

The long-term climate data in terms of monthly
temperature and precipitation were assessed using
data from the Destné meteorological station in the
Orlické hory Mts. (656 m a.s.l.) and from the Pec pod
Snézkou meteorological station in the Krkonose Mts.
(820 m a.s.l.) in the period 1960-2013.

Data analysis

Tree volume was calculated using the volume
equations published in Petra$ & Pajtik (1991). Height
curves were constructed using Nidslund height-di-
ameter function (Nidslund, 1936). As for the den-
sity characteristics, the relative stand density index
SDI (Reineke, 1933), biological canopy (the sum of
crown projection areas per hectare) and taxation can-
opy (crown closure; proportion of a stand covered by
the crowns) were determined for each plot. The lay-

out maps were made in the ArcGIS software (copy-
right: 1995-2010 Esri).

The annual ring increment series (186 trees) were
cross-dated individually (elimination of the error as-
sociated with missing annual rings) using Student’s
t-test for determination of the degree of correlation
between the tree-ring curves in the PAST application
(Knibbe, 2007), and then subjected to visual inspec-
tion using the list method according to Yamaguchi
(1991). Where a missing annual ring was found, a
ring 0.01 mm wide was inserted. The curves from the
PRPs were then detrended in a standard manner and
used to create an average annual ring series in the
ARSTAN software. The 100-year spline was applied
(Grissino-Mayer et al.,, 1992). The average annual
ring series from the Krkono$e and Orlické hory Mts.
PRPs were correlated with climate data (precipita-
tion, temperatures) for each year. The diameter in-
crement modelling based on climate characteristics
was done using the DendroClim software (Biondi &
Waikul, 2004). The average radial increment and di-
ameter of black alder trees at 20 and 50 years of age
were determined according to the year of planting
(grown to 1.3 m) and dendrochronological analysis.
Standard deviation (= SD) was used for differences
between average annual ring width and canopy.

The method of single pointer year analysis (Schwe-
ingruber et al., 1990; Desplanque et al., 1999) was
used to estimate the influence of extreme climatic
events on diameter growth. For each tree, the neg-
ative event years were defined as extremely narrow
ring widths that were 40% or less compared with
the average value of ring widths in the previous four
years (Schweingruber et al., 1990). A negative point-
er year occurred when an event year was identified at
least for 20% of the trees within the plot.

Spatial distribution was determined by the index of
non-randomness o (Pielou, 1959; Mountford, 1961),
based on the distance between a randomly selected
point and actual positions of trees; by the aggregation
index R (Clark & Evans, 1954) comparing the actual
distance of a tree to its nearest neighbour and by the
L-function L(r) (Ripley, 1981). The index of cluster
size ICS (David & Moore, 1954) was used to deter-
mine the spatial distribution based on tree frequency
in quadrats. Each PRP contains 25 quadrats of 10 X
10 m in size. The significance of deviations from the
expected values for random point layout was tested
using Monte Carlo simulations. The medians of the
L-function were estimated as the arithmetic means of
L-functions calculated for 1999 randomly generated
point structures. The respective expected values of
these indices were calculated using numeric simula-
tions separately for each specific case. The character-
istics describing the horizontal layout of individuals
in the area were calculated by PointPro 2.2 software
(copyright: 2010 Zahradnik, CULS Prague). The sta-
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Table 2. Overview of indices describing the stand structure and their common interpretation

Criterion Quantifiers Label Reference Evaluation
Vertical Arten-profil index A (Pri) Pretzsch 2006 range 0-1; balanced vertical structure A < 0.3; selection
diversity forest A > 0.9
Structure Diameter differ- TM, (Fi) Fiildner 1995 range 0-1; low TM < 0.3; medium TM = 0.3-0.5; high
differentiation entiation TM = 0.5-0.7; very high differentiation TM > 0.7
Height differen- T™, (Fi) Fiildner 1995
tiation
Horizontal Index of non-ran- o (P&Mi) Pielou 1959; Mountford mean value a = 1; aggregation o > 1; regularity a < 1
structure domness 1961
Index of aggre- R (C&Ei) Clark & Evans 1954 mean value R = 1; aggregation R < 1; regularity R > 1
gation
Index of cluster ICS (D&Mi) David & Moore 1954  mean value ICS = 0; aggregation ICS > 0; regularity ICS
size <0
Complex Stand diversity B J&Di)  Jaehne & Dohrenbusch ~ monotonous structure B < 4; even structure B = 4-6;
diversity 1997 uneven structure B = 6-8; very diverse structure B > 9
Stocking Relative stand SDI (Ri) Reineke 1933 range 0-1; low stocking SD < 0.25; full stocking SD = 1

density index

tistically significant values in the results (exceeding
the confidence interval) are marked with an asterisk.

The structural diversity assessment included the
calculations of diameter differentiation index TM,,
height differentiation index TM, (Fiildner, 1995)
and Arten-profil index A (Pretzsch, 2006) as an in-
dicator of the vertical structure. These three indices
can reach the values from 0 (minimum) to 1 (maxi-
mum). In addition, the stand diversity index B (Jaeh-
ne & Dohrenbusch, 1997) was calculated as an indi-
cator of the complex diversity, i.e. an aggregation of
tree species diversity, diversity of vertical structure,
diversity of tree spatial distribution and diversity of
crown differentiation. Table 2 shows the criteria of
the structural indices of the tree layer.

Analyses were processed in the Statistica 12 soft-
ware (StatSoft, Tulsa). Data were log transformed
to acquire normal distribution (tested by Kolmogo-
rov-Smirnov test). The differences between height,

DBH and diameter increment of trees on plots were
tested by one-way analysis of variance (ANOVA).
Significant differences were consequently tested by
post-hoc comparison Tukey’s HSD tests. In addition,
climate data (temperature and precipitation), data on
diameter increment and stand volume with altitude
were tested by the Pearson correlation coefficient.
Significance of statistics was noted as follows: p >
0.05, p < 0.05, p < 0.01 and p < 0.001.

Results

Tree layer growth parameters

The results of basic stand characteristics from PRP
K41, K43, K44 and ZO2 are shown in Table 3. The
number of living trees with DBH > 4 cm ranges be-
tween 556 and 828 trees ha’!, with SDI 0.67-0.77.

Table 3. Overview of basic stand characteristics of permanent research plots (2014)

A dbhxSD  h h,, f v N G \ hd PAI MAI
3 2 3 -1 3 -1

PREC v @ m ) A e S g ) (b (mhs
Black alder

K41 65 21.9+6.3 16.14 20.0 0.45 0.270 772 29.1 209 73.7 5.90 3.21

K43 63 26.1+6.5 17.94 21.5 0.44 0.417 524 28.1 219 68.7 6.20 3.53

K44 62 29.1£7.9 20.05 23.7 0.43 0.576 432 28.7 249 68.9 6.10 3.82

Z02 66 27.1€54 23.37 25.8 0.41 0.555 692 39.8 384 86.2 9.00 5.81
Grey alder

K43 63 29.3+6.8 17.17 20.5 0.43 0.499 92 6.2 46 58.6 1.10 0.75

K44 62 31.5£6.6 20.72 23.4 0.42 0.669 52 4.0 35 65.8 0.70 0.52
Total stand

K41 70 22.7€7.0 16.38 20.3 0.45 0.299 828 33.6 247 72.2 6.70 3.53

K43 64 26.7+x7.5 17.66 21.5 0.44 0.437 688 38.5 301 66.1 7.40 4.88

K44 65 29.8+£9.6  19.68 23.9 0.44 0.611 556 38.7 340 65.9 7.75 5.18

Z02 66 27.2%x55 2331 25.8 0.41 0.558 704 41.0 393 85.7 9.30 5.95

Notes: A - stand age, dbh+SD — mean dbh = standard deviation, h — mean stand height, h

v — mean tree volume, N — number of trees, G — basal area, V - stand
MAI - mean annual increment

95 — top height — 95% quantile, f - form factor,
volume, h:d - slenderness ratio, PAI - periodic annual increment,
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Table 4. Quality parameters of the evaluated 50 stems on permanent research plots in alder stands

Trunk parameter PRP K41 PRP K43 PRP K44 PRP ZO2 Average
(trees) (trees) (trees) (trees) (trees)
Shape Straight 33 31 34 40 35
Skew 9 8 11 7 9
Sabre-shaped 6 4 3
Crooked 6 5 1 0 3
Surface Smooth 45 43 39 47 44
Bud clusters 5 7 11 3 7
Damage Healthy 48 46 28 47 42
Hard rot 2 3 12 2 5
Soft rot 0 10 1 3
Self-pruning Very good 27 24 21 32 26
Good 21 23 24 17 21
Bad 2 3 5 1 3

The average taxation canopy is 0.85 (+ 0.1 SD) and
the biological canopy is 1.43 (+ 0.3 SD). The stand
volume ranges from 247 to 393 m? ha!, out of which
209-384 m*hais black alder, 35-46 m? ha'is grey
alder (only on PRP K43 and K44), and the remaining
2.1-12.1% of the total volume are interspersed trees
(Picea abies (L.) Karst., Acer pseudoplatanus L., Fraxinus
excelsior L., Salix caprea L., Betula pendula Roth., Popu-
lus tremula L., Prunus avium L.). The highest stand vol-
ume is on PRP Z0O2 (393 m?® ha™'); the lowest on PRP
K41 (247 m? ha'). On the whole, the stand volume
shows a significantly (p < 0.05) negative correlation
with increasing altitude (r = —0.95). The periodic an-
nual increment currently fluctuates between 7.4 and
9.3 m* ha! y'!; the mean annual increment is 3.5-5.9
m?® ha! y!. The basal area ranges from 33.6 to 41.0
m? ha™.

The quality of timber production is shown in Ta-
ble 4. The analysis of growth and trunk continuity
indicates that the PRPs are dominated by trees with
straight trunks (68%). Individuals with skew trunks
represent 18% of the total number of trees. As for
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Fig. 2. Frequency of diameter classes of tree layer

the trunk surface, smooth trunks prevail significantly
(87%). Healthy trees account for 84%, hard rot in
the trunk base was identified in 10% of the individu-
als and soft rot in 6%. On average, 52% of the trees
show very good self-pruning and 42% have good
self-pruning. The highest share of multi-trunk trees
was observed on PRP K41 in 2.6 % of the individuals
with the tree fork at a height up to 1.3 m, on the oth-
er PRPs (K43, K44 and ZO2) their proportion was to
1.5% (K43, K44 and Z0O2).

The frequency of diameter classes of the tree layer
is shown in Fig. 2 and the height structure depending
on DBH in Fig 3. Spatial and age differentiation of the
stands is low with dominating black alder. The stands
are mostly composed of one or two layers and they
all form a continuous horizontal canopy. The taxation
canopy is 0.70-0.91; the biological canopy is 1.03—
1.63. The trunk stock in the upper layer is at the op-
timum stage passing to the stage of incipient decline.

In the entire study area, the trees show an aver-
age DBH of 22.7-29.8 cm; it is 21.9-29.1 cm for the
black alder and 29.3-31.5 cm for the grey alder. The
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Fig. 3. Relationship between the height and diameter of
tree layer
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Table 5. Dynamics of average annual radial increment and diameter of trees on permanent research plots

PRP Age 20 Age 50 Total

DBH (cm) Increment (mm y) SD DBH (cm) Increment (mm y) SD  Increment (mm y") SD
K41 11.3 4.6 2.5 21.5 3.3 1.0 2.2 1.5
K43 12.2 5.2 2.4 23.3 3.5 2.5 2.3 1.8
K44 12.2 4.3 2.0 26.9 4.7 1.6 2.7 1.6
702 14.5 6.4 2.1 24.5 2.8 1.3 2.2 1.6

differences in DBH between the two alder species are
not statistically significant on PRP 43 (F ,, =3.8, p
> 0.05) and 44 (F(1'128)=2.7, p > 0.05), but the aver-
age DBH is larger in grey alder (4+2.8 to 3.9 cm). The
most frequent diameter classes are 16-40 cm, with
only a negligible number of diameters over 40 cm.

The height structure of trees on the Krkonose
Mts. PRP (K41, K43, K44) is significantly differ-
ent from that on PRP ZO2 in the Orlické hory Mts.
(F(3,691)=66.6, p < 0.001), where the height differen-
tiation of trees is approximately 3 times lower. The
tallest black alder individuals reach the height of
30.5 m. The differences in tree height between the
two alder species are not statistically significant on
PRP 43 (F,,,=1.1, p > 0.05) and 44 (F,, ,, =14,
p > 0.05). The green crown base is very variable in
both alder species, ranging from 2 to 12 m. The slen-
derness ratio for all the studied trees decreases with
DBH; a very distinct decrease is apparent in the thin-
nest alder trees, but there is a great variability.

Diameter increment dynamics

Dynamics of the average diameter increment with
DBH of trees on PRPs in relation to age (20, 50 years
and total) is shown in Table 5. Individual trees on
the same plot do not differ in their radial growth rate
very much; similarity of average annual diameter in-
crements on PRPs was also observed (F, ,,, = 1.6, p
> 0.05). The highest annual diameter increment is

Annual ring width (mm)

found on PRP K43 (2.7 mm y! = 1.6 SD). The low-
est annual diameter increment is, similarly, on PRP
K41 2.2mmy! = 1.5SD) and on PRP ZO2 (2.2 mm
y!+ 1.6 SD).

Comparing all plots at the age of 20 years, there
is no significant difference in the diameter increment
of black alder (F(3,182) = 1.7, p > 0.05), but diameter
increment is markedly higher on PRP ZO2 as opposed
to PRP K43 (p < 0.05). Consequently, the highest
diameter increment (6.4 mm y! = 1.5 SD), as well
as the highest average DBH (14.5 cm) at this age, is
on PRP ZO2 at the lowest altitude, but 30 years later
this RPR is characterized by the lowest diameter in-
crement of all plots (2.8 mm y' 1.3 SD). In contrast,
at the stand age of 20 years, the lowest average DBH
is observed on PRP K41 at the highest altitude (11.3
cm, increment 4.6 mm y' + 2.5 SD). At 50 years of
age, the lowest DBH (21.5 cm) is also found on PRP
K41 together with the lowest diameter increment (3.3
mm y' * 2.5 SD). Comparing all plots at the age of
50 years, there is a significant difference between di-
ameter increments (F, o = 7.9, p < 0.001); the sig-
nificantly highest diameter increment is on PRP K43
as opposed to other plots (p < 0.001). The trees on
PRP ZO2 in the Orlické hory Mts. grew fastest when
young; the growth rate in the Krkonose Mts. was the
lowest on PRP K41 and the highest on PRP K44.

A comparison of the average annual ring curves of
black alder for different PRPs shows their high good-
ness of fit (t-test > 3.2). This allowed comparing lo-
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Fig. 4. Mean annual ring width of black alder in the Krkonose and Orlické hory Mts. (Krkonose: in 1960 used 54% of trees,

in 1970 93%, in 1973 100 %; Orlické hory: in 1960 100%)
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cal standard chronologies for the alder stands in the
Krkonose and the Orlické hory Mts.

The regional standard annual ring chronolo-
gies show noticeably different development for
the Krkonose and Orlické hory Mts. alder stands
in 1960-2013 (Fig. 4). A substantial synchronized
decrease in radial increment in both chronologies
occurred only in 1987, with a rather smaller coinci-
dence in 1998 and 2010 (Fig. 5). The years with low
radial increments of black alder in the Krkonose Mts.
were confirmed by an analysis of the major negative
years 1987, 1996, 2010 and 2011. The years were
1972 and 2005-2008 in the Orlické hory Mts.

The diameter increment for 1976-2011 in the
Krkonose Mts. shows positive, statistically signifi-
cant correlations (p < 0.05) with average tempera-
tures in January, March, May and August of the cur-
rent year (r = 0.41, 0.36, 0.43 and 0.51). Besides,
a negative, statistically significant correlation was
identified with the total precipitation in May of the
previous year (r = —0.36). In the Orlické hory Mts.,
positive, statistically significant correlations with
precipitation were identified for June and August of
the previous year (r = 0.35 and 0.41) and February
of the current year (r = 0.36). The dependence of
radial growth on average monthly temperatures was
not statistically significant.

Tree layer biodiversity

Indices describing the tree layer biodiversity are
shown in Table 6. The vertical structure according
to A index shows little variation (0.230-0.329).
Both the height and diameter structural differenti-
ation indicates low structural differentiation (TM,
= 0.056-0.162, T™M, = 0.181-0.256). The com-
plex stand diversity according to B index shows
an uneven composition on PRP K41, K43 and K44
(6.712-7.403) and an even composition on PRP
Z02 (4.731).

The horizontal structure of the tree layer (cover-
ing all tree species) is shown in an outline in Fig. 6;
Fig. 7 displays its Ripley’s L- function. According to
all the three structural indices determined, the tree
layer individuals on PRP K41 are distributed in clus-
ters, while PRP K43, K44 and ZO2 show random to
clumped distributions. A random distribution of the
tree layer individuals based on their distances (spac-
ing) is also indicated by L-function for PRP K43 and
K44. In addition, PRP ZO2 has a random distribu-
tion of trees according to their distance over 3.6 m
(regular distribution within 3.6 m). PRP K41 has a
random distribution with distances within 2.2 m and
the clumped one with distances over 2.2 m.

Annual ring width (mm)

Krkonose

Orlické hory

Fig. 5. Mean annual ring increment for all monitored plots of alder stands in the Krkonose and Orlické hory Mts. after

age detrending in the Arstan program

Table 6. Indices describing the biodiversity on permanent research plots

PRP A (Pri) TM, (Fi) TM, (Fi) R (C&Ei) o (P&Mi) ICS (D&Mi) B (J&Di)
K41 0.329 \ 0.239 W\ 0.162 W\ 0.896%A 2.873% 0.416* 6.712 >
K43 0.275 N\ 0.253 \\ 0.153 MW\ 1.052 1.372% 0.021 7.274 -
K44 0.317 0.256 N\ 0.159 \W\ 0.954 1.348%A 0.151 7.403 >
Z02 0.230 \ 0.181 M\ 0.056 M\ 1.237*® 1.076 ~0.234*} 4731\

Notes: A — Arten-profil index (Pretzsch 2006), TM, - diameter differentiation index, TM, — height differentiation index (Fiildner 1995),
R - aggregation index (Clark & Evans 1954), o — index of non-randomness (Pielou 1959; Mountford 1961), ICS - index of cluster size
(David & Moore 1954), B - stand diversity index (Jachne & Dohrenbusch 1997); * statistically significant for horizontal structure (* -
aggregation, ® — regularity); arrows: v\ - low , N — low-medium, — - medium, /7 - high, 7/ - very high value.
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Discussion

In the examined area of the Sudetes, the number
of living trees with DBH > 4 cm ranges from 556 to
828 trees ha'! (432-772 trees ha! of black alder, 0-92
trees ha™! of grey alder and < 44 trees ha™! of other
tree species) with the stocking 0.72 (+ 0.04 SD).
In contrast to that, Bugala & Pittner (2010) quoted
a little over half that number in a black alder stand
of similar age in Slovakia (296-464 trees ha™). The
average DBH at the age of approximately 63 years
is 21.9-29.1 cm, somewhat less than in black alder
stands aged 60 years in Belgium, where DBH = 25—
34 cm (Claessens et al., 2010). The lowest stand vol-
ume is on PRP K41: 247 m? ha! and the highest on
PRP OZ2: 393 m? ha!, while the black alder accounts
for 73-98 % and the grey alder for up to 15 % of the
stand volume. Overall, the stand volume decreases
with increasing altitude at a gradient of 680-890 m
a.s.l. Similarly, in the East Carpathian area, diame-
ter increment in the grey alder decreases with alti-
tude to its optimum of around 370 m a.s.l. (Bugala
& Balanda, 2014). The production capacity of the
studied stands is good with respect to the site and
stand conditions. The mean annual increment ranges
about 4.9 m® ha! y! (= 1.0 SD) and, currently, the
periodic annual increment is 7.8 m? ha y! (+ 1.1
SD). The average diameter increment at 63 years of
age is 0.3-0.5 cm; likewise, Claessens et al. (2010)
registered an increment of 0.4-0.6 cm under similar
conditions. The maximum basal area reaches 41.0
m? ha-! on PRP OZ2. Orzet et al. (2005) identified
production rates in black alder stands in Poland sim-
ilar to those of the Krkonose and Orlické hory Mts.
in our study. For example, the numbers of trees in
stands aged 66-76 were 367-700 trees ha, the ba-
sal area was 22.7-44.1 m? ha! and the stand volume
218.0-447.6 m® ha'..

Yield tables for the black alder in Europe have
been compiled, e.g. by Sopp (1974) for Hungary,
Schwappach (1919) and Schober (1995) for Germa-
ny, Petrd$ & Pajtik (1991) for the Czech Republic and
Slovakia. All these yield tables indicate that the peri-
odic annual stand increment of black alder peaks at
the age of about 20 years, with up to 13-18 m? ha™!
y!, while the mean annual increment peaks between
30 and 50 years, with 14.6-4.5 m® ha! y'. Likewise,
Krstini¢ et al. (2002) showed the very intensive
growth of black alder between 5 and 20 years of age.
At the age of 20, the height growth decelerates and
the diameter growth remains still fairly fast (until
the age of 60-70). The number of trees per hectare
depends primarily on the age (Krstinic et al., 2002).
Based on growth tables for the black alder from Swe-
den, Germany, Croatia and Slovenia, Krstinic et al.
(2002) stated that the stand density is 568-1352 at
the age of 40, and 363-595 at the age of 60 years. The

periodic annual increment is the lowest in Northern
Europe, increasing towards the south. Its peaks are
around 3.9 m® ha! y! in Sweden, 6.4 m*ha™ y! in
Germany, and 7.7-9.7 m® ha™ y ! in Slovenia and Cro-
atia. Our findings from mountainous locations in the
Sudetes generally match the rates for Germany.

The vertical structure of the stands examined by A
index shows little variation, and both the height and
diameter differentiations by Fiildner are low. Like-
wise, Bugala & Pittner (2010) pointed out noticeable
uniformity of the black alder stands in Slovakia. Kor-
pel (1991) also obtained similar results when analys-
ing the structure of black alder stands in the Jursky
Sur National Nature Reserve in Slovakia. He stated
that, in particular, the black alder’s considerable de-
mand for light and significant autoreduction process
initiated by diminishing growing space of individuals
causes the fast dying of undersized trees. This pro-
cess results in a single-layer composition with low
height variation in the whole studied stand. In our
case, the complex diversity by B index also points to
an uneven composition in the Krkonose Mts. and an
even composition in the Orlické hory Mts.

The tree layer individuals in the PRPs are dis-
tributed in clusters or randomly. The clumped dis-
tribution of individuals is bound to microhabitats
with a high water table, characterised by vegetative
propagation. The clumped layout of the tree layer in
black alder stands was also documented by Bugala
& Pittner (2010), according to whom the intensive
stump sprouting and vegetative regeneration signif-
icantly contribute to the aggregation of individuals.
They identified the highest proportion of individuals
of vegetative origin on plots with a high degree of
aggregation.

When assessing the trunks, the greatest attention
was paid to the whole stem quality and features that
are important indicators of possible economic utilisa-
tion. The PRPs were greatly dominated by trees with
straight and smooth trunks, healthy ones and with
good self-pruning. However, rot frequently develops
after 60-70 years due to the short lifespan of this
species (Claessens, 2005). Rot in the trunk base was
identified in 16% of the trees. These values are lower
than those identified by Thibaut et al. (1998) in Bel-
gium, Immler (2004) in Germany, and in quasi-natu-
ral black alder stands in Slovakia (Lukdcik & Bugala,
2005). Besides environmental conditions (water ta-
ble in particular), the growth properties and quality
of production are also influenced by the age, origin
and coenotic status of the individuals, which was also
confirmed by the present study. Similar findings were
reported by Korpel (1991), who stated that cluster-
ing of individuals is significantly affected by the site
properties, which he supported with the results of his
assessment of the natural regeneration dynamics in
quasi-natural black alder stands in Slovakia.
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The descriptive statistics in some studies indicate
that the growth chronology with reaction of radi-
al increment to climatic factors in the black alder is
comparable with other deciduous trees in the tem-
perate forests of Central Europe (Lebourgeois et al.,
2005). In our case as well, the annual ring chronology
shows how sensitive the black alder is to changing
environmental factors, as indicated by the growth
dependence on the temperatures of the current year
compared to the previous year in the Krkonose Mts.,
where the alder exists near the upper forest line in the
Sudetes. Douda et al. (2009) similarly confirmed the
radial growth increment of the black alder being af-
fected predominately by local environmental factors.
Nevertheless, several dendroclimatic studies have
shown a relatively weak relationship between the an-
nual radial growth of trees and climate in wetlands
(Linderholm, 1999; Linderholm & Leine, 2004). The
black alder growth may therefore be significantly
affected by local environmental factors (Rodriguez-
Gonzdlez et al., 2010), which may react variously to
key climate variables in time. In our case, this is par-
ticularly evident in the Orlické hory Mts., where no
dependence of radial increment on the mean monthly
temperature was confirmed. These findings also con-
form to the statement of Laganis et al. (2008) that the
radial growth of the black alder is relatively independ-
ent of temperature and precipitation fluctuations. For
instance, human interventions in the catchment ar-
eas of the stands studied (extensive afforestation of
former agricultural land and drainage of certain plots
to increase their resistance) may explain some of the
deviations observed in the annual ring chronology.

Changes in the growth of trees and their reaction
to climate as a consequence of raising water table in
the wetland were registered by Linderholm & Leine
(2004) and Douda et al. (2009). The aquatic re-
gime of wetlands is a main factor for the diminished
growth of alder. An increase in the water table causes
stress due to a shortage of oxygen in soil (Dittert et
al., 2006), manifested by a decrease in nitrogen fixa-
tion and nutrient intake (Iremonger & Kelly, 1988),
increase in the concentration of toxic minerals in soil,
deceleration of photosynthesis (Eschenbach & Kap-
pen, 1999), and damage to the root system (Glenz et
al., 2006; Lucassen et al., 2006). All these processes
are associated with lower annual ring increment. The
growth of black alder is less dependent on tempera-
ture as the water table rises. This is documented for
PRP K41 in our case.

Conclusion

Even though the black alder is not among the
most important tree species, its potential diverse use
in forestry and other sectors calls for further research

of the species. Its importance is noticeable also for
nature conservation purposes (Special Area of Con-
servation, Natura 2000, Habitats Directive). Our
study documented that the stand volume increas-
es together with a decrease of altitude at the study
gradient with maximum volume 393 m3.ha!. After
20 years of age, the radial increment of black alder
stands decreases with an increase of their age and
in the course of time the greatest decrease occurs at
the lowest altitudes. In stands, affected by high soil
moisture, diameter increment is positively correlated
with the temperature dynamics in particular years,
the stands in drier sites show the average radial in-
crement correlated with moisture. The positive ef-
fect of the temperature on the radial growth increas-
es with increasing altitude, respectively the negative
effect of the precipitation. Alder stands produce low
homogeneous vertical and diameter structure dif-
ferentiation and the spatial pattern of trees is more
aggregated at higher altitudes. The tree layer tends
towards clumped spatial distribution with increasing
altitude and on localities affected by soil water. The
quality production from the studied alder stands can
be utilised for industrial purposes; trees with rot in
the trunk base (16%) are primarily suitable for ener-

gy purposes.
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Both spatially explicit and spatially non-explicit individual tree crown width models were developed for
Norway spruce (Picea abies (L.) Karst.) and European beech (Fagus sylvatica L.) using a large dataset from
fully stem-mapped permanent research plots (PRPs) located in various parts of the Czech Republic. A
number of tree and stand characteristics were evaluated for their potential contributions to the descrip-
tion of the crown width variations. In addition to diameter at breast height (DBH), other significant pre-
dictor variables identified for crown width models are dominant height (HDOM), height-diameter ratio
(tree slenderness coefficient), height to crown base, DBH sum of all tree species per PRP and proportion
of DBH sum for a species of the interest (spatially non-explicit competition measures), and Hegyi’s index
(spatially explicit competition measure). Among various base functions evaluated, a simple power func-
tion was chosen to expand through the integration of tree and stand variables. The PRP-level random
effects were also included using mixed effect modeling approach. Both spatially explicit and spatially
non-explicit models and their mixed effect versions described large parts of the crown width variations
[Rzadj =0.76-0.78 (Norway spruce), 0.70-0.73 (European beech)] without significant residual trends. For
both species, spatially explicit mixed effect model described larger part of the crown width variations
than its spatially non-explicit mixed effect counterpart. The models showed that after DBH, height-
diameter ratio for Norway spruce and HDOM for European beech showed the largest contribution to
the models. The crown width increased with increasing dominant height, but decreased with increasing
height-diameter ratio, height to crown base, and competition among the trees within a stand. For both
species, spatially explicit competition exhibited significantly larger effect on crown width than spatially
non-explicit ones. This suggests that spatially explicit models can be more appropriate for description of
the individual tree growth dynamics than spatially non-explicit ones. However, because of a little differ-
ence between the fit statistics of spatially explicit and spatially non-explicit models, the later models can
be applied for precise predictions of crown width as they do not require spatially explicit competition
measures, which are computationally complex and difficult.
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models, which serve as decision-making tools in forest manage-
ment (Canavan and Ramm, 2000; Leites et al., 2009; Pretzsch,

1. Introduction

The crown is an aboveground part needed for a tree to survive,
grow, and reproduce, and it is largely influenced by genetics and
physical environment (Kozlowski et al., 1991). The crown displays
the leaves to allow capture of radiant energy for photosynthesis, a
key physiological process in tree growth. Measurement of the
crown dimensions is often done for understanding and quantifica-
tion of the tree growth (Korhonen et al., 2006). Since crown size is
strongly correlated with a tree height and diameter growth, crown
measurements are frequently used to develop growth and yield

* Corresponding author.
E-mail addresses: sharmar@fld.czu.cz, ramsharm1@gmail.com (R.P. Sharma).

http://dx.doi.org/10.1016/j.foreco.2016.01.040
0378-1127/© 2016 Elsevier B.V. All rights reserved.

2009). The crown dimensions are also used as predictor variables
in the individual tree growth models (Vacek and Leps, 1987,
Biging and Dobbertin, 1995; Hasenauer and Monserud, 1997;
Hynynen et al., 2002; Pretzsch et al.,, 2002), mortality models
(Monserud and Sterba, 1999), and aboveground biomass models
(Kuuluvainen, 1991; Carvalho and Parresol, 2003; Tahvanainen
and Forss, 2008). Measures of the crown dimensions are used to
assess tree vigor and health (Assman, 1970; Short III and
Burkhart, 1992; Hasenauer and Monserud, 1996; Zarnoch et al.,
2004), wood quality (Kershaw Jr et al., 1990; Kuprevicius et al.,
2014), wind firmness (Navratil, 1997), and stand density (Clutter
et al., 1983). Measures of the crown dimensions are also useful
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for assessing recreation and wildlife habitats (McGaughey, 1997;
Tews et al., 2004), modeling forest fires (Keane et al., 1999), and
modeling light interceptions in the canopy (Oker-Blom et al.,
1989; Pukkala et al., 1991).

Changing tree and stand variables over the course of a growth
projection necessitates models to update the estimates of the
crown dimensions. The updating can be possible either with direct
measurement of the crown dimensions for all trees on each sample
plot or indirect estimation made using previously established
crown models. However, as compared to other tree dimensions,
measuring crown dimensions including crown width (CW) of all
trees on each sample plot is costly and time consuming, and also
difficult to measure in dense stands for tall trees, where the base
of live crown is obscured. When CW measurements for adequate
number of trees and other tree and stand variables are available,
the CW model can be established using CW as a function of these
variables (Bragg, 2001; Condes and Sterba, 2005; Temesgen et al.,
2005; Sonmez, 2009; Fu et al., 2013).

The application of the CW models may involve estimation of
crown surface area and crown volume, which are also used for
quantification of crown production efficiency (Larocque and
Marshall, 1994), tree-crown profiles and canopy architecture
(Hann, 1999; Marshall et al., 2003), forest canopy cover (Gill
et al., 2000), and the arrangement of trees in forest visualization
programs (Hanus and Hann, 1997). The crown projection area
and crown volume can be used as proxy measures of leaf area
and leaf biomass (Binkley et al., 2013; Forrester, 2013). The CW
models can be used to estimate potential growing space required
by a given species (Gill et al., 2000; Foli et al., 2003; Pretzsch and
Schutze, 2005; Sharma, 2006; Pretzsch et al.,, 2015). The stand
canopy density, which is important to assess wildlife habitat suit-
ability, fire risk, and understory light conditions for regeneration,
can also be estimated using CW models (Crookston and Stage,
1999). The CW models are simple allometric models and com-
monly developed using diameter at breast height as a single pre-
dictor variable (Foli et al., 2003; Rautiainen and Stenberg, 2005;
Sonmez, 2009; Pretzsch et al., 2015). However, these models may
be biased as CW-diameter allometry is largely influenced by tree
characteristics (height, tree slenderness, crown length, height to
crown base) and stand characteristics (site quality, stand densities
or competition). Thus, the potential biases can be substantially
reduced through the integration of these variables into the CW
models (Gill et al.,, 2000; Bragg, 2001; Fu et al., 2013; Hao et al.,
2015).

The influence of stand density or competition on the crown
dimensions is significantly high, and therefore its inclusion into
the crown models is necessary (Davies and Pommerening, 2008;
Thorpe et al., 2010; Hao et al,, 2015). The competition measures
can be computed using either spatial arrangements of the trees
(spatially explicit competition measures) or without spatial
arrangements (spatially non-explicit competition measures). The
forest stand can be understood as a collection of individual trees
interacting in a spatial manner over the restricted distances
(Canham and Uriarte, 2006; Purves et al., 2007; Thorpe et al.,
2010). The qualification of the influences of competitive interac-
tions among individual trees can be useful for decision-making in
forest ecosystem management. To the authors’ knowledge, only a
few crown models have been developed so far using spatially
explicit competition measures (Rouvinen and Kuuluvainen, 1997;
Riidiger, 2003; Purves et al., 2007; Davies and Pommerening,
2008; Thorpe et al., 2010), but they all have used only diameter
and competition measures as predictor variables. Also, sample
plot-level variations have not been included as random effects in
those spatially explicit crown width models.

The random effect parameters, which account for heterogeneity
and randomness in the data caused by various factors, can be

included using mixed effect modeling approach (Vonesh and
Chinchilli, 1997; Pinheiro and Bates, 2000). In recent years, this
approach has been increasingly used to develop various forest
models including CW models (Calama and Montero, 2005;
Adame et al., 2008; Meng et al., 2009; Crecente-Campo et al.,
2010; Fu et al, 2013, 2015; Hao et al, 2015; Sharma and
Breidenbach, 2015). The mixed effect modeling approach is more
useful than ordinary least square fitting (Fox et al., 2001), and
increases the prediction accuracy of the CW models. This study
thus aims to develop mixed effect CW models by including sample
plot-level random effects, spatially explicit and non-explicit com-
petition measures along with other tree and stand characteristics
that have substantial influences on the CW of two major tree spe-
cies (Norway spruce and European beech) in the Czech republic.
This study uses a large dataset from fully stem-mapped permanent
research plots located in various parts of the country. These sample
plots cover both pure and mixed species stands of Norway spruce
and European beech.

2. Materials and methods
2.1. Study area

This study was conducted in the forest stands where permanent
research plots (PRPs) with Norway spruce and European beech
covering 18 Natural Forest Areas (NFA) in the Hercynian geo-
morphological system (out of total 33 NFAs in the Czech Republic)
(Fig. 1). Based on the canopy structures, natural regenerations and
stocks of dead woods, squared-shaped PRP (50 m x 50 m) were
established following the Field-Map technology of the IFER-
Monitoring and Mapping Solutions Ltd (Smelko and Merganic,
2008). The low and middle lands are the Kokofinsko, Cesky kras,
Krivoklatsko and Trebechovice. The higher and mountain regions
in the Sudeten mountain system are Broumovsko, Krkonose,
Orlické hory, Sumava, and Jeseniky mountains. The altitude ranges
from hornbeam-oak coppice forest with admixture of beech
(240 m above sea level) through the spruce-pine stands, mixed
beech-fir-spruce high forest to mountain pure spruce stands in
ecotone of upper limit of the forest (1370 m). All forests fall within
the Protected Area System (National Park, Protected Landscape
Area, Nature Reserve, Natural Monument). The mean annual tem-
perature ranges from 4 to 9.5 °C, the mean annual precipitation
ranges from 500 to 1550 mm. Length of the growing season ranges
from 35 to 180 days. Detailed descriptions of the study area can be
found in the literature (Vacek and Leps, 1996; Vacek et al., 2009,
2014, 2015). Our field studies were in accordance with the notifi-
cation provisions of the protection of nature and not detrimental
to wildlife and soil. Research was conducted with permissions for
access to the territory of PRPs. In total, 100 PRPs (42 for Norway
spruce and 58 for European beech), which were fully embedded
within a stand, were identified for the purpose.

2.2. Data

The positions of all trees on each PRP including regenerations
were recorded. Total height and over-bark diameter at 1.3 m above
ground (DBH) were measured for all trees (individuals with DBH
>4 cm). Diameters were measured by caliper with a precision of
1 mm and heights using laser Vertex with a precision of 0.1 m.
Height to live crown base (HCB) and crown radii were also mea-
sured. Height to live crown base was measured at the point where
branches formed a continuous whorl of a crown. The crown radii
were measured at right angle to each other through the centroid
of the crown. The CW was then computed as the arithmetic mean
of crown widths obtained from measurements of crown radii
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Fig. 1. Location of permanent research plots (black dots) with Norway spruce and European beech stands falling within Natural Forest Areas highlighted by gray lines.

representing at least two azimuths. The first azimuth was defined
as the direction from the subject tree to the center of the measure-
ment plot and the second azimuth was perpendicular to the first
(Bragg, 2001; Marshall et al., 2003; Fu et al., 2013). In each quad-
rant, the crown radii were measured as the horizontal distances
from the center of the tree bole to the greatest extent of the crown
from the bole. Other tree and stand characteristics on each PRP
were also measured following the inventory protocols developed
by Forest Management Institute (FMI, 2003). The measurements
were made between April 2007 and August 2015. Our data origi-
nated only from the first measurement of PRP and therefore lacked
temporal variations in the measurements. In total, the CW mea-
surements from 3888 trees of Norway spruce and 4854 trees of
European beech were used for modeling.

2.3. Tree and stand variables

We evaluated a number of tree and stand variables that
describe size, site quality, and stand density or competition
(Hasenauer and Monserud, 1996). The size variables include
DBH, total tree height, and height-DBH ratio (HDR, tree slenderness
coefficient), and height to crown base. One of the stand variables
that describe site quality is a mean height of dominant trees (i.e.
dominant height). The growth of dominant trees and site quality
is strongly correlated, and therefore site quality is commonly
assessed with a measure, site index (Monserud, 1984; Raulier
et al.,, 2003). Since our data lacked site indices, we used mean
heights of the biggest trees on the PRP as proxy to site index.
Depending on the number of height sample trees available, 10—
25 biggest trees (in terms of height and DBH) per PRP were chosen
to calculate dominant height and dominant diameter. For this, we
first ranked height sample trees by height and secondly by DBH,
and their mean rank was then used to identify biggest trees on
each PRP. We then calculated mean height and DBH of those trees
and termed as dominant height (HDOM) and dominant diameter
(DDOM), respectively. One tallest tree per PRP was also identified

and its total height (HTALL) used as proxy of HDOM (Sharma and
Parton, 2007; Sharma and Breidenbach, 2015). Mean height of all
height sample trees per PRP (MEANHT) was also used as proxy of
HDOM. In addition to HDOM, HTALL, and MEANHT, we also evalu-
ated height difference between tallest and shortest trees per PRP
(HTRANGE) and coefficient of variations of heights per PRP (CVHT).
The PRP-centered competition measures were computed, and they
are commonly known as spatially non-explicit competition mea-
sures. They are stem numbers (N ha!), basal area (BA ha™!), arith-
metic mean DBH (AMD) and quadratic mean DBH (QMD) per PRP,
and DBH difference between thickest and thinnest trees per PRP
(DBHRANGE) and coefficient of variations of DBH per PRP (CVDBH),
and total DBH of all trees per PRP (DBHSUM). For mixed species
stands, all PRP-centered competition measures were computed
regardless of the tree species. The effect of species mixture on tree
and stand growth dynamics could be substantial, and therefore
correction for all sample plot-centered competition measures is
necessary (Condés et al., 2013; Sterba et al., 2014). For this, we cal-
culated the proportion of each PRP-centered competition measure
for a species of the interest and examined its potential contribu-
tions to the CW models.

2.4. Spatially explicit competition measure

Since the position of each tree was available, it was possible
for us to calculate inter-tree distance and identify potential com-
petitors for the subject trees. We computed tree-centered compe-
tition measure or spatially explicit competition index (CI) using
the Hegyi's index (Hegyi, 1974), which weighs diameter-ratio
by inter-tree distance. The Hegyi’s index is based on the principle
that larger and closer competitor would have higher competition
impact on a subject tree. This index, defined by Eq. (1), has fre-
quently been used to develop various spatially explicit forest
models including crown models (Biging and Dobbertin, 1992;
Ledermann and Stage, 2001; Rivas et al., 2005; Davies and
Pommerening, 2008; Thorpe et al, 2010). To avoid illogical
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mathematical computation for 22 trees due to their forks below
1.3 m, we added 1.0 to the distance in an index formula.

. (Ve 1
a=3(5) ist, + ®
where CI is total competition, y is a tree size variable (DBH or HT),
DIST is a distance between subject tree and competitor, n is the
number of competitors per PRP, y is an edge expansion factor, and
s and c¢ are the indices for subject trees and competitors,
respectively.

The crown dimensions such as crown width and crown length
(e.g. inter-tree distance weighed by ratios of crown cross-
sectional areas or crown volumes of subject trees and competitors)
(Biging and Dobbertin, 1992; Pretzsch et al., 2002; Pretzsch, 2009)
might better describe competitive interactions among the trees
than diameter or height. But measurements of the crown dimen-
sions for a number of trees including species of the interest in
our data were missing, while measurements of DBHs and heights
for all tree species were available. We therefore used DBH and
height to describe competitive interactions among the trees, i.e.
we evaluated only diameter- and height-based CI. All measured
trees around a given subject tree were considered as potential
competitors. It requires an appropriate restriction by setting max-
imum distance within which all individuals must be included as
potential competitors. We applied fourteen search radii (SR) that

are based on horizontal angle (basal area factor) and vertical angle
(vertical search cone) to include potential competitors. Definitions
along with their mathematical formulations are presented in
Table 1.

Among fourteen search radii evaluated, the diameter-based CI
calculated using SR4 for Norway spruce and SR3 for European
beech contributed significantly highly to the CW models. The
stem-mapped PRP showed that there were number of trees lying
closer to plot boundary, and therefore they must have off-plot
competitors. To reduce errors in the estimated Cls, we computed
edge expansion factor for squared-shaped PRP following the meth-
ods suggested by (Martin et al., 1977; Goreaud and Pélissier, 1999)
and adjusted to the subject trees. This method is assumed to work
adequately well when there is homogenous stand condition (in
terms of tree size, species composition, and stem distribution pat-
tern) both inside and outside PRP (Martin et al., 1977; Radtke and
Burkhart, 1998). Since the entire part of each PRP is located within
the stands (i.e. no data from divided PRPs included), these assump-
tions more likely hold. Summary statistics of the measurements for
all tree and stand variables evaluated including spatially explicit CI
are presented in Table 2. Few CW observations were extremely
small or large and illogical relative to other tree dimensions such
as height, DBH, and HCB. We assumed those observations were
due to recording or measurement errors, and therefore excluded
after all competition measures were computed.

Table 1

Competition index search radii evaluated [HCB = height to crown base and all other letters and abbreviations are the same as defined in Eq. (1).].
Search radii A tree included as competitor when Definitions (Biging and Dobbertin, 1992)
SR1 DIST,. < (DBH; + DBH,)/8 Influence zone of competitor and subject tree overlap approx. 9.2 m? ha~! angle gauge

SR2 DIST,. < (DBH; + DBH,)/6 Influence zone of competitor and subject tree overlap approx. 5.7 m? ha! angle gauge

SR3 DIST, < 0.25DBH; Influence zone of competitor and subject tree overlap approx. 4 m? ha ! angle gauge

SR4 DIST,c < 0.33DBH; Influence zone of competitor and subject tree overlap approx. 2 m? ha! angle gauge

SR5,.. .,RS9 DISTs. < HEIGHT¢/tan 0 0 height angle to horizontal, starting from base of a subject tree s (where 0 = 30°, 40°, 50°, 60°, 70°)

SR10,...,RS14 DIST < (HEIGHT¢ — HCBg)/tan 0 0 height angle to horizontal, starting from crown base of a subject tree s (where 0 = 30°, 40°, 50°, 60°, 70°)
Table 2

Data summary [BA=basal area, QMD = quadratic mean diameter, MEANDBH = mean diameter at breast height, DBHSUM = total DBH of all trees per sample plot,
DBHSUMPOR = DBHSUM proportion for a species of the interest, DBHRANGE = DBH difference of thickest and thinnest tree per sample plot, DDOM = mean DBH of dominant trees,
HDOM = mean height of dominant trees, HTALL = height of tallest tree per sample plot, MEANHT = mean height of trees per sample plot, HTRANGE = height difference of tallest
and shortest trees per sample plot, HDR = height to DBH ratio, HCB = height to crown base, CW = crown width, CI = spatially explicit competition index (Eq. (1)) computed using
search radii SR4 and SR3 for Norway spruce and European beech, respectively (Table 1)].

Variables

Statistics [mean # std. (range)]

Norway spruce

European beech

Number of sample plots

No. of crown width sample trees
No. of crown width sample trees per plot

No of stems per plot

No. of stems per hectare (N ha™1)

BA per hectare (m? ha ')
QMD (cm)
MEANDBH (cm)
DBHSUM (cm)
DBHSUMPOR
DBHRANGE (cm)
DDOM (cm)
DBH (cm)
HDOM (m)
HTALL (m)
MEANHT (m)
HTRANGE (m)
HEIGHT (m)
HDR (mcm ™)
HCB (m)

CW (m)

Cl

42 (13 pure + 29 mixed)
3888

164 +112 (1-438)

204 + 115 (23-642)
815 +461 (92-2568)
46 +22.3 (9.9-138.2)
29.4+10.5 (11.9-60.5)
26.7 +10.7 (9.5-54.2)
4502 + 1354 (1241-9184)
0.7 £0.3 (0.001-1.0)
50.9 +18.7 (23.9-108)
44.8 +12.6 (20.3-67.5)
28.2+17.3 (3.1-98.8)
249 +8.9 (7.6-40.5)
28.1+9.6 (10.5-50.6)
17.2+7.5 (4.6-32.7)
23.3+9.8 (8.5-48.7)
17.6 £10.1 (2-48.7)
0.7+0.2 (0.1-1.8)
6.6 £5.7 (0-32.1)
3.8+1.6 (0.7-11)
1.7+1.1(0-11.1)

58 (17 pure + 41 mixed)
4854

125+ 83 (3-312)

159 + 122 (8-664)

636 + 486 (32-2656)
436+ 17.6 (12.9-138.2)
34.7+11.5 (15.1-87.4)
30.6+12.4 (9.5-84.4)
3721+ 1590 (675-9185)
0.8 £0.2 (0.001-1.0)
66.9 +20.8 (29-117.8)
52.8+10.5 (29-84.4)
30.4+19.8 (3.4-103.2)
28.4+6.6 (13.3-42.8)
33.1+7.7 (18-50.6)
19.4+ 7.4 (8.6-42.8)
26.5+10.7 (5.6-48.7)
19.6 £9.9 (0.5-50.6)
0.8+0.3 (0.1-2.5)

8.3 £6.5 (0-29.6)

6.2 £3(0.9-19.8)

2.4 +3.6 (0-48.3)
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Fig. 2. Scattered plots of crown width against dbh [dense stand sample plots: black
dots; sparse stand sample plots: gray dots].

The stem map showed that 40% PRPs were located in less dense
stands, which we categorized them as sparse stand PRPs, and PRPs
in denser stand were categorized as dense stand PRPs. Even though
distinct clustering of the observations by category cannot be seen
in the scattered plots (Fig. 2), the means of crown widths calcu-
lated by DBH classes for each category appeared significantly dif-
ferent. Therefore, we developed CW models using dummy
variable approach that differentiates the models by stand category.

2.5. Base function

The base functions were chosen on the basis of the scattered
plots of the CW against DBH (Fig. 2). We evaluated number of base
functions reported in the literature (Bragg, 2001; Sanchez-
Gonzalez et al., 2007; Sonmez, 2009; Fu et al., 2013) and chosen
the best suited one (Eq. (2)) to our data. This function (Huxley
and Teissier, 1936) was then further expanded and analyzed.

CWj; = b;DBH? + & 2)

where CWj; and DBHj are crown width and diameter at breast
height measured for treej (j=1,...,m)on PRPi(i=1,..., n), respec-
tively, by and b, are parameters, ¢; is a residual, and m and n are
number of trees and PRPs, respectively.

2.6. Selection of variables
We selected appropriate tree and stand variables following the

procedures involving graphical explorations and examining corre-
lations between response and predictor variables. The DBH is

known to have large influence on the crown dimensions (Gill
et al,, 2000; Pretzsch et al., 2015), but other tree and stand charac-
teristics also influence significantly highly (Hasenauer and
Monserud, 1996; Thorpe et al., 2010; Fu et al., 2013). As CW signif-
icantly varied with tree and stand variables in our data, we
included them as predictor variables into the model. The variables
can be included into the models using any one of the two
approaches (Huang and Titus, 1994; Staudhammer and LeMay,
2000). The first is the parameter prediction approach (Clutter
et al, 1983) also knows as two-stage approach (Ferguson and
Leech, 1978), and second approach directly adds variables into
the model (Sharma and Parton, 2007; Fu et al., 2013; Hao et al.,
2015). Because of biological relevance leading to easy interpreta-
tion (Staudhammer and LeMay, 2000), we applied two-stage
approach. This is commonly used to select appropriate predictor
variables to develop various forest models (Mehtatalo, 2004;
Castedo-Dorado et al., 2005; Adame et al., 2008; Sharma and
Breidenbach, 2015). In the first stage, we fitted base function (Eq.
(2)) to the data for each PRP separately and matrix-plots of PRP-
specific parameter estimates (b, b,) against each variable and its
transformations (square, logarithm, and root) and interactions to
other stand variables were examined. In the second stage, the vari-
ables, which showed strong relationships with parameters were
used to expand base function. For both species, HDOM, HDR,
HCB, DBHSUM, and DBHSUMPOR showed strong relationship only
with b;. Then, we redefined b; as function of HDOM, HDR, HCB,
DBHSUM or CI, and DBHSUMPOR and expanded as shown in Eq.
(3). Also, dummy variable, a stand openness was modelled as a lin-
ear function b, as shown here in Eq. (3).

CWj; = b;DBH? + &; 3)

with by = 01122 + 01325 + 0423 + 0524 + 0leZs, by = ¢ + p,0penness

where z; =HDOM;; z,=HDRy; z3=HCBy; z4=DBHSUM; or Cly;
zs = DBHSUMPOR;; oy — o, by, b, = parameters; openness =1 for
trees from a sparse stand, otherwise O; all other symbols, abbrevia-
tions, and measurement units are the same as defined in Eqs. (1)
and (2) and Table 2.

2.7. Mixed effect models

We incorporated sample plot-level random variations into Eq.
(3) using nonlinear mixed effect modeling approach. This approach
makes the models sample plot-specific (or localized) and therefore
improves the prediction accuracy of the CW models (Fu et al., 2013,
2015; Hao et al,, 2015). In general, a sample plot-level nonlinear
mixed effect model (i.e. one-level nonlinear mixed effect model)
in the matrix forms (Pinheiro and Bates, 2000) is represented by

¥i =f(0;,%) + &, & ~N(0,R;) with 6; = A;b+ Biu;, u; ~ N(0,D)
4)

where y; is a response vector for CW measurements, x; is a vector
for measurements of predictor variables on PRP i, b is a vector of
fixed parameters with design matrix A;, u; is a vector for PRP-
level random effect parameters and is assumed to have multivariate
normal distribution with zero mean and a variance-covariance
matrix D. A vector u; is assumed to be independent of residual vec-
tor &, and B; is a random effects design matrix for PRP i. The residual
vector is defined by &; ~ N(0, R;), where R; is within PRP variance-
covariance matrix, and is given by

Ri = 6°G”’I'\G}"* (5)

where 62 is a residual variance common to all PRPs, i.e. ¢ is a scal-
ing factor for error dispersion (Gregoire et al., 1995), given by
the value of the residual variance of the estimated model, G; is a



R.P. Sharma et al./Forest Ecology and Management 366 (2016) 208-220 213

diagonal matrix accounting for variance of within-PRP heteroscedas-
ticity and reduced to be an identity matrix because of absence of
such heteroscedasticity, and I'; is a matrix accounting for within-
PRP autocorrelations of the residuals, and was reduced to be an
identity matrix because of absence of such autocorrelations. Then,
form of the mixed effect model with PRP-level random effect
parameters (u;j;, U;z) included in Eq. (3) would be,

CWj = (by + u;)DBH{ ") + &;, & ~ N(0,R;), u; ~N(0,D)  (6)

with by =012} + 01325 + 01423 + 01524 + AlsZs, by = 1 + ¢, 0penness

All symbols and abbreviations are the same as defined in Eq.
(1)-(5). Hereafter, the estimated model without random effects
parameters (Eq. (3)) is termed as an ordinary least square model
(OLS model). When a random parameter vector u; of the estimated
mixed effect model (Eq. (6)) is assumed zero, it turns out to be a
population average model (PA model).

2.8. Model estimation and evaluation

The mixed effect models and their ordinary least square ver-
sions were estimated with maximum likelihood in SAS macro
NLINMIX (SAS Institute Inc., 2008) using expansion-around-zero
method (Littell et al., 2006). The base candidate models including
Eq. (2) were estimated using PROC MODEL (SAS Institute Inc.,
2008) with Marquardt’s method. The fitted models were evaluated
for their residual variations using statistical criteria such as root
mean squared error (RMSE) and adjusted coefficient of determina-
tion (Rzadj) (Montgomery et al., 2001). Additionally, we examined
graphs of the residuals for each predictor variable evaluated and
the simulated CW curves overlapped on the observed data. The
effects of significant predictor variables on the CW were also
examined graphically. Unless otherwise specified, we used 1% level
of significance (o = 1%) in our analyses. Even though the model val-
idation is one of the important components of modeling as this
provides credibility and confidence about the estimated models
(Soares et al., 1995; Vanclay and Skovsgaard, 1997), we did not
to do this because of lack of independent data.

2.9. Estimating random effect parameters and localizing model

A prior information of a response variable of the mixed effect
model (i.e. CW in Eq. (6)) is required for making subject-specific
predictions through the localization of the models (Pinheiro and
Bates, 2000; Calama and Montero, 2005). As per individual sample
plot situation, the CW measurements from any number of the
selected trees of a species of the interest per sample plot can be
used to estimate random effect parameters (u;;, u;z) and added
them to the PA model. The localized model can then be used for
accurate prediction of the crown width of rest of the trees on the
sample plot, this is also known as subject-specific prediction. Even
though there have been several alternatives reported in the litera-
tures, generally randomly selected four to five trees per sample
plot could be used for a reasonable accuracy of the prediction by
the mixed effect models (Calama and Montero, 2005; Crecente-
Campo et al., 2010; Fu et al., 2013). The random effect parameters
(uj1, up) can be estimated using empirical best linear unbiased pre-
diction (EBLUP) theory (Eq. (7)) (Vonesh and Chinchilli, 1997;
Pinheiro and Bates, 2000).

-1
u; = DZ! (z,-Dz,.T + R,-) & (7)

where u; is a vector of sample plot-level random effect parameters
(uj1, up) for PRP i, D is a variance-covariance matrix and its

dimension is given by the number of random effect parameters to
be estimated, and Z; is a design matrix for the random effect param-
eters. The elements of Z; are partial derivatives of the model (Eq.
(6)) with respect to its fixed parameters b; and b, (Pinheiro and
Bates, 2000; Calama and Montero, 2005; Sharma and Breidenbach,
2015). Matrix R; is the same as defined in Eq. (5), and an error vector
¢&; is obtained from the fixed parts (PA model) of the mixed effect
model (Eq. (6)). A number of literatures have presented the proce-
dures of estimating random effect parameters using EBLUP theory
with examples (e.g. Mehtatalo, 2004; Calama and Montero, 2005;
Sharma and Parton, 2007; Crecente-Campo et al., 2010; Fu et al,,
2013; Sharma and Breidenbach, 2015).

3. Results

To avoid the effects due to over-parameterization and collinear-
ity in the estimated models, we selected only those tree and stand
variables, which displayed significantly large contributions to the
CW models. Among several predictor variables evaluated, most
contributing ones identified are HDOM, HDR, HCB, DBHSUM, and
DBHSUMPOR. Both spatially explicit and non-explicit ordinary
least square models and their mixed effect versions described the
CW variations adequately well [Rzadj =0.76-0.78 (Norway spruce),
0.70-0.73 (European beech)]. All models for Norway spruce
described substantially larger part of the CW variations than for
European beech. All parameter estimates of the models are signif-
icant (p < 0.001) and biologically plausible (Table 3). For both spe-
cies, the mixed effect models described the largest part of the CW
variations. Also, the values of the fixed parameter estimates of the
ordinary least square (OLS) models are slightly different from that
of their mixed effect counterparts. The reduction of unexplained
variance (i.e. mean squared residuals, ¢2) in the mixed effect model
relative to its OLS version varied from 5% to 16% with slightly
higher reduction for Norway spruce. There was larger estimated
value of a variance of the random effect parameter u;; than that
of uj,. This indicated that parameter b; was more strongly corre-
lated to the PRP-level variation than parameter b,. For each spe-
cies, spatially explicit OLS models and their mixed effect versions
described slightly larger part of the CW variations than their spa-
tially non-explicit counterparts. After DBH, HDR for Norway spruce
and HDOM for European beech in all models showed the largest
contributions to the CW models. The third-most contributing vari-
ables in spatially non-explicit models for Norway spruce and Euro-
pean beech are DBHSUMPOR and HDR, respectively. However, CI
showed the third-most contribution to the spatially explicit CW
models. As compared to other significantly important predictor
variables, HCB and DBHSUM exhibited least contributions to the
CW models for Norway spruce and European beech, respectively.

We examined the standardized residuals of spatially explicit
OLS models that were plotted against each of the predictor vari-
ables evaluated (Table 2). But for a brevity, we have presented only
a few herein (Fig. 3). No serious heteroskedasticity problem in the
residuals was observed. No substantial difference between the
residuals produced by spatially explicit and spatially non-explicit
models was also observed. Except for few cases, such as DBH class
>70 cm for European beech where relatively fewer observations
are available, the graphs displayed no serious residual trends
across the observed data ranges. This indicated that the selected
predictor variables are adequate enough to describe CW variations.

Effects of the variables that describe tree size (HDR, HCB), site
quality (HDOM), and competition (DBHSUM, DBHSUMPOR, CI) on
the CW were simulated and are presented in Figs. 4 and 5. Except
last ones in the right columns of these figures, all others were pro-
duced using parameter estimates of spatially non-explicit OLS
models. Also, almost similar figures resulted from the spatially
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Table 3
Parameter estimates, variance components, and fit statistics of CW models (Eq. (6)) [OLS = ordinary least square, all parameter estimates are significant (p <0.001), and all
symbols and abbreviations are the same as defined elsewhere in the text].

Components Norway spruce European beech
OLS model Mixed model OLS model Mixed model
Spatially Spatially non- Spatially Spatially non- Spatially Spatially non- Spatially Spatially non-
explicit explicit explicit explicit explicit explicit explicit explicit

Fixed parameters

01 0.564693 0.562855 0.552678 0.55693 0.539382 0.544437 0.535008 0.53945
@2 —0.02093 —0.02171 —0.02408 —0.02036 0.006762 —0.00486 0.005261 —0.00692
o 0.673463 0.690483 0.684437 0.685899 0.561918 0.685558 0.561781 0.681669
0la 0.051226 0.052529 0.053836 0.056279 0.30174 0.269483 0.305888 0.273579
o3 —0.06468 —0.07277 —0.0635 —0.07446 —0.1752 —0.15985 —0.18077 —0.16346
Olg —0.00196 —0.00218 —0.00201 —0.00225 —0.01123 -0.01317 —0.01117 —0.01319
s —0.02454 —0.00001 —0.02527 —0.00001 —0.01158 —0.00003 —0.01162 —0.00003
og -0.11357 -0.12303 —0.10942 —0.12293 —0.2857 —0.36047 —0.28703 —0.35825
Variance components
% 0.1035 0.1330 0.7125 0.4972
Oujiu2 —0.04356 —0.05264 —0.1801 —0.1148
azujz 0.01973 0.02218 0.04697 0.0279
a2 0.6358 0.6483 0.5355 0.5771 2.5850 2.6853 2.2979 2.5360
Fit statistics
Rzadj 0.7658 0.7612 0.7804 0.7716 0.7138 0.7002 0.7325 0.7209
RMSE 0.7974 0.8052 0.7318 0.7597 1.6078 1.6387 1.5159 1.5925
Norway spruce Norway spruce
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Fig. 3. Standardized residuals of OLS models, plotted against dbh class and height class. The length of the box represents the interquartile range (IQR), length of the whisker
represents class minimum and maximum values in IQR, and small boxes represent observations lying beyond 1.5 times IQR.

explicit OLS models and their mixed effect versions. When the val- observed data used here), effect of tree slenderness (HDR) for Nor-
ues of other predictor variables rather than a variable allowed for way spruce and effect of site quality (HDOM) for European beech
varying were assumed to be constants (i.e. mean values of emerged as the largest ones. The CW increased with increasing
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Fig. 4. Effects of HDOM, HDR, HCB, DBHSUM, DBHSUMPOR, and CI on the crown width, respectively for Norway spruce. The curves were produced using parameter estimates
in Table 3 (OLS models for dense stands). The mean values of the observed data were used for other variables rather than the variable shown varying (lowest to highest range

in the observed data).

HDOM and the rate of increase for European beech was
significantly higher than for Norway spruce. The CW decreased
with increasing tree slenderness coefficient, HCB, and competition
(DBHSUM, DBHSUMPOR, CI). The HCB showed much smaller effect
for Norway spruce, but significantly larger effect for European
beech. The effects of competition as shown by spatially non-
explicit models changed significantly when DBHSUM was replaced
with CI, and the magnitudes of such changes for European beech
emerged slightly larger than that for Norway spruce. This indicated
that competition measures computed using spatial arrangement of
trees appeared more effective than those computed without use of
spatial arrangement of trees. The PRP-centered competition mea-
sure computed considering species proportion (DBHSUMPOR)
showed substantially larger effect on the CW than DBHSUM. The
models also showed that CW significantly decreased with deceas-
ing species proportion or species mixing effects.

4. Discussion

Data used in this study have a large variation (Table 2, Fig. 2),
covering both pure and mixed species stands in various parts of
the Czech Republic (Fig. 1). Data also covers all possible stand den-
sities, growth conditions, and management regimes (from clear cut
to leaving the spontaneous development). Since CW and DBH are
strongly correlated, DBH can be used as single predictor variable
in allometric CW models (Foli et al, 2003; Rautiainen and
Stenberg, 2005; S6nmez, 2009; Pretzsch et al., 2015). However,
these models tend to over-estimate crown dimensions for dense
stands and tend to under-estimate for sparse stands (Thorpe
et al., 2010). Stand conditions such as site quality, climate, and
competitive situations among the individual trees within a stand
have significant influences on the crown dimensions (Thorpe
et al., 2010; Urban et al., 2010). Therefore, variables that can
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Fig. 5. Effects of HDOM, HDR, HCB, DBHSUM, DBHSUMPOR, and CI on the crown width, respectively for European beech. The curves were produced using parameter
estimates in Table 3 (OLS models for dense stands). The mean values of the observed data were used for other variables rather than the variable shown varying (lowest to

highest range in the observed data).

adequately describe such conditions must be included into the
crown models in order to reduce potential biases (Hasenauer and
Monserud, 1996; Gill et al., 2000; Sanchez-Gonzélez et al., 2007;
Fu et al., 2013). Our models also behave significantly differently
for the trees in sparse and dense stands as parameter estimates
of a dummy variable (openness, Eq. (6)) are highly significant
(Table 3). This is due to the effect of stand openness that was suc-
cessfully modeled. A larger value of the estimated variance uj; of
the mixed effect model suggests that asymptotic parameter b; of
the model (Eq. (6)) has higher variation across PRPs than b,. This
justifies applying the mixed effect modeling approach.

We examined the contributions shared by each of the predictor
variables (Table 2) and selected the most contributing ones using
the two-stage approach (Ferguson and Leech, 1978; Castedo-
Dorado et al., 2005; Sharma and Breidenbach, 2015), which is also

considered as the most appropriate one (Staudhammer and LeMay,
2000). The models presented herein describe a large part of the CW
variations (Rz,,dj= 0.73-0.78) without serious residual trends
(Fig. 3). Also, no residuals trends were observed for the data
grouped by mixed species stands or pure stands. Similarly, the
models displayed no residuals trends on the data grouped by
sparse and dense stands. Therefore, our models do not bias for
the stands that are grouped by species composition and stand
openness. Because of much wider variations of the CW observa-
tions in European beech (Fig. 2), the CW models for this species
appear poorer than that for Norway spruce. Incorporating addi-
tional predictor variables into the models certainly improves the
fit statistics, but we did not do this, realizing the fact that many
predictor variables cause over-parameterization, resulting in
biased parameter estimates (Montgomery et al, 2001).
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Furthermore, application of the models with many predictor vari-
ables are often costly and therefore forest managers always want
more precise and parsimonious models (Vanclay, 1994;
Hasenauer, 2006).

After DBH, HDOM emerged as the second-most contributing
predictor variable in all models for European beech and third-
most contributing predictor variable for Norway spruce (Figs. 4
and 5). The CW increases with increasing HDOM. It is expected that
crown size would get larger when adequate resources required for
tree growth are available. The height of the largest tree, for exam-
ple, HDOM significantly reflects site quality and stand dynamics
(Monserud, 1984; Hynynen, 1995; Eerikainen, 2003). The site
index (dominant height at index age), which is estimated using
either dominant height growth models (Monserud, 1984; Sharma
et al.,, 2011) or site index prediction models (Seynave et al.,
2005; Sharma et al., 2012) can be used to assess site quality. How-
ever, when these models are not available, HDOM can be consid-
ered as proxy of site index to describe site quality and integrated
into various forest models including crown models (Short Il and
Burkhart, 1992; Soares and Tomé, 2001; Castedo-Dorado et al.,
2005; Temesgen et al., 2005; Sanchez-Gonzilez et al., 2007;
Sharma and Parton, 2007; Crecente-Campo et al., 2010; Fu et al.,
2013, 2015).

The models show that CW significantly decreases with increas-
ing tree slenderness coefficient (HDR) (Figs. 4 and 5). Since HDR is
an important measure of tree and stand stability (Wonn and
O’Hara, 2001; Vospernik et al., 2010), trees with higher HDR are
more prone to the external damages (e.g. snow and wind) than
trees with lower HDR. Therefore, trees with lower HDR or trees
with higher stability is expected to have larger crown sizes. The
influence of HDR on tree stability is expected to be less for
broad-leaved species as compared to conifers (Vospernik et al.,
2010). The tree slenderness is also a reflection of the competitive
situation among the individual trees within a stand. The trees in
a higher competitive situation, i.e. trees with larger slenderness
coefficients are expected to have narrower CW as lower branches
of the trees would die as a consequence of the physical interactions
and shading effects of the competitors (Putz et al., 1984). A high
competitive situation increases a chance of crown recession,
resulting in a narrower crown width.

A variable HCB also shows significant effect on the crown mod-
els (Figs. 4 and 5) as it is significantly correlated to the crown
dimensions. The crown recession and height growth are two
important HCB dynamics, and any changes popping up in HCB
would result in significant influence on the crown dimensions
(Power et al, 2012). The crown recession occurs when the
branches of trees located at the base of the living crown die, result-
ing in larger HCB and narrower CW. The rate of the crown recession
is influenced by various factors such as light availability at the base
of tree crown (Sorrensen-Cothern et al, 1993), stand density,
height growth (Valentine et al., 1994; Kantola et al., 2007), and
physical interactions among the branches of neighboring trees
(Putz et al., 1984). Trees growing in a dense stand or trees with lar-
ger crowns may experience more physical interactions with the
crowns of neighboring trees, which may result in increased crown
recession (Power et al., 2012). Unlike European beech, Norway
spruce is shade tolerant species and have a low rate of crown
recession, and therefore HCB may have less influence on the CW.
Because of its much appealing characteristics, HCB has frequently
been used as one of the predictor variables in various forest models
including crown models (Gill et al., 2000; Ritson and Sochacki,
2003; Crecente-Campo et al., 2013; Fu et al.,, 2013, 2015; Hao
et al., 2015).

The crown dimensions are largely affected by competitive situ-
ations of the individual trees in a stand. The CW increases with
decreasing competition among the individual trees in a stand

(Figs. 4 and 5). The crowding in a stand results in trees to grow tal-
ler with smaller crowns. For trees in the homogenous canopy-
layered stands, the influence of competition on the crown dimen-
sions is much more substantial than in the heterogeneous canopy-
layered stands (Rouvinen and Kuuluvainen, 1997; Purves et al.,
2007; Davies and Pommerening, 2008; Thorpe et al., 2010). The
species mixing effect (effect of intra- or inter-specific interactions)
on the CW is substantial (Figs. 4 and 5) and similar effects on
growth of other tree and stand characteristics have also frequently
been reported (Rio and Sterba, 2009; Condés et al., 2013; Sterba
et al., 2014). It is expected that for a given site quality and stand,
fewer the tree species, competitive situations among the trees
would be higher, and consequently CW would be narrower. A tree
crown is formed as a function of the influence of local environmen-
tal factors and supply of resources, which are mainly determined
by inter- or intra-specific neighborhoods within a stand (Bayer
et al., 2013). The crown structural difference between pure and
mixed species stands can be caused either by filling-up of more
canopy space or by the variations in resource use efficiency of a
given space or a combination of both (Binkley et al., 2004; Bayer
et al.,, 2013). Space-filling principles within a crown such as branch
angle, branch length, branch number, and ramification in mixed
species stand may differ from pure species stands, and indicate
the changed resource supply, resource capture and resource use
efficiency (Binkley et al., 2004; Pretzsch, 2009; Bayer et al., 2013;
Pretzsch, 2014). A higher structural crown plasticity and more
complex canopy structure create a higher variability of environ-
mental conditions, and trigger the plasticity at organ, crown or tree
structure levels for the optimal capture of resources or acclimation
to the environment altered by competing neighbors (Bayer et al.,
2013; Pretzsch, 2014). A better understanding on the effects of spe-
cies interactions on tree and stand growth dynamics is therefore
essential for forest management (Sterba et al., 2014; Bayer et al.,
2013).

The competition measures computed using spatial arrangement
of trees (tree-centered CI) more adequately describe competitive
situations among the trees in a stand than the competition mea-
sures computed without use of spatial arrangement of trees
(PRP-centered CI). This is a reason that spatially explicit models
better fitted to the data (Table 3) and exhibited more pronounced
effects on the CW than spatially non-explicit model. The competi-
tion may vary with stand density, tree size, site quality, climate
condition, and stand structure (Pretzsch and Biber, 2010). There
may also be a species-specific effect on the competition (Pretzsch
et al., 2002; Canham et al., 2004; Richards et al., 2008; Thorpe
et al, 2010; von Oheimb et al., 2011). However, we did not con-
sider this as our complex model (Eq. (6)) made it difficult to
include additional species-specific CI for several species (number
of species per PRP varies from 2 to 20). The competition effects
can also be modified by slope of the stand (Bachmann, 1997). How-
ever, we did not consider the effects of slope on the competition
either in order to keep CI of our models as simple as possible.

Either deterministic or stochastic modeling approach can be
used to develop CW models. The presented models (Table 3) are
both deterministic and stochastic ones. The CW models can be
developed separately for open-grown trees and stand-grown trees
when there are substantial differences between crown dimensions
because of differing growing conditions (Condes and Sterba, 2005;
Russell and Weiskittel, 2011). The models, which predict CW in
open stand assume maximum biological potential, and are known
as maximum CW models. The stand-grown trees, on the other
hand, must compete for growth resources, and are modeled by
so-called largest CW models (Hann, 1997; Sanchez-Gonzalez
et al., 2007). Our models are also the largest CW models as we
did not separate data from sparse stands and dense stands and
used candidate models to fit the data in different ways. However,
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we successfully modeled the effects of stand openness using
dummy variable approach (Eq. (6), Table 3). This allows application
of the same CW models for both sparse and dense stands without
substantial bias. We defined stand openness by making subjective
judgements on the PRP stem maps, because no information about
stand openness was recorded on the field. The model users there-
fore need to make similar judgements as we did, while applying
the models. However, judgments may differ with model users.
We expect that the prediction bias will be very minor and insignif-
icant even if similar judgement is not applied when subject-
specific predictions are made using mixed effect models. Because,
selected sample trees to be used for estimation of the random
effect parameters will be good representative to rest of the trees
on the sample plot. When model users are not able to localize
the mixed effect models through adjustment of the sample plot-
level random effect parameters (u;;, u;), using ordinary least
square models will be better alternative than population average
models. Because the later models may be largely biased as the vari-
ance components (Table 3), which are essential parts of the mixed
effect models, are disregarded (Meng et al., 2009; De-Miguel et al.,
2012; Sharma and Breidenbach, 2015).

The arithmetic mean (CW) calculated from four radii represent-
ing two azimuths my bias predictions of crown area, and hence
CW, of individual trees (Gregoire and Valentine, 1995). Replacing
arithmetic mean with the geometric mean (CWy) can reduce such
potential bias. The two crown widths can be related by
CW? = CW? + a2, where 62,is the variance of the crown widths
of two azimuths for each tree. We found in our study that the azi-
muthal differences in the crown width diameters of the trees
within each PRP were too small, and therefore the potential bias
introduced by the arithmetic mean would likely to be small to be
insignificant. When the azimuthal differences between crown
width diameter measurements are significant, the geometric mean
(CW;,) needs to be used.

The proposed models will be applied for precise prediction of
the CW of Norway spruce and European beech using measure-
ments from only a few predictor variables. These models will have
several potential implications. The crown surface area, crown vol-
ume and crown biomass, and sequestrated carbon amounts can be
estimated using CW models together with other forest models. The
CW models can be used to examine the tree crown profiles, esti-
mate the canopy density, which are essentially required to assess
biodiversity and wildlife habitat, fire risk, and understory light con-
ditions (gap dynamics). Estimating stand density measures such as
crown competition factors and other crown dimensions-based
competition measures can be estimated using CW models. The
optimum requirement of species-specific spacing and its efficiency
can also be estimated using CW models. The CW models can be
used as sub-models to the tree growth simulators, which are the
fundamental tools for decision-making in forestry.

5. Conclusions

Among various tree and stand predictor variables, significantly
highly contributing variables explored are DBH, HDOM, HDR, HCB,
DBHSUM, DBHSUMPOR, and CI. For both species, spatially explicit
ordinary least square models and their mixed effect versions
described slightly larger parts of the CW variations than their cor-
responding spatially non-explicit counterparts. All models showed
that the CW increased with increasing site quality (HDOM), but
decreased with increasing tree slenderness (HDR), HCB, and com-
petition (DBHSUM, DBHSUMPOR, CI). The largest contributing vari-
ables to the CW models for Norway spruce and European beech are
HDR and HDOM and least contributing ones are HCB and DBHSUM,
respectively. After HDR for Norway spruce and HDOM for European

beech, spatially explicit competition measure showed the largest
effects on the CW, suggesting that the interactions of the trees in
a spatial manner over the restricted distances is essential for
growth dynamics of the tree crowns. Because of large variations
in terms of size, age, site quality, stand density, and geographical
coverage of the data, the proposed models can be applied with rea-
sonable precisions across the forests of Norway spruce and Euro-
pean beech in the Czech Republic.
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Abstract

Key message The purposed spatially explicit and spa-
tially non-explicit height to diameter ratio models can
be useful to evaluate the stability of trees and stands for
Norway spruce and European beech forests.

Abstract Height to diameter ratio (HDR) is an individual
tree index, also known as slenderness coefficient, and
commonly used to evaluate stability of trees and stands.
We developed both spatially explicit and spatially non-
explicit HDR models for Norway spruce (Picea abies (L.)
Karst.) and European beech (Fagus sylvatica L.) using a
large dataset collected from fully stem-mapped permanent
research plots in various parts of the Czech Republic.
Various tree and stand characteristics were evaluated for
their potential contributions to the the HDR models. In
addition to diameter at breast height (DBH), other highly
significant predictor variables identified are dominant
height (HDOM) (site quality measure), dominant diameter
(DDOM) and quadratic mean diameter (QMD) (spatially
non-explicit competition measures), and Hegyi’s index
(spatially explicit competition index, CI). A simple expo-
nential decay function was chosen as a base function to
include these predictor variables. Both spatially explicit
and spatially non-explicit models described large parts of
the HDR variations [Ridj = 0.66 (Norway spruce), 0.72
(European beech)] without any systematic deviation of the
residuals across the observed data range. Unlike for
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European beech, spatially explicit model for Norway
spruce better described HDR variations than its spatially
non-explicit counterpart. After DBH, HDOM provided the
largest contribution to each model type, followed by
DDOM and QMD or CI for both species. The HDR
increased with increasing HDOM and CI, but it decreased
with increasing DDOM and QMD, suggesting there were
significantly large effects of site quality and stand density
on HDR. Because of a little difference between the fit
statistics and graphical displays of the two model types,
spatially non-explicit model is recommended for prediction
of HDR for both species as this model does not require
spatially explicit CI, which is computationally much more
complex than spatially non-explicit competition measures.
The proposed HDR models may be applicable to assess
stability of trees and stands, and to regulate stand densities.

Keywords Dominant height - Permanent research plot -
Spatially explicit competition index - Site quality -
Stand density

Introduction

The height to diameter ratio (HDR) is an individual tree
index, known as slenderness coefficient and calculated with
total height divided either by diameter at the breast height
or diameter at the root collar of the tree (Opio et al. 2000).
The HDR is a measure of stability of a tree or stand. In
general, smaller value of HDR indicates lower position of
center of gravity of tree with longer crown length, but have
higher stability than the tree with larger HDR value. The
HDR can be used as a reliable measure to evaluate tree’s
stability against snow, icing, and wind (Nykidnen et al.
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1997; Jiao-jun et al. 2003). Many studies (Cremer et al.
1982; Valinger and Fridman 1997; Castedo-Dorado et al.
2009; Wallentin and Nilsson 2014) used HDR to charac-
terize stability at tree or stand level. A high HDR has been
associated with enhanced risk of uprooting by wind and
breaking by snow and wind (Schiitz et al. 2006; Urata et al.
2011; Valinger and Fridman 2011). The HDR is also used
to assess mechanical properties of wood such as trees with
smaller HDR usually have a higher maximum bending
moment than trees with larger HDR, of similar heights
(Moore 2000; Peltola et al. 2000; Peltola 2006). A large
HDR indicates that a tree has grown in a dense stand under
the influence of mutual support of its neighboring trees.
Therefore, trees with a large HDR can be vulnerable
because their stems have not been acclimatized to the
conditions of high mechanical perturbation (Valinger and
Fridman 1997; Bosel’a et al. 2014). In general, mechanical
models assume tree as a unilaterally fixed beam to stand as
such a system unilaterally cantilevered beam and evaluate
the resilience of the system against wind, ice, and snow
loads by physical methods (Peltola et al. 1999; Gardiner
et al. 2000; Hlasny et al. 2011). Several studies (Valinger
and Fridman 1997; O’Hara and Oliver 1999; Piitalo et al.
1999; Wonn and O’Hara 2001; Kondpka and Kondpka
2003; Mickovski et al. 2005; Kamimura and Shiraishi
2007; Schelhaas et al. 2007; Kamimura et al. 2008;
Schindler et al. 2012; Mitchell 2013) have shown strong
correlation between HDR and vulnerability of the trees and
stands to snow and wind damages. The HDR can therefore
be used to identify more vulnerable trees to snow, ice, and
wind (Smith 1986; Mustard and Harper 1998). In addition
to stability assessment, HDR can be also used as a com-
petition measure to growth models (MacDonald et al. 1990;
Morris and MacDonald 1991; Opio et al. 2000).
Changing tree and stand characteristics over the course
of growth projection necessitates models to update esti-
mates of the tree dimensions including HDR. Updating can
be possible through either doing direct measurement for all
trees on each sample plot or making indirect prediction
with previously established models. Generally, separate
HDR models are not applied to update HDR, but instead,
individual tree height and diameter growth models or
individual tree height-diameter models are applied. Since
these models are often developed with different datasets,
and model parameters are not estimated simultaneously,
and therefore HDR derived from these models may be
biased significantly (Hasenauer et al. 1998). Usefulness of
these models is in fact determined by the credibility of the
data used (Kamimura and Shiraishi 2007). Furthermore, a
small bias associated with in those models may result in a
substantially large bias in the derived HDR. Therefore,
separate HDR models are needed for reliable prediction of
HDR at the tree level, which is only possible with

@ Springer

accurately measured dataset representing all characteristics
such as site qualities, stand densities, size and age classes is
used to develop HDR models.

Variation of HDR even for a single species within the
same stand may be large due to inter-tree spacing. The
most extreme HDR would reach for open-grown trees and
for trees at a maximum stand density (Nykinen et al. 1997,
Vospernik et al. 2010). The HDR also varies on the trees
with top or lower canopy position of the stands. The HDR
also varies with stand characteristics (stand age and stand
density) and individual tree characteristics (height, tree
root system, crown width, and crown depth) (Nykinen
et al. 1997). Various site factors such as slope, altitude,
exposition, soil type, soil moisture, and nutrients (Tilman
1988; Wiklund et al. 1995; Homeier et al. 2010; Martin-
Alcon et al. 2010; BoSel’a et al. 2014) influence HDR. Site
preparation, stocking, and provenance of tree species also
influence HDR (Zimmerman and Brown 1971; Burton
1993; Mustard and Harper 1998). Location of stands such
as stand on forest edge, stand in large gaps or unsta-
ble stand fragments also influence HDR (Lohmander and
Helles 1987; Schelhaas et al. 2007; Mitchell 2013). The
influence of stand density and competition on HDR is
substantially high (Lohmander and Helles 1987; Slodic¢ak
1995; Nykénen et al. 1997; Mékinen et al. 2002; Slodicak
and Novak 2006; Harrington et al. 2009; Vospernik et al.
2010; Mitchell 2013; Bosel'a et al. 2014). Inclusion of
appropriate measures describing aforementioned charac-
teristics, particularly stand density, competition, and site
quality into the HDR models is thus necessary to increase
the prediction accuracy of the models.

The stand density measures or competition measures are
computed either considering tree position (spatially explicit
competition measures) or without tree position (spatially
non-explicit competition measures). The forest stand can
be understood as a collection of individual trees interacting
in a spatial manner over the restricted distance (Mailly
et al. 2003; Canham et al. 2004, 2006; Canham and Uriarte
2006; Purves et al. 2007; Pretzsch 2009; Thorpe et al.
2010). Quantification of the influences of competitive
interaction among the individual trees of varying size,
species, and spatial patterns within a stand can be useful in
decision-making for effective forest management. Even
though several studies were carried out to show relation-
ship between HDR and vulnerability of the trees or stands,
only a few (Vospernik et al. 2010; Bosel’a et al. 2014) have
developed statistical models through integration of the
measures that describe stand density, competition, and site
quality, into them. However, none of the studies have
considered the spatial position of the trees while computing
measures that describe competitive interaction among the
individual trees. This study, thus, aims to develop statistical
HDR models through integration of spatially explicit
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competition measures into them. This study utilizes a large
dataset acquired from fully stem-mapped permanent
research plots located in the stands of Norway spruce
(Picea abies (L.) Karst.) and European beech (Fagus syl-
vatica L.) in various parts of the Czech Republic. The
proposed models may serve as empirically-based useful
tools in assessing stability of the trees and stands. Since
Norway spruce is generally considered to be much more
susceptible to damage by winds than other conifer and
broad-leaved species (Peltola et al. 2000; Albrecht et al.
2012), the HDR models of Norway spruce may be more
useful than that of European beech.

Materials and methods
Study area

We used data from several Norway spruce and European
beech stands where permanent research plots (PRPs) prop-
erly represent 18 Natural Forest Areas (NFA) in the Hercy-
nian geo-morphological system (out of total 33 NFAs)
(Fig. 1). The square-shaped PRPs (2500 m2) were estab-
lished on the basis of canopy structure, natural regeneration,
and stock of dead woods by following the Field-Map tech-
nology of the IFER-Monitoring and Mapping Solutions Ltd
(§melko and Mergani¢ 2008). The PRPs were established to
include mainly “close-to-nature” or ‘“natural” forests

Fig. 1 Location of permanent

(because of unique structure and dynamics) in various stands
and site conditions with varying degree of the effects of air
pollution and soil acidification. The PRPs cover various
regions of the country such as low and middle regions
(Kokorinsko, éesky kras, Krivoklatsko, and Trebechovice),
high and mountain regions (Broumovsko, Krkonose, Orlické
hory, Jizerské hory, Sumava, and Jeseniky). The PRP net-
work falls within the Protected Area System (National Park,
Protected Landscape Area, Nature Reserve, Natural Monu-
ment) and covers a wide range of altitudes (240-1370 m),
mean annual temperatures (4-9.5 °C), and mean annual
precipitations (500—1550 mm). There is a large variation of
mean growing season length (35-180 days). The mean
growing season length is defined by the number of days in a
year when the average daily temperature is >10 °C (Pok-
ladnikova et al. 2008). The most of the stands, especially
European beech stands originated from natural regeneration,
about 20 % Norway spruce and 2 % European beech stands
originated from plantation. About 77 % of the stands were
20-50 years olds, and managed by spontaneous develop-
ment with minimal harvests. This management system
mainly involved sanitation interventions, e.g. extraction of
trees affected by bark beetle (Ips typographus). Management
of remaining parts of the forests focused mainly on the
shelter wood systems with preferred natural regeneration.
About 5 % Norway spruce dominated stands were planned
for clear-cut management (after rotation period) on the edge
of the protective zones (low degree of nature protection),

research plots, PRPs [pure or
Norway spruce dominated PRPs
(black dots), pure or European
beech dominated PRPs (dark
gray triangles), light gray dots
showing forest cover, and gray
lines separating Natural Forest
Areas, (NFAs)]
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where economic functions of the forests (private forests)
prevailed. In-depth descriptions of these forests are also
available in the literature (Vacek and Leps 1996; Vacek et al.
2009,2014,2015). Data were collected as per the permission
obtained from the authorities of the corresponding protected
area offices.

Measurements

Various tree and strand characteristics on the PRPs were
measured between April 2007 and August 2015. Total
heights and over-bark diameters at 1.3 m above ground
(DBH) were precisely measured for all trees (individuals
with DBH >4 cm) using Laser Vertex and -caliper,
respectively. The Laser Vertex (Haglof Sweden 2011) is an
instrument system-combo designed for efficient measure-
ment of height, distance, and angle of inclination with
combination of the ultrasound and laser light. The positions
of all trees including smaller individuals (i.e., individuals
with DBH <4 cm, but height >2) were recorded. All tree
and stand characteristics were measured following the
inventory protocols prepared by Forest Management
Institute (FMI 2003). All data available to this study
originated from the first measurement cycle of the PRPs.

Tree and stand characteristics

Total height to DBH ratio (HDR) is influenced by various
tree and stand characteristics, and therefore we evaluated
them depending on the availability in the data. These
characteristics can be related to tree size, site quality, and
stand density or competition (Hasenauer and Monserud
1996; Uzoh and Oliver 2008). The characteristics that
describe tree size are DBH and total height, and height-
DBH ratio, height to crown base, crown length, crown
height, and crown ratio. However, to make the HDR
models simpler, we included more easily accessible tree
characteristics such as DBH and canopy classes. Site
quality is described by mean height of the biggest trees on
the stand (dominant height) or site index (dominant height
at any reference age). The growth of dominant trees and
site quality is strongly correlated, and therefore site quality
is commonly assessed with site index (Monserud 1984;
Raulier et al. 2003). When site index is not measured,
dominant height can be used as its proxy variable to
describe site quality (Temesgen et al. 2005; Crecente-
Campo et al. 2010; Fu et al. 2013; Sharma et al. 2016). We
also used dominant height in our HDR models as we lacked
site index data. Depending on the numbers of height
sample trees available, 10-20 biggest trees per PRP were
chosen to calculate dominant height (HDOM) and domi-
nant diameter (DDOM) following the methods suggested
by Sharma et al. (2011, 2016). The mean height of all
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height sample trees per PRP (MEANHT), which also
describes site quality, was also calculated. In addition to
DDOM, other plot-centered competition measures (spa-
tially non-explicit competition measures) such as number
of stems per hectare (N), basal area per hectare (BA),
arithmetic mean DBH (AMD) and quadratic mean DBH
(QMD) per PRP were also calculated.

Tree-centered competition indices

Using coordinates of the trees (DBH >4 cm) and other
smaller individuals (height >2 m and DBH <4 cm), we
computed tree-centered competition measures. We con-
sidered all recorded species (1-20 species per PRP) as a
single species to compute tree-centered competition index,
disregarding species-specific competition effect. To reduce
model’s complexity and avoid non-convergence problem
potentially caused due to many species-specific parameters,
we did not compute species-specific competition index
(CI). We used two formulae to compute CI, also known as
spatially explicit CI (or distance dependent CI). These
indices [Eq. 1 (Hegyi 1974) and Eq. 2 (Martin and Ek
1984)] are based on the principle that larger and closer
competitors contribute higher competitive stress to the
subject trees.

n DBH, 1
L= et 1
ch ; ‘ (DBHS) DIST,. (1)

ch - Z ; DBH, ool 16.DIST,. 1
> £~ "\ DBH P DBH, + DBH, ) DIST,,
(2)

where CI = competition index, DBH = diameter of tree,
DIST = distance between subject tree and competitor,
n = number of competitors for a given subject tree s,
/A = edge expansion factor, s = index for subject trees, and
¢ = index for competitors.

The crown dimensions-based CI (e.g., distance weighed
by ratios of crown cross-sectional areas or crown volumes of
subject trees and competitors) may better describe compet-
itive interaction among the individual trees (Biging and
Dobbertin 1992, 1995; Pretzsch 2009). However, measure-
ments of the crown dimensions for a number of trees
including species of the interest in our data were missing,
while measurements of DBH and height for all individuals
were available. Therefore, we chose only DBH-based CI to
describe competitive interaction among the trees. We set a
maximum distance around a given subject tree (search
radius, SR) within which all potential competitors must be
included. We applied twelve SR (4 horizontal angle-based
and 8 vertical angle-based or vertical cone-based SR), which
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have also been evaluated by Biging and Dobbertin (1992)
and Sharma et al. (2016), to include potential competitors
around the subject trees. The definitions of SR along with
their formulations are presented in Table 1.

The computation of CIs using two formulae (Egs. 1, 2)
with application of 12 search radii resulted in 24 CI
alternatives. Our preliminary analyses involved the exam-
ination and comparison of the contributions of all 24 CIs to
the description of HDR variations in the HDR models
using fit statistics. The CI providing the largest contribution
to the HDR models was then selected for further analyses.
For each species, Hegyi’s index (CI;) computed with SR,
showed the best fitting of the models to the data. To reduce
errors in the CI due to off-plot competitors, we applied
edge expansion factor (Egs. I, 2) computed using the
method suggested by Martin et al. (1977) and Goreaud and
Pélissier (1999). The edge expansion factor may only work
precisely well when stand conditions (in terms of tree size,
species composition, and stem distribution pattern) are
similar on both inside and outside the sample plot (Martin
et al. 1977; Radtke and Burkhart 1998). Since the entire
part of each PRP falls within a stand, these assumptions are
more likely to hold. Summary statistics of all tree and stand
characteristics including two best performing CI alterna-
tives, one each from two CI formulae are presented in
Table 2. The definition of pure species stands considered
the inclusion of all individuals other than species of the
interest (Norway spruce or European beech) if they had
DBH <4 cm. Only 11 trees with extremely small HDR (i.e.,
<0.1) and 21 trees with extremely large HDR (i.e., >1.9
and up to 14), which seemed illogical relative to other tree
characteristics (i.e., crown width and height to live crown
base), were excluded by assuming that they were only
caused by faulty recording or measurement. However, such
exclusion was applied only after all stand density measures
or competition measures were computed. A complete
dataset used in modeling HDR is shown in Fig. 2.

Model development

Based on the patterns of the scattered plots of HDR against
DBH (Fig. 2), an exponential decay function, hereafter
termed as a base function (Eq. 3), was used to fit the data.

HDRU =by exp(—szBH53) + i (3)

where HDR;; and DBH;; are height-diameter ratio and
diameter at breast height of tree j (j = 1,..., m) on PRP
i (i=1,..., n), respectively, by = 0.5, b; and b, are
parameters to be estimated, ¢; is an error term, and m and
n are numbers of trees and PRPs, respectively.

Since DBH is most strongly correlated with HDR, it was
used as a main predictor variable in the HDR models. Since
other tree and stand characteristics largely influence HDR,
they were also included as additional predictor variables
into the HDR models by applying two-stage approach
(Ferguson and Leech 1978; Staudhammer and LeMay
2000). Because of biological logics, this approach has
frequently been used to include appropriate predictor
variables to develop forest models (Mehtatalo 2005;
Adame et al. 2008; Sharma and Breidenbach 2015; Sharma
et al. 2016). In the first stage, we fitted a base function
(Eq. 3) to the data for each PRP separately and matrix-
scattered plots of PRP-specific parameter estimates against
each variable and its transformations (inverse, square, root)
and interaction with other variables were examined. In the
second stage, variables showing strong correlation with b,
or b,, were identified. For both species, HDOM, DDOM,
and QMD showed strong relationship only with b;. Thus,
we redefined b; as a function of HDOM, DDOM, and
QMD to expand the base function. Variations of the HDR
within and across three canopies (Fig. 2) were also mod-
eled using dummy variable approach, in which parameter
b, was redefined as a function of dummy variable repre-
senting canopy classes (CCs). Since inventory crew did not

Table 1 Competition index search radii evaluated, and letters and abbreviations are the same as defined in Eq. 1

A tree included
as competitor when

Search radius

Definition (Biging and Dobbertin 1992)

SR1 DIST,. < 0.25DBH,
SR2 DIST,. < 0.33DBH,
SR3 DIST,. < (DBH, + DBH,)/6
SR4 DIST,. < (DBH, + DBH,)/8

SR, (i=35,6,7,...,12) DIST,, < HEIGHT,/tan 0

Influence zone of competitor and subject tree overlap approx.
4 m? ha™' angle gauge (DBH in meter times 100)

Influence zone of competitor and subject tree overlap approx.
2 m* ha~! angle gauge (DBH in meter times 100)

Influence zone of competitor and subject tree overlap approx.
5.7 m* ha~' angle gauge (DBH in meter times 100)

Influence zone of competitor and subject tree overlap approx.
9.2 m? ha™! angle gauge (DBH in meter times 100)

0 is height angle to horizontal, starting from base of a subject
tree, s; 0 = 30°, 35°, 40°, 45°, 50°, 60°, 65°, 70°, and SR are
defined as SRS, SR6, SR7,..., SR12, respectively
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Table 2 Data summary [BA
stand basal area, QMD quadratic
mean diameter, MEANDBH

Characteristics

Statistics [mean =+ standard deviation (range)]

Norway spruce European beech

mean DBH, DBHSUM total
DBH of all individuals per
sample plot, DDOM dominant
diameter, HDOM dominant
height, MEANHT mean height
of all individuals per sample
plot, CI; Hegyi’s index (Eq. 1),
CI, Martin and Ek’s index

(Eq. 2)]

Number of sample plots

Number of heights
Number of stems per sample plot

BA per hectare (m? ha™h)
QMD (cm)
MEANDBH (cm)
DBHSUM (cm)
DDOM (cm)
DBH (cm)
HDOM (m)
MEANHT (m)
HEIGHT (m)
HDR (m cm™})
CI,

CI,

Number of heights per sample plot

Number of stems per hectare (N ha™h)

42 (13 pure + 29 mixed)
4483

166.0 £ 117.3 (10-609)
207.9 £ 134.3 (23-664)
832 + 537 (102-2656)
49.8 £+ 18.7 (9.9-138.2)
30.6 + 9.5 (11.9-60.5)
274 + 10.3 (9.5-54.2)
4678 + 1380 (1135-9185)
48.8 £ 11.2 (20.3-71.7)
28.4 + 17.6 (2.4-107)
27.5 + 6.3 (7.6-40.5)
18.1 £ 6.5 (4.6-32.7)

18 £ 9.9 (2-48.7)

0.7 £ 0.2 (0.1-1.4)

1.7 £ 1.3 (0.01-22.4)
1.9 £+ 1.6 (0.01-30.7)

58 (17 pure + 41 mixed)
7000

239.2 + 199.4 (10-609)
262.4 + 218.8 (18-664)
1049.7 £ 875.4 (32-2656)
43.8 £ 15.4 (12.9-138.2)
30 + 12.6(15.1-87.4)
25.7 + 13.3 (9.5-84.4)
4392 + 1959 (675-9185)
52.3 £ 11.8 (29-84.4)
24.8 £ 19.5 (2.5-106.2)
28.3 + 5.8 (13.3-42.8)
17.4 + 7.4 (8.6-42.8)
17.3 £ 9.8 (2-47.7)

0.9 + 0.3 (0.2-1.9)

3 4+ 6.2 (0.01-57.3)

2.1 £ 2.6 (0.01-49.7)

differentiate trees by canopy class (i.e., suppressed, inter-
mediate, dominant), we formed CCs on each PRP by
assuming CC;: height >66 % height of tallest tree; CC,:
33 % height of tallest tree < height < 66 % height of tal-
lest tree; and CCj: height <33 % height of tallest tree. The
measurement of heights of all living trees on each PRP
allowed us to make this classification.

HDR; = by exp(—b2DBH} ) + 5 with b,

= a1x°{2 + o3xy + oux3 and by
=¢1z1 + 920 + 323 (4)

where x; = HDOM;; x, = DDOM;; x3 = QMD; or Clj;
z; = CCy (when CC belongs to k then z; = 1, 0 otherwise);
HDOM;, DDOM; and QMD,; are dominant height (m),
dominant diameter (cm), and quadratic mean diameter
(cm), respectively, for PRP i; CI; is spatially explicit
competition index for tree j on PRP i; b3 = 0.5; k = 1, 2,
3; ooy, @—@3 = parameters to be estimated; all other
symbols and abbreviations are the same as defined in
Egs. 1-3 or elsewhere in the text.

The model did not converge when b; was tried to be
estimated along with all other parameters through opti-
mization procedure. We compared sum of squared errors
(SSE) resulted from several alternative formulations and
values of b3 (0.1-3 by 0.1 increment) and found that only
formulation presented in Eq. 4 (with b3 = 0.5) provided
the smallest SSE. The models developed with CI is termed
as spatially explicit models, and spatially non-explicit
models, otherwise. We also fitted mixed effects version of
Eq. 4 through inclusion of PRP-level variations as random
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effects. But mixed effects models did not converge because
of complexity caused by several predictor variables
involved.

Model estimation and evaluation

We estimated parameters of the models (Egs. 3, 4) with
nonlinear least square regression using PROC MODEL in
SAS (SAS Institute Inc. 2008), applying Marquardt’s
method. The fitted models were evaluated using root mean
square error (RMSE) and adjusted coefficient of determi-
nation (Rﬁdj) (Montgomery et al. 2001). Further evaluations
were made with examination on the graphs of residuals
plotted against each predictor variable (Table 2) and
behaviors of the simulated HDR curves overlaid on the
observed data. The effects of each predictor variable on
HDR were also examined graphically. Unless otherwise
specified, we used 1 % level of significance (o0 = 1 %) in
all analyses.

The model validation provides the credibility and con-
fidence about the estimated models (Soares et al. 1995;
Vanclay and Skovsgaard 1997) and it is often carried out
by splitting data: one dataset for fitting model and another
for validation. This process is commonly known as cross
validation (Vanclay 1994; Montgomery et al. 2001), but we
did not perform this. Validation by splitting data does not
provide more information in addition to the respective fit
statistics obtained directly from the model fitted to the
entire dataset (Kozak and Kozak 2003; Yang et al. 2004).
Validating model with independent data collected from



Trees

Norway spruce

1.6
cee D eee 3

cc o=

€
Y
£
x
fa)
&
0.0
0 10 20 30 40 50 60 70 80 90 100 110
DBH (cm)
European beech
2.0
cc AAA'] .aoz -003
E
Y
E
o
a
o =

0O 10 20 30 40 50 60 70 80 90 100 110
DBH (cm)

Fig. 2 Scattered plots of HDR against DBH for three different
canopy classes [cc canopy class, 1: height >66 % height of tallest
tree, 2: 33 % height of tallest tree < height < 66 % height of tallest
tree, and 3: height <33 % height of tallest tree per sample plot]

differing sampling methods or measurement occasions can
be the best alternative (Vanclay 1994; Sharma et al. 2011;
Sharma and Breidenbach 2015). The re-measurement data
from the same PRPs in the future can be used for validation
and recalibration of the presented HDR models.

Results

We developed HDR models using both spatially explicit and
spatially non-explicit competition measures. We selected
only those tree and stand characteristics, which displayed
significantly large contributions to the HDR models. Among
various potential predictor variables evaluated (Table 2), we
identified most contributing ones: PRP-level dominant
height (HDOM), dominant diameter (DDOM), quadratic
mean diameter (QMD), and Hegyi’s competition index
(CI;). Both spatially explicit and non-explicit models

described large parts of the HDR variations
(Ridj = 0.65-0.72) (Table 3). Except parameter estimate of
QMD (p = 0.0401) for Norway spruce, other parameter
estimates of both model types were highly significant
(p < 0.0001). The signs of parameter estimates were bio-
logically plausible. Spatially explicit model for Norway
spruce described relatively larger part of the HDR variations
than its spatially non-explicit counterpart. However, spa-
tially non-explicit model for European beech described lar-
ger part of the HDR variations. Except for those of x5 (Eq. 4,
where x3 = QMD or CI;), difference of corresponding
parameter estimates of other predictor variables of each
model was too small. This indicated that HDOM, DDOM,
and canopy height classes had similar effects on HDR of each
model type. The models for Norway spruce appeared slightly
poorer than the models for European beech.

We examined residual graphs of each model plotted
against each of the predictor variables (Table 2). But for
brevity, we have presented only important residual graphs
here (Fig. 3). There was no serious deviation of the
residuals across the observed ranged of each predictor
variable and estimated HDR. There was no heteroskedas-
ticity problem in the residuals either. No substantial dif-
ference was also observed on the graphs of the residuals
produced with both model types for each species. Except
for DBH classes of 10 and 20 cm for European beech and
DBH class of 10 cm for Norway spruce, graphs displayed
no serious residual trends across the observed DBH range.
This indicated that the chosen base model (Eq. 3) and its
extended form (Eq. 4) with selected predictor variables,
and assumed canopy height classes were adequate enough
to describe HDR variations for each species.

We simulated the effects of the chosen predictor variables
related to tree size (tree canopy class), site quality (HDOM),
and stand density or competition (DDOM, QMD, CI) on
HDR (Figs. 4,5, 6). When the mean values of other predictor
variables on the observed data by canopy height class were
held constant, the effect of site quality (HDOM) on each
model emerged as the largest one, followed by the effect of
stand density or competition (DDOM, QMD or CI). The
HDR significantly increased with increasing site quality
(increased HDOM) and competitive interaction among the
individual trees (decreased QMD and DDOM, or increased
CI). However, the magnitudes of the effects of those char-
acteristics on HDR for each canopy classes largely differed.
Spatially non-explicit models displayed very small effects of
QMD on HDR for each canopy class of Norway spruce, but
large effect for European beech. However, unlike on Norway
spruce, the effect of QMD of European beech emerged as
significantly larger than that of CI. After DBH, three pre-
dictor variables: HDOM, DDOM and CI for Norway spruce
and four: HDOM, DDOM, QMD, and CI for European beech

@ Springer



Trees

Table 3 Parameter estimates
and fit statistics of HDR model
(Eq. 4)

Fig. 3 Residuals produced with
spatially non-explicit HDR
models (Eq. 4). The length of
the box represents the
interquartile range (IQR), length
of the whisker represents class
minimum and maximum values
in IQR, small boxes represent
observations lying beyond 1.5
times IQR (outlier observations
lying far away from the
median), and horizontal line and
plus signs in the box represent
median and mean values,
respectively

displayed substantially large contributions to the HDR

models.

Discussion

Data used in this study have large variations (Table 2;
Fig. 2), covering both pure and mixed species stands
located on the low to high mountain regions of the Czech
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Parameters Estimates and fit statistics
Norway spruce European beech
Spatially explicit Spatially non-explicit ~Spatially explicit Spatially non-explicit
oy 0.407845 (0.0106) 0.421236 (0.0109) 0.434145 (0.016) 0.528532 (0.0148)
o 0.518961 (0.00735)  0.513768 (0.0074) 0.667542 (0.0098) 0.628491 (0.0084)
o3 —0.01583 (0.00043) —0.0156 (0.00047) —0.02268 (0.00098) —0.02288 (0.00088)
Oy 0.015545 (0.0025) —0.00108 (0.00054)  0.009874 (0.00091)  —0.01262 (0.0008)
o 0.13312 (0.00233) 0.131195 (0.0025) 0.23039 (0.00228) 0.217528 (0.0026)
@2 0.163178 (0.00312)  0.160931 (0.0032) 0.263032 (0.00326)  0.252171 (0.00343)
@3 0.26849 (0.00515) 0.267305 (0.0052) 0.384113 (0.00516)  0.376719 (0.00522)
Ridj 0.6599 0.6569 0.7253 0.7291
RMSE 0.1070 0.1074 0.1784 0.1770
Standard errors are presented in parenthesis, and abbreviations and symbols are the same as defined in Eq. 4
and text
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Republic (Fig. 1). Modeling data also covers wide stand

densities, growth conditions, and management regimes
(from clear cut to leaving spontaneous development).
Since HDR is strongly correlated with DBH, this can be
used as a single predictor variable in the allometric HDR
model. However, DBH alone may not be adequate enough

to develop more accurate HDR models, because allo-
metric relationship between HDR and DBH largely varies
with other tree and stand characteristics such as canopy
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Fig. 4 HDR variations due to the effects of various stand character-
istics as displayed by spatially non-explicit HDR model (Eq. 4) for
different canopy height classes of Norway spruce [canopy class 1 (left

classes, site qualities, and stand densities or competitive
situations of the trees within a stand (Fig. 4, 5, 0).
Therefore, this study involved the inclusion of appropriate
measures describing those characteristics into the HDR
models. Those characteristics, which significantly
improved the model fits and consequently increased
model’s scope of application to a greater extent, are
dominant height (HDOM), dominant diameter (DDOM),
quadratic mean diameter (QMD), and Hegyi’s competi-
tion index (CI;).

The models describe large parts of the HDR variations
(Table 3) without any serious residual trend across the
observed data range (Fig. 3). A slight under-estimation for
DBH class of 10 cm for both species and over-estimation
for DBH class of 20 cm for European beech was caused by
the presence of highly influential outlier observations in
such DBH classes. A considerable part of the HDR
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column), canopy class 2 (middle column), and canopy class 3 (right
column). Canopy classes are defined in Fig. 2 and Eq. 4]

variations still remains to be described, and this might be
due to a wider variation of the HDR in some DBH classes.
A wider variation and unevenness distribution patterns of
the HDR of Norway spruce (Fig. 2) might have resulted in
poorer models than that for European beech. Accuracy of
the HDR models may be increased through inclusion of
additional predictor variables, but this leads to the over-
parameterization, which results in biased parameter esti-
mates (Montgomery et al. 2001). To make HDR models
less costly and more applicable, some characteristics such
as stand age, crown width and crown depth, which may be
significantly correlated to HDR, but relatively costlier to
measure, were not included to our models. Also, forest
managers want more accurate and parsimonious models for
effective management (Vanclay 1994).

For both species, HDOM emerged as the most con-
tributing variable to each model (Figs. 4, 5). As expected,
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Fig. 5 HDR variations due to the effects of various stand character-
istics as displayed by spatially non-explicit HDR model (Eq. 4) for
different canopy height classes of European beech [canopy class 1

HDOM included as a proxy of site index into the HDR
model worked adequately well. The site index, which is
estimated using either dominant height growth models
(Monserud 1984; Sharma et al. 2011) or site index pre-
diction models (Seynave et al. 2005; Sharma et al. 2012)
are commonly used to assess site quality. However, in a
condition when these models are not available, HDOM can
be included into the forest models (Soares and Tomé 2001;
Temesgen et al. 2005; Crecente-Campo et al. 2010; Fu
et al. 2013; Sharma et al. 2016). Only a few studies (e.g.
Bosel’a et al. 2014) have included site index as a predictor
variable into the HDR models. However, to the authors’
knowledge, none of the HDR models have been developed
so far by including HDOM. As displayed by our models,
HDR increases with increasing site index, because there
can be much more growth resources (light, soil moisture
and nutrients) availability on the better sites than on poorer
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(left column), canopy class 2 (middle column), and canopy class 3
(right column). Canopy classes are defined in Fig. 2 and Eq. 4]

sites (Bosel'a et al. 2014). For a given stand density or
competitive interaction, the effect of site quality on HDR
emerged the highest for each canopy class, but largely
varies with canopy classes (Figs. 4, 5).

The HDR is significantly affected by competitive
interaction among the trees within a stand. For a given site
quality, HDR increases with increasing competition as
depicted by decreased DDOM and QMD (Figs. 4, 5) or
increased CI (Fig. 6). With increasing competition, DDOM
or QMD decreases because of crowding of the trees that
results in taller heights and smaller crowns, but thinner
boles. In attempt to get higher canopy position for light,
sub-ordinate trees have less diameter growth for a given
unit of height growth as compared to the trees already
grown to the top canopy position (Cremer et al. 1982;
Nykénen et al. 1997; Mékinen et al. 2002). However, the
trees with dominant or co-dominant canopy positions are
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Fig. 6 HDR variations due to the effects of competition as displayed by spatially explicit HDR model (Eq. 4) for different canopy height classes
[canopy class 1 (left column), canopy class 2 (middle column), and canopy class 3 (right column). Canopy classes are defined in Fig. 2 and Eq. 4]

able to allocate more resources to diameter growth relative
to height growth, and therefore have smaller HDR and are
more stable as compared to sub-ordinate trees (Wonn and
O’Hara 2001). The trees with extremely large HDR can
only grow in a dense stand under the influence of mutual
support of its neighboring trees (Nykidnen et al. 1997;
Valinger and Fridman 1997; Vospernik et al. 2010;
Valinger and Fridman 2011; Bosel'a et al. 2014).

The competition measures (e.g. CI) for Norway spruce
computed by using the information of spatial arrangement
of the trees is expected to better describe competitive
interaction than the competition measures (e.g., QMD)
computed without spatial information. This is the reason
that spatially explicit model relatively better fitted to the
data of Norway spruce (Table 3) and exhibited more pro-
nounced effects on HDR than spatially non-explicit model
(Figs. 4, 6). However, this was not a case for European
beech, in which spatially non-explicit competition measure
(e.g., QMD) exhibited more pronounced effect on HDR
than spatially explicit competition measure (Table 3;
Figs. 5, 6). This may be due to less heterogeneous stand
conditions of European beech as compared to that of
Norway spruce. The competition of more complex and
heterogeneous stands may be better described by spatially
explicit measures than its spatially non-explicit counter-
parts (Lorimer 1983; Martin and Ek 1984; Biging and
Dobbertin 1992, 1995; Corral-Rivas et al. 2005; Pretzsch

2009). The competition indices perform differently
according to species, forest types, and forest conditions as
competition varies with stand density, tree size, site qual-
ity, climate condition, and stand structure (Pretzsch and
Biber 2010; Contreras et al. 2011). There may also be a
species-specific effect on the competition (Pretzsch et al.
2002; Canham et al. 2004; Richards et al. 2008; Thorpe
et al. 2010; von Oheimb et al. 2011). However, we did not
consider this effect while computing CI to make our HDR
model (Eq. 4) simpler.

This study utilized a large dataset with a number of tree
and stand characteristics and therefore allowed us to
evaluate the interactive influence of the many factors
affecting HDR. The measurements of additional factors
(e.g. slope, exposition, soil property, altitude, and species
provenance), which may also significantly affect HDR
(Zimmerman and Brown 1971; Tilman 1988; Burton 1993;
Wiklund et al. 1995; Nykidnen et al. 1997; Mustard and
Harper 1998; Homeier et al. 2010; Martin-Alcon et al.
2010; Bosel’a et al. 2014), were not available to this study.
The HDR models developed with time series data would be
more reliable tools than those developed with one-time
measurement data, which do not include history of stand
management. Therefore, further works involving validation
and recalibration of our models with re-measurement data
will be useful to increase the reliability and confidence of
the models.
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For the stand conditions more or less similar to the basis
of this study, our HDR models may be applied to the stands
of Norway spruce and European beech in other European
countries. The HDR is largely influenced by the numbers of
factors (Figs. 4-6), which may also vary with forest stands
across the European countries. It would be worthwhile that
the major influential factors such as site quality, stand
density, and competitive situations among the individual
trees must be examined thoroughly and compared against
those of the forests in the Czech Republic, before applying
the HDR models in other countries. Some important stand
characteristics such as site indices and stand density indices
of species of the interest may be used for comparison of the
forests across various European countries.

Conclusions and management implications

Using data from fully stem-mapped permanent research
plot, we developed both spatially explicit and spatially
non-explicit individual tree HDR models for two important
tree species (Norway spruce and European beech) in the
Czech Republic. Each model described a large part of the
HDR variations without any serious residual deviation
across the observed data range. For each species, there is a
very small and insignificant difference between the fit
statistics and residual graphs produced by both model
types, suggesting that they have similar prediction behav-
iors. Because of simplicity, the spatially non-explicit
model, which requires only sample plot-centered compe-
tition measures (quadratic mean diameter and mean
diameter of dominant trees), is recommended to apply for
both species.

By understanding the degree to which tree or stand of
the trees is more susceptible to snow-, icing-, and wind-
related damages, forest managers may better design treat-
ments based on the range of HDR for silvicultural practices
that help improve static stability of the trees and stands.
Since HDR is used as reliable measure of tree or stand
stability, the proposed HDR models may serve as useful
tools to evaluate stand stability of Norway spruce and
European beech. From this perspective, these models may
also serve for assessing quality and efficiency of thinning,
because thinning significantly affects HDR, both of mean
stem, and even upper tree layer. The models will be useful
to identify potentially more susceptible trees to damages
due to snow and wind, and thus help remove those trees
prior to damage. The HDR models can be used as sub-
models in forest simulators, which are fundamental tools in
management decision-making. The HDR models can be
used in risk modeling, which includes all potential risk
factors, e.g., climatic factors, and such models can be
applied for assessment of overall risk of stability of the
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stands and forests. The HDR can be used as a measure of
competitive interaction among individual trees within a
stand, and therefore included into various forest models
including individual tree growth models. The HDR models
may also be used as benchmark models to compare HDR
derived from other models such as height and diameter
growth models, and height-diameter models.
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6. Syntéza vysledkii

V ramci piedloZeného souboru prezentovanych 6 publikovanych praci byly zjistény
cenné¢ poznatky o: vztazich pfiristu a struktury porostl, vlivu sparkaté zvéfe na
ptfirozenou obnovu smrkojedlobukovych porostl, zméné prostorového rozmisténi
piirozenych bukovych porostli na vyskovém gradientu, vysoké plasticit¢ korun buku
lesniho, vlivu horni etdze a mikroreliéfu na pfirozenou obnovu autochtonnich bukovych
porostl, vlivu mésicnich teplot a srazek na radialni rist, modelovani Stihlostniho
kvocientu a Sifky korun smrku ztepilého a buku lesniho 1 o dalSich poznatcich o
struktufe, vyvoji a modelovani lesnich ekosystému.

Z konkrétnich vysledk vyplyva, Ze prostorové rozmisténi bukovych porosti ve
stadiu optima se s nadmotskou vyskou méni od pravidelného rozmisténi u kvétnatych
bucin pfes ndhodné u acidofilnich bu€in az po agregované rozmisténi bukovych
fragment(, nachdzejicich se v ekotonu horni hranici lesa. Prostorové rozmisténi silné
ovliviiuje nejen nadmotska vyska, ale také extrémni stanovisté, kde porosty ve stadiu
optima maji shlukovitou prostorovou strukturu. Pfirozenda obnova buku je silné
agregovana, podobné¢ jako dolni etdz porostu. Rozmisténi stojiciho a lezici odumtelého
dfeva je ndhodné. Horizontalni struktura stfedd korun je vzdy pravidelnéji uspotradana
nez paty kment stromll a ma ve vétSin¢ ptipadli pravidelnou distribuci. Na vysokou
plasticitu korun buku také ukazuje signifikantné pievladajici smér vychyleni koruny po
svahu. Z hlediska vlivu zvéfe na pfirozenou obnovu lze konstatovat ze, Skody okusem
terminalniho vrcholu jsou vyznamnym omezujicim faktorem pro vySkovy rist naleti a
narostli. Ve studované oblasti je na neoplocenych TVP zna¢né pocetné a druhové
ochuzena faze obnovy a pocatecni stadium doristani. K nejvétsim skodam pak dochézi
u jedle bélokoré, jefabu ptaciho a javoru klenu. Ze studie vlivu mikroreliéfu na
piirozenou obnovu buku vyplyva, ze nejvyssi primérnd vyska byla zjisténa na Sikmych
¢astech svahu a snizeninach, naopak obnova nejhlife prosperuje na vyvyseninach kvuli
mélkému plidnimu profilu a zvySené kamenitosti. Pocetnost piirozené obnovy je
diferencovana mnoha faktory: zapojem matefského porostu, pladni kamenitosti,
vegetatnim pokryvem, hloubkou pidy a dalsimi parametry. Ze zhodnoceni vlivu
klimatickych faktori na radidlni rast stromu vyplyva, ze se stoupajici nadmoiskou
vySkou klesd pozitivni vliv srdzek a naopak stoupd vliv teploty, zejména pak ve
vegetacnim obdobi soucasného roku. Z pohledu modelovani lesa, prostorové explicitni

v

modely oproti neexplicitnim popisuji vétsi variabilitu Sitku koruny u smrku ztepilého a
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buku lesniho a Stihlostniho kvocientu u smrku ztepilého. Nejvétsi vysvétlujici proménou
pro jednotlivé modely byla po DBH horni porostni vyska. Mnoho dalich vysledki
feSenych vramci disertani prace je prezentovano v piedloZzenych 6 publikacich.

Syntéza vysledkt dle tematickych okruhti je uvedena v nasledujicich tfech kapitolach.

6.1. Obnova lesnich porostit

ReSeni problematiky obnovy ve smiSenych jedlosmrkobukovych porostech
v CHKO Orlické hory na svézich stanovistich bylo zaméteno predevsim na vliv zvéfe

na parametry pfirozené obnovy zastoupenych drfevin (viz publikace 1).

Vliv zvéfe na pfirozenou obnovu a strukturu jedlosmrkobukovych porostii byl
zkouman na oplocené (od r. 1985) TVP 1 a v tésné blizkosti situované neoplocené¢ TVP
2 v CHKO Orlické hory v pfirodni rezervaci Cerny diil. Na oplocené TVP 1 podet
jedinct v piepoctu na hektar byl nasledujici: 28 680 buku, 9 412 smrku, 2 236 jedle, 92
jerabu, tj. celkem 40 420 jedinct. Pocet obnovy na neoplocené TVP 2 byl nasledujici:
30 872 buku, 2 988 smrku, 104 jedle, 52 jefabu a 24 klenu, tedy 34 040 ks.ha! celkem.
Normované stavy zvéte v Cerném dole byly nasledujici: 32 jelent, 77 srncii a 16 prasat,
avSak skute¢né pocty zvéte jsou vyssi: 51 jelent, 45 srnct a 43 prasat na 1000 ha.

Pii porovnani vsech druhti dfevin byl nalezen statisticky vyznamny rozdil v
primérné vySce mezi dievinami (F (1, 18 606) = 1 609,0 P < 0,001). Nejvice patrny rozdil
byl u buku (F (1, 14884y =2 437,0 P < 0,001), u jetabu (F (1,32 = 50,1, P <0,001) a u jedle
(F 1, 581y= 33,2, P <0,001) — (Obr. 9). Primérna vyska jedle dosahovala 42,4 cm + 1,2
SEna TVP 1 a 15,8 cm + 5,4 SE na TVP 2, kde poskozeni terminalu vrcholu okusem
bylo pozorovano u 82 % vsech stromkii, zatimco u obnovy vyssi nez 15 cm podil okusu
¢inil 100 %. U jefabu byla primérnéd vyska v neoplocené ¢asti 12,6 cm + 7,7 SE, v
oplocence byla priimérna vyska 60,4 cm £ 5,7 SE. Nejmensi rozdil ve vyskach obnovy
byl zaznamenan u smrku s rozdilem 7,9 cm (53,3 cm £+ 1,1 SEna TVP 1; 458 cm + 1,4
SE na TVP 2). Pfi porovnani druhové diverzity, mezi témito TVP nebyl nalezen rozdil
v druhové bohatosti, ale byl zjiStén signifikantni rozdil v druhové heterogenité a

vyrovnanosti (F(, ¢ = 12,6, P <0,05).
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Obr. 9: Primérna vyska jedinci obnovy jednotlivych dfevin na oplocené TVP 1 a
neoplocené TVP 2 v PR Cerny dil (vlevo) a vyvoj bézného primérného vyskového
rastu (normal growth) jednotlivych dfevin se snizenym ristem zplUsobenym okusem
(damage by browsing) v NPR Trckov (vpravo); chybové usecky piedstavuji stiedni
chybu praméru (SE).

Z porovnani vzorkl pro vySkovy rust je patrné, Ze pramérnd vySka bézného ristu
bez poskozeni byla vyznamné vyssi nez vyska snizeného riistu zptisobeného okusem jak
u buku (F (1, 220) = 68,4, P < 0,001), tak 1 u smrku (F (1, 236y = 77,8, P < 0,001). V
pocatecni fazi obnovy (do 6 let, F (1, 14y = 8,5, P < 0,05, nebo do 8 let F (1, 14y = 37,7, P <
0,001) studované dieviny zde nebyly v podstaté poskozovany vysokou zvéti. Kdyz vSak
presahnou vysku bylinného patra, tak jsou pravidelné poSkozovany okusem po mnoho
let a jen vyjimecné odrostly vlivu zvéfe. Buk ve veku 26 let dosahoval v priméru vysky
328 cm £ 15,4 SE, pokud byl mimo dosah zvéte, ale pii poskozeni okusem to bylo
pouze 88 cm + 8,2 SE vysky. Mnohem horsi situace byla pozorovéna u jedle, jetdbu a
javoru klenu (VACEK et al. 2014a).

Podobna situace byla pozorovana i v NPR Trckov (CHKO Orlické hory),
vyplyvajici z porovnani primérnych hodnot vyvoje bézného vyskového pfirtstu
vzornikll v oplocence a snizeného okusem mimo oplocenku (Obr. 9). Nejvice patrny
rozdil je zde u jedle a buku se statisticky vyznamnym rozdilem od 10 let (P < 0,001). V
juvenilnim stadiu (cca do 9 let) nejsou sledované dieviny zvéii v podstaté poSkozovany.
Naproti tomu jedle ve 20 letech na oplocené plose méla primérnou vysku 220 + 14,1
SE cm, ale pfi silném okusu zvéii jen 63 + 6,4 SE cm, tj. cca 28 % bézné vysky (VACEK
et al. 2014b).

Tab. 5 dokumentuje Skody zpusobené zveii u piirozené obnovy diferencované dle

dievin na neoplocené TVP 2 v PR Cerny diil. Nejvétsi skody byly zptisobeny na jefabu
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a jedli, buk byl poSkozen v mens$i mife, nejmensi poSkozeni bylo pozorovano u smrku.

Pfirozend obnova javoru klenu byla kompletné zni¢ena okusem (VACEK et al. 2014a).

Tabulka 5: Skody okusem u piirozené obnovy na TVP 2 Cerny diil diferencované dle

dievin.
Druh okusu Fagus sylvatica  Picea abies Abies alba Sorbus aucuparia
ksha %  ksha' %  ksha' %  kshal %

. 1% 8372 27,12 356 11,91 22 21,15 8 15,38

E 2-4x 6737 21,82 217 7,26 26 25,00 17 32,69

g _ ot 4832 15,65 96 3,21 37 35,58 19 36,54

2 % celkove 19941 64,59 669 22,39 85 81,73 44 84,62

Bc'Doén>i okus 13945 45,17 416 13,92 81 77,88 31 59,62

Pti celkovém porovnani 6 TVP v jedlosmrkobukovych porostech v CHKO Orlické
hory pomoci PCA analyzy je patrny rozdil mezi 3 oplocenymi (F — fenced; vlevo) a 3
neoplocenymi (C — control; vpravo) plochami (Obr. 10). Prvni ¢tyfi ordinacni osy
ordina¢niho diagramu dohromady vysvétluji 97 % variability dat. Prvni osa x prezentuje
Skody zvé&ii a parametry obnovy jedle, druha osa y vertikalni diverzitu a celkovy pocet
obnovy. Kromé strukturalnich a produk¢nich interakei z diagramu vyplyva, ze Skody
zpusobené okusem byly pozitivné korelovany se stavem zvéte. Priimérné vyska a pocet
piirozené obnovy jedle negativné korelovaly se stavem zvéfe. Zveér vsSak nebyla
hlavnim limitujicim faktorem pro celkovy pocet jedincl pfirozené obnovy zahrnujici

vSechny dfeviny, ale negativné ovlivilovala jeji primérnou vysku.

2 V NR
- N Recruits c2
F A INDEX b
AGE
PM INDEX LTITUDE
CANOPY i
- DBH
BinpEx  Height Damage Fir
' Damage
N Fi c6
—  HEIGHT
Heigh Fir
N TREES -
= F3 VOLUME .
- u]
1
-1.3 1.3

Obr. 10: Ordina¢ni diagram ukazujici vysledky PCA analyzy vztahu mezi stromovym

patrem (N TREES — pocet stromt, DBH, HEIGHT — vyska, AGE — v&k porostu,
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VOLUME - zasoba, CANOPY - stupeii zapoje), stanovistém (ALTITUDE — nadmoiska
vyska), strukturdlnimi indexy (viz. Metodika), ptirozenou obnovou (Height — primérna
vySka obnovy, N Recruits — pocet jedinci pfirozené obnovy, Damage % — poskozeni
obnovy zvér, fir — hodnoty u jedle) a zvéti (N GAME — pocet kust zvére). Vysvétlivky:
F — oplocené TVP, C — kontrolni neoplocené TVP; ¥ Cerny dul, e Tréckov 1, Trékov
2.

Reseni problematiky obnovy v porostech s dominantnim bukem lesnim v CHKO
Broumovsko bylo zaméfeno predevSim na vztah mikroreliéfu a horni etaZze na

parametry piirozené obnovy zastoupenych dievin (viz publikace 2).

V porostech s prevazujicim bukem lesnim na TVP 1-5 v CHKO Broumovsko se
prumérny pocet prirozené obnovy do DBH < 4 cm pohyboval v priiméru kolem hodnoty
15 000 ks.ha™'. Nejnizsi podet byl zaznamenan na TVP 1 — 1 472 ks.ha™, nejvyssi na
TVP 5 — 44 888 ks.ha™'. Vyrazn& vyssi podet kusti obnovy a jeji diferenciace byly
zaznamenany na plochach v pocatecnim stadiu rozpadu (TVP 3, 5), kde dochazi
k vytvateni mezer v z&poji po odumirajicich stromech, v porovnani s TVP ve stadiu
optima (Obr. 11). Buk lesni byl v obnové ptevazujici dievinou (78,5-98,0 %). Pomérné
hojné se také vyskytoval javor klen s podilem cca 20 % na TVP 2 a4 (1 908 a 2 556
ks.ha™). Velky podil zaujimal i smrk ztepily (0,2-8,2 %) a méné& nez 1 % jedle b&lokora,
lipa srdcita, jefab ptaci a jilm horsky (VACEK et al. 2014c, 2015b).
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< " \
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& 4000 /* \
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N o o & o« o o = © Obr 11: Distribuce vySkovych trid
a =] -— - - (2] [y [ar] t;\') .. i i i
T 0 N © O o+ ® N pfirozené obnovy na konkrétnich TVP v
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Obr. 12: dokumentuje primérnou vysku pfirozené¢ obnovy diferencované dle TVP (A) a

mikroreliéfu (B). Statisticky vyznamny rozdil ve vySce byl zaznamenan na TVP 2 a
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zejména na TVP 5 v pocatecnim stadiu rozpadu (P < 0,001) ve srovnani s ostatnimi
TVP. Nejvyssi primérna vyska jedinch obnovy byla na TVP 5 (148 cm + 0,8 SE), ktera
naméiena na TVP 1 (29,5 cm + 4,6 SE) ve stadiu optima, kde z hlediska struktury byla
zjisténa nejmensi celkova diverzita porostu (B = 6,22) a strukturalni diferenciace (TMy
= 0,21, TMyq = 0,36), dosahujici v ne€kterych ptipadech pouze polovi¢ni hodnoty
strukturalnich indexti oproti ostatnim TVP. Porost na TVP 1 dosahoval také nejvyssich
hodnot $tihlostniho kvocientu (88,5) a b&ného piiristu (8,7 m>.ha™.y") — (VACEK et al.
2014c, 2015b).

A) B)
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T 160| =3 mound b2 3 b b
S [ slope S 120 > ﬂ/_7
= 140| IH pit a £
= P 3 110
100 . > 100 " 0
80 90
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w0 2 ap » 3 7,
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0 60 -
1 2 3 4 5 mound slope pit

PRP

Obr. 12: Primérna vyska pfirozené¢ obnovy diferencované dle TVP A) a typu
mikroreliéfu B); statisticky vyznamné rozdily (P < 0.05) mezi typy mikroreliéfu (mound
— vyvySenina, slope — Sikmina, pit — sniZenina) jsou oznaceny ruznymi pismeny;

chybové usecky predstavuji stitedni chybu priméru (SE).

Z hlediska vlivu mikroreliéfu na vysku pfirozené obnovy se signifikantné vyssi
jedinci obnovy nachazeli na Sikminéch a snizenindch pii porovnani s vyvySeninami (F,,
18843) = 191,8, P < 0.001). To je zplsobeno vlivem vysokého obsahu skeletu a skalnich
vystupti na studovanych plochach. Na vyvyseninach byla 2-5 krat ten¢i vrstva pady ve
srovnani se snizeninami, kde se navic vyskytovala silnéjsi vrstva humusu. Pfi porovnani
snizenin a Sikmin nebyl nalezen zddny rozdil v primérné vysce jedinct (P = 0,44).
Primérné vyska obnovy na vyvySenindch byla 74,0 cm + 2,2 SE, na Sikminach 119,5
cm = 0,7 SE a ve sniZzeninach 121,0 cm + 1,7 SE (Obr. 12). Nejvyssi jedinci byli

nalezeni na TVP 5, zejména ve sniZeninach (161,5 cm + 1,8 SE), nasledovany TVP 2,
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zv1asté pak na Sikminach (102,9 cm + 1,8 SE). NejniZsi jedinci se nachazeli na TVP 3,
zejména na vyvySeninach (22,5 cm + 4,5 SE), nasledovany TVP 1, opét na
vyvySeninach (27,0 cm + 10,6 SE). Na vétsiné ploch jedinci byli nejvyssi ve
rozdily ve vyskach obnovy diferencované dle typu mikroreliéfu (P > 0,05; VACEK et al.
2015Db).

Z hlediska prostorového rozmisténi piirozend obnova byla siln¢ agregovana na
vSech TVP. Vysledky parové korela¢ni analyzy ukazaly, Ze horni etdz ma signifikantné
negativni vliv (a = 0,05) na pfirozenou obnovu pii mensich vzdalenostech (< 1,0 — 2,5
m), distribuce pifi vEétSim rozestupu byla vétSinou nahodnd, resp. nebyl zjiStén
prostorovy vztah (VACEK et al. 2015b). Podobna situace byla i1 na jinych plochach na
Broumovsku (Kozinek), ale i v KrkonoSich (Chojnik a Lomniczka) a v Orlickych
horach (Trc¢kov, Pod Vrchmezim), kde horni etdZ méla negativni vliv na obnovu ve
vzdalenosti od paty kmene do 0,8 — 4,2 m od stromu. Naproti tomu v porostech pod
vyraznym vlivem vrcholového fenomému a v ekotonu horni hranice lesa (Bukacka, Nad
Benzinou) mélo stromové patro pozitivni vliv na rozmisténi pfirozené obnovy do

vzdalenosti < 2,1- 3,8 m, lokalné zesilené hiizenim buku.

6.2. Struktura lesnich porostii

Reseni problematiky struktury autochtonnich bukovych porostil v oblasti Sudetské
soustavy bylo zaméfeno predev§im na dynamiku horizontélni struktury a jeji zmény ve
vyskovém gradientu kvétnatych a acidofilnich bucin i bioskupin buku v ekotonu horni

hranice lesa (viz publikace 3).

Dlouhodobé vysledky horizontalni struktury bukovych porostd na TVP (Obr. 13)
na Rychorach v KRNAP poukazuji na skute¢nost, ze typ prostorového rozmisténi
jedinci stromového patra se béhem jejich vyvoje podstatné nezméni od pocatku
sledovani v roce 1980 az po predikci do r. 2040. Horizontélni struktura bohaté kvétnaté
nahodna, acidofilni horské buciny (TVP 29) pievdzné nahodna a ve fragmentech
bioskupin buku lesniho v ekotonu horni hranice lesa byla siln¢ agregovanad (TVP 27) —
(VACEK et al. 2015a).

Historicky vyvoj TVP s predikci na 30 let pomoci riistového simulatoru SIBYLA je

znazornén PCA analyzou ve formé ordina¢niho diagramu na Obr. 13. Prvni ¢tyfi osy
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dohromady vysvétluji 98 9% variabilitu sledovanych dat. Prvni osa x prezentuje
prostorové rozmisténi a druhd osa y prezentuje dynamiku béhem 30 let od roku 1980 do
roku 2010 s predikei vyvoje do r. 2040. HS a PM indexy navzajem pozitivné korelovaly
s nadmoiskou vyskou a poétem stromt, resp. negativn¢ s CE indexem a dosahovaly
nejvyssich hodnot (shlukovitosti) u TVP 27. Plocha korunovych projekci byla pozitivné
korelovana se stupném zéapojem a v priabéhu Casu se zvysSovala, zatimco primérny vék
porostu v t& dobé¢ klesal. Dynamika parametrit v prabehu 60 let byla vyrazna predevsim
u TVP 29 — prechod ze stadia optima do pocatecniho stadia rozpadu. U této plochy
doslo v pribéhu dynamiky ke zvySeni tloustkové (TMy = 0,33 — 0,47) a vyskové
diferenciace (TMy = 0,22 — 0,39) a celkové diverzity porostu (B = 6,16 — 8,36).
Naopak nejmensi hodnoty indexu celkové diverzity (B = 4,93) a vySkové diferenciace
(TMy, = 0,16) byly a stale v prub¢hu sledovaného obdobi klesaly u TVP 31, kde se
porost nachazel ve vrcholném stadiu optima a tvofil témét halovou vystavbu (VACEK et

al. 2015a).

1.9

CrownProjection

29-2040 TMd index
TMh index

CrownClosure
B index

Slope

Altitude CE index

N trees
HS index
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PM index 27.2010
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Obr. 13: Ordina¢ni diagram ukazujici vysledky PCA analyzy vztahu mezi poctem
stromi (N trees), DBH, vékem porostu (Age), stupném zéapoje (Crown closure), plochou
korunovych projekci (Crown projection area), nadmoiskou vyskou (Altitude), teplotou
(Temperature), sklonem terénu (Slope), kamenitosti (Stoniness) a strukturdlnimi indexy

(viz. Metodika).

Z komplexniho hlediska prostorového rozmisténi stromového patra bukovych

porosttl ve stadiu optima (vék porostit 95-175 let) v narodnich parcich Krkonos (CR,
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PL), CHKO Orlické hory a Broumovsko, v KrkonoSich byly stromy ve stanovi$tné
nepiiznivéj$i kvétnaté buciné (TVP K35 snejniz§i nadmotskou vysSkou) podle
agregacnich indexli rozmistény prevazné pravidelné (Obr. 14). Z podrobné&jsi analyzy
horni a dolni etdze vyplyva, ze stromy uroviiové a naduroviiové tvorily pravidelné
rozmisténi s inklinaci k ndhodnosti. Oproti tomu struktura zastinénych a vrustavych
stromi byla signifikantn¢ (a= 0,05) agregovana. Shodné podle vSech strukturdlnich
indexti a L-funkce byly jedinci stromového patra acidofilni bucCiny na druhé plose
v Polsku (TVP K38) rozmisténi ndhodné. Na nejvyse polozené TVP (K60 — 1310 m n.
m. s nejméné piiznivymi klimatickymi a stanoviStnimi podminkami) byli jedinci
stromového patra rozmisténi podle vSech indexi a L- funkce shlukovité (Obr. 14).
Obdobn¢ vysledky jako v Krkonos$ich byly zjistény 1 v CHKO Orlické hory a CHKO
Broumovsko. Nejnize polozené plochy v porovnavanych tzemich (TVP O7 a BS),
charakteristické nejvhodngj$imi klimatickymi a stanoviStnimi podminkami, se podle
vétSiny indexu vyznacovaly pravidelnym uspofaddnim jedinci stromového patra.
Stromy, nachézejici se v acidofilnich bu¢inach (TVP Ol a Bl), byly rozmistény
nahodné. Na TVP (0O2) situované na hiebenu (vyrazn€¢ ovliviiované extrémnim
klimatem vrcholového fenoménu) a TVP (B5), nachdzejici se na prudkém skalnatém
svahu s melkym piidnim profilem se znacnou skeletovitosti, bylo prostorové rozmisténi
stromt shlukovité.

Pti porovnani hodnot indext stfedi horizontalni projekce (t€zist) korun s kmeny
stromll na vSech TVP doSlo k signifikantnimu posunu smérem k pravidelnosti (P <
0,001). Naptiklad struktura strom@ na nékterych TVP byla ndhodnad, pfi¢emz rozmisténi
stiedli korun vykazovalo pravidelnou distribuci (K35). Rozmisténi korun u TVP (K60)
blizko horni hranice lesa bylo shlukovité, ale byla zde mensi shlukovitost nez u kmenti.
Na zbylych Sesti TVP v CHKO Orlické hory a Broumovsko byly stiedy korun stromt
oproti jejich kmeniim téz uspotradany pravidelnéji, coz ukazuje na vysokou plasticitu
korun buku. Vychylenost stfedu koruny od kmene dosahovala v priméru od 0,92 m na
TVP O1 az po 2,32 m (s maximem 5,5 m) na TVP K60 v ekotonu horni hranice lesa.
Z hlediska ptevladajiciho sméru vychyleni mél sklon signifikantni vliv na morfologii
koruny (Fg, 32)= 29,5, P <0,001). Signifikantn¢ ptevladajici smér vychyleni koruny po
svahu dosahoval 52,7 %, oproti podilu korun vychylenych do svahu 7,7 %, do prava
23,2 % a do leva 16,4 % z hlediska sklonu. Ze studie dalSich TVP vyplyva, Ze zvysujici
se sklon svahu mél pozitivni vliv na pifevladajici smér vychyleni korun po svahu,

pti¢emz velikost vychyleni stfedu korun od paty kmene zavisela na nadmoiské vysce.
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Obr. 14: Prostorové rozmisténi autochtonnich porostii s dominantnim bukem na TVP

v Sudetské soustavé vyjadiené L-funkeci.

Vysledky PCA analyzy z9 TVP voblasti Sudet jsou reprezentovany formou

ordina¢niho diagramu na Obr. 15. Prvni ¢tyfi ordinacni osy dohromady vysvétluji 95 %

variability dat. Kamenitost, nadmoiska vyska a hustota porostu byly spolecn¢ pozitivné

korelovany s agregacnimi indexy (negativné¢ s CE indexem), zatimco tyto parametry

byly negativné korelovany s teplotou, DBH, vySkou a

zasobou porostu. Ukazatelé

zapoje byly pozitivné korelovany s vékem porostu, zatimco tyto parametry byly

negativné korelovany se sklonitosti terénu. TVP s nejvyssi nadmoiskou vyskou (K60,

02) mély shlukovité prostorové uspofadani stromti, zatimco porosty inklinovaly k

pravidelnosti ve stadiu optima v nejniz§ich nadmoftskych vyskach (K35, B8).
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Obr. 15: Ordina¢ni diagram ukazujici vysledky PCA analyzy vztahu mezi stromovym
patrem (N trees — pocet stroml, DBH, Height — vyska, Age — vék porostu, Volume —
zasoba, Crown closure — stupen zapoje, Crown projection area — plocha korunovych
projekci), stanovistnimi parametry (A/titude — nadmotska vyska, Temperature — teplota,
Slope— sklon terénu, Stoniness — kamenitost) a horizontalnimi indexy. Vysvétlivky: e

Krkonose, ¥ Broumovsko, ® Orlické hory

Z hlediska struktury odumiel¢ho dieva byly paty lezicich kmenti na TVP
distribuovany ndhodné€. Prostorové rozmisténi stojiciho dieva bylo ve vétSiné piipada
nahodné, pouze na TVP se silné agregovanym stromovym patrem bylo nevyrazné
shlukovité, podobné jako u pahylii mensich dimenzi (DBH < 12 cm) — (VACEK et al.
2014c, 2015a, 2015d). Z hlediska objemu odumfelého difeva v KrkonoSich, Orlickych
horach a Broumovsku (vyjma raselinnych smréin a porosti nad horni hranici lesa),
objem kolisal od 41,1 m’.ha" ve smrkovych porostech I. zon& KRNAP na lokalité u
Vosecké boudy, resp. od 43,9 m’.ha v bukovych porostech ve stadiu optima v PR
Broumovské stény do 241,6 m’.ha™' ve smrkobukovych porostech ve stadiu pokrogilého
rozpadu na lokalité Bazinky, resp. do 3182 m’ha' ve smrkovych porostech po
ktrovcové kalamité na Strmé Strani, téz v 1. zoné¢ KRNAP. Naproti tomu zasoba zivych
stromi zkoumanych porostii byla v rozmezi od 63 m’>.ha” v podmacenych smréinach
v Krkonosich az po 942 m’ha’ v kvétnatych buginach na polské strang Krkono§
(Chojnik). V priubéhu 40 let dynamiky porostii objem odumfielého dieva na nékterych

lokalitach doséhl aZ Sesti nasobku. U stojicitho odumielého dieva obecné prevladal 2. a
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3. stupeni rozkladu, naopak u lezici odumielého dieva 4. a 5. stupen. Z hlediska hlavnich
dfevin u smrku pfevladali pocatecni stupné rozkladu, naopak u buku 4. a 5 stupen

dekompozice (KRAL et al. 2015; VACEK et al. 2014c, 2015d).

Reseni problematiky struktury porostd s dominantni ol3i lepkavou, vzniklych
kombinovanou obnovou na byvalych zemédélskych ptdach v Krkonosich a v Orlickych
horéach, bylo zaméteno piedev§im na rstové parametry, kvantitu a kvalitu produkce a

biodiverzitu (viz publikace 4).

Pocet Zivych stromt na TVP 41, 43 a 44 v Krkono$ich a TVP Z2 v Orlickych
horach se pohyboval v rozmezi od 556 do 828 stromii.ha™' s indexem hustoty porostu
0,67-0,77. Stupen zapoje byl 0,85 + 0,05 SE a plocha korunovych projekei 1,43 + 0,14
SE. Zasoba hroubi sdruzeného porostu dosahovala 247-393 m’.ha™', z toho piipadalo
209-384 m>.ha ' na ol3i lepkavou, 35-46 m>.ha" na ol3i edou (pouze na TVP 43 a 44)
a zbyvajici podil 2,1 — 12,1 % z celkové zasoby tvofily vtrousené dieviny (smrk ztepily,
javor klen, jasan ztepily, vrba jiva, btiza bélokora, osika obecnd, tieSen ptaci). Nejvetsi
zésoba porostu byla zjisténa na PRP Z2 393 m’.ha™' a nejnizsi na PRP 41 — 247 m>.ha™".
Celkové zasoba porostli na hladiné vyznamnosti 0,05 negativné korelovala se stoupajici
nadmoiskou vyskou (r= -0.95). Celkovy b&zny prirast kolisal v rozmezi 7,2—10,0 m>.ha”
' rok™ a celkovy pramé&rmy piirist 3,5-6,5 m’.ha '.rok .

Z hodnoceni rastu a pribéhu kment vyplyvd, ze na TVP pievladaly stromy s
rovnym pribéznym kmenem (68 %). Jedinci se Sikmym priibéznym kmenem zaujimali
18 % z celkového poctu stromil. Z hlediska povrchu kmene vyrazn€ dominovaly kmeny
hladké (87 %). Stromy zdravé byly zastoupeny 84 %, tvrda hniloba v oddenkovych
castech kmene byla zjisténa u 10 % jedinc a m&kka u 6 %. V priméru 52 % stromi
meélo velmi dobré ¢isténi kmene od vétvi a 42 % jedinci ma cisténi kmene od vétvi
dobré.

Vertikalni struktura porosti s dominantni ol$i lepkavou byla malo rozriznéna (A =
0,23-0,33). Vyskova 1 tloustkova diferenciace struktury byla mala (TM; = 0,06-0,16,
TMq4 = 0,18-0,26). Celkova diverzita na TVP 41, 43 a 44 znacila nerovnomérnou
vystavbu (B = 6,71-7,40) a na TVP Z2 rovnomérnou vystavbu (B = 4,73). Podle
zjiStovanych agregacnich indext byli jedinci stromového patra na TVP 41 rozmisténi
shlukovité a na TVP 43, 44 a Z2 ndhodné¢ az shlukovité. Na TVP Z2 pfi rozestupu

stromi od 3,6 m byli jedinci uspofadani ndhodné (do 3,6 m pravidelné rozmisténi). Na
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PRP 41 do vzdélenosti 2,2 m byla horizontalni struktura jedinci ndhodnd, nad 2,2 m se
jednalo o shlukovité uspotadani.

Jednotlivé stromy se v ramci jedné plochy pfilis neliSily v rychlosti radidlniho ristu,
pramérna Sitka letokruhu na TVP 41 dosahovala 2,2 mm + 1.5 SD, na TVP 43 2,3 mm
+1,8 SD, na TVP 44 2,7 mm + 1,6 SD a TVP Z2 2,2 mm + 1,6 SD. Ve vé&ku 20 let
prumérna DBH na nejvyse polozené TVP 41 byla 11,3 cm, tedy pfirist byl 4,6 mm =+
2,5 SD za rok, v 50 letech byla uz tloustka 21,5 cm, tedy pfirast 3,3 mm = 1,0 SD za
rok. Oproti tomu na nejnize polozené TVP Z2 tloustkovy pfirGst ve veku 20 let
dosahoval 6,4 mm za rok + 2,1 SD, v 50 letech 2.8 mm za rok + 1,3 SD. Nejrychleji v
mladi rostly stromy na TVP Z2 v Orlickych horach, v KrkonoSich byla rychlost ristu
byla nejnizsi na TVP 41 a nejvyssi na TVP 44, kterd se nachazi o 105 m n. m. niZe.

Z regionalnich standardnich letokruhovych chronologii (synchronizace t-testu > 3,2)
v letech 1960-2013 je patrny odliSny vyvoj v ol§indch v KrkonoSich a v Orlickych
horach (Obr. 16). Letopocty s nizkym radidlnim piiristem byly v KrkonoS$ich potvrzeny
analyzou vyznamnych negativnich let — 1987, 1996, 2010 a 2011. V Orlickych horach
to byly roky 1972 a 2005-2010 (Obr. 17), které byly typické zejména extrémné suchou

a mrazivou zimou nebo vysokymi teplotami v 1ét€ (VACEK et al. 2016).
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Obr. 16: Pramérné letokruhové kiivky olSe lepkavé v KrkonoSich a v Orlickych horéch.

Korelace tloustkového ptirtstu olSe v letech 1976-2011 vykazovala v KrkonoSich
kladné statisticky prikazné korelace s teplotou v lednu, bfeznu, kvétnu a v srpnu
aktudlniho roku (r= 0,41, 0,36, 0,43 a 0,51). Dale byla zjisténa zaporna statisticky
prukazna korelace suhrnem srazek v kvétnu predchazejiciho roku (= -0,36).
V Orlickych horach byly kladné statisticky prikazné korelace se srdzkami zjistény

v ¢ervnu a v srpnu piedchazejiciho roku (r= 0,35 a 0,41) a v tnoru aktualniho roku (r=
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0,36). Zavislost radialniho ristu na teploté zde nebyla statisticky prokdzéna (VACEK et

al. 2016).
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Obr. 17: Primérny pftirtst letokruhii za celou monitorovanou oblast olSin v KrkonoSich

a v Orlickych horach po odstranéni v€kového trendu v programu Arstan.

Pti studiich vlivu klimatickych faktorti na smrk ztepily bylo zjisténo, jako u olSe,
ze se stoupajici nadmoiskou vyskou klesd pozitivni vliv srazek a naopak stoupa vliv
teploty. Konkrétné, nejveétsi pozitivni vliv na tloustkovy pfirtst smrku v horskych
oblastech m¢ly teploty v Cervnu, Cervenci a srpnu aktualniho roku (KRAL et al. 2015;

VACEK et al. 2015c¢).

6.3. Modelovani lesnich porosti

Reseni problematiky modelovani lesnich porostti na TVP v rtiznych oblastech CR,
smrku ztepilého a buku lesniho (viz publikace 5). Modelovani vychazelo z naméfenych
dat ze 40 nesmiSenych a 60 smiSenych porostii (celkové 40 TVP s dominantnim
smrkem a 58 TVP s bukem).

Z hlediska presnosti a nadmérné parametrizace byly vybrany pouze ty stromy (3888
pro smrk a 4584 pro buk) a proménné, které signifikantné piispély k tvorbé modeli
Sitky koruny (Obr. 18). Mezi nejvyznamnéjsSi prognostické proménné pattila horni
vyska (Obr. 19), Stihlostni kvocient, pomér vySky a nasazeni zivé koruny a celkova

DBH vs$ech stromu na TVP.
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Obr. 18: Vztah Sitky koruny a vySky diferencované dle hustoty porostu (husté prosty —

cerné tecky; fidké porosty — Sedé tecky) pro smrk ztepily a buk lesni.

Sitka koruny se zvétSovala s rostouci horni vyskou, ale klesala se zvySujicim se
Stihlostnim kvocientem, pomérem vysky a nasazeni koruny a konkurenci mezi stromy
uvniti danych porostt. Primérna Sitka koruny dosahovala u smrku 3,8 m + 1,6 SD
(maximalné 11,0 m) a u buku 6,2 m =+ 3,0 SD (maximaln¢ 19,8 m). Prostorové explicitni
(za pouziti Hegyiho indexu) i neexplicitni modely popsaly relativné velkou cast
variability jak pro smrk ztepily (R*= 0,76 — 0,78), tak i pro buk lesni (R*= 0,70 — 0,73)
bez vyznamnych residualnich trend. VSechny modely pro smrk charakterizovaly
podstatné veEtsi ¢ast variability Sitky koruny nez u buku. Pro obé dieviny prostoroveé
explicitni modely vykazovaly vétsi vliv na Sitku koruny. Z toho vyplyva, ze prostorove
explicitni modely jsou vhodné&j$i pro popis rastové dynamiky stromu, nez prostorove
neexplicitni modely. Nejvétsi vysvétlujici proménou po DBH byl Stihlostni kvocient pro

smrk a horni vyska pro buk (SHARMA et al. 2016a).
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Obr. 19: Zavislost $itky koruny na vycetni tloustce diferencované dle horni vysky pro

smrk ztepily a buk lesni.
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Reseni problematiky modelovani lesnich porosti na 100 TVP v riiznych oblastech

Stihlostniho kvocientl stromti smrku ztepilého a buku lesniho (viz publikace 6).

Pro modelovani stihlostniho kvocientu bylo vyselektovano 4483 jedincti smrku a
7000 jedinctt buku. Modelovani variability Stihlostniho kvocientu bylo rozclenéno dle
stromovych tiid (Obr. 20) podle IUFRO klasifikace. Z hlediska proménnych byly kromé
DBH pouzity dalsi signifikantni vysvétlujici parametry jako horni vyska (Obr. 21),
horni vycetni tloustka, kvadraticky primér DBH pro prostorové neexplicitni modely a

Hegyiho index pro prostorové explicitni konkurenéni modely.

European beech
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Obr. 20: Vztah stihlostniho kvocientu a tloustky diferencované dle stromovych tiid

(CCI — horni, CC2 —stfedni, CC3 — spodni vrstva) pro smrk ztepily a buk lesni.

Stihlostni kvocient se zvétsoval s rostouci horni vyskou a konkurenénim indexem,
naopak mél klesajici tendenci s rostouci horni tloustkou a kvadratickym pramérem
DBH. Z toho vyplyva, ze bonita stanovisté¢ a hustota porostu méla vyznamny vliv na
Stihlostni kvocient. Primérnad hodnota Stihlostniho kvocientu dosahovala u smrku 73 +
22 SD (rozmezi 12-143) a u buku 89 + 27 SD (rozmezi 18-191). Oba modely, jak
prostorové explicitni, tak 1 prostorové neexplicitni modely, popsaly velkou ¢ast
variability Stihlostniho kvocientu bez vyznamnych residualnich trendd. Koeficient
determinace pro smrk ztepily dosahoval R* = 0,66 a pro buk lesni R*= 0,72. Na rozdil
od buku prostorové explicitni modely pro smrk ponékud lépe popsaly variabilitu
Stihlostniho kvocientu pfi porovnani s prostorové neexplicitnimi modely. Po DBH a
horni vysSce byly nejdilezitéjsimi vysvétlujicimi proménnymi pro obé dieviny horni
vycetni tloustka, nasledovana kvadratickym primérem DBH a konkuren¢nim indexem.
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Vzhledem k velmi malym rozdilim mezi obéma typy uvedenych modeli jsou pro
predikci Stihlostniho kvocientu doporuceny neexplicitni modely, protoze vypocet
zahrnujici konkuren¢ni index je mnohem pocetné slozit&j$i a zahrnuje také Casovou

narocnost sbéru dat v terénu (prostorové rozmisténi stromtl) — (SHARMA et al. 2016b).
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Obr. 21: Zavislost $tihlostniho kvocientu na vycetni tloust’ce diferencované dle horni
vysSky pro smrk ztepily a buk lesni pro horni stromovou vrstvu (vlevo) a spodni

stromovou vrstvu (vpravo).

7. Diskuze

7.1. Obnova lesnich porostii

Reseni problematiky obnovy ve smiSenych jedlosmrkobukovych porostech bylo
zaméieno predevsim na vliv zvéfe na parametry piirozené obnovy zastoupenych dievin,
zejména s akcentem na jedli bélokorou (viz publikace 1).

Z historickych dokladt vyplyva, Ze studované smrkojedlobukové porosty v CHKO
Orlické hory byly v pribéhu 16. az 18. stoleti ovliviiovany pastvou dobytka (cf. VACEK,
MOUCHA et al. 2012), coZ mohlo mit vliv na sniZeni podilu stinomilnych a zejména pak

listnatych dfevin a na udrzovani nékterych svétlomilnych druhii (cf. HEINKEN,
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RAUDNITSCHKA 2002). Pfi inventarizace lesa v zdjmovém tizemi PR Cerny dil v roce
1983 vyplyva, ze ptirozend obnova byla fidk4d a nepfesahovala 40 cm (VACEK et al.
2014a). V soucasnosti na neoplocenych plochéch jsou pfirozena obnova a juvenilni faze
porostu siln¢ ovliviiovany sparkatou zveri.

Pfirozena obnova na plose chranéné oplocenim v PR Cerny diil dosahovala 40 420
ks.ha™, resp. o 16 % vice nez na neoplocené TVP, kde byl nejvétsi rozdil v podtech u
jedle bélokoré (95% redukce) a u jefabu ptaciho (43% redukce). Vyznamny tlak zvéte
tak negativné plsobi na druhové slozeni téchto cennych autochtonnich porostii (VACEK
et al. 2014a). Snizujici podil jedle ptisobeny sparkatou zvéii byl pozorovan téz v ptirodé
blizkych smiSenych porostech v Bosné a Hercegoviné, kde ve vyskovém rozpéti 10-100
cm doslo k 67% poklesu u jedle, u buku pouze k 17% a u smrku k 10% (BOTTERO et al.
2011). K podobnym poznatkiim o Skodéach sparkatou zvéti na pfirozené obnové ve
srovnatelnych smiSenych porostech v Krkono$ich dospéli VACEK, VACEK, SCHWARZ et
al. (2009). Ze studie smrkojedlobukovych porostu ve Slovinskych Alpach vyplyva, ze
za poslednich 54 let doslo k poklesu podilu jedle o 13 % ve prospéch buku, u smrku byl
podil vicemén¢ konstantni (FIRM et al. 2009). JAWORSKI et al. (2002), kteti se zabyvaji
vyzkumem této problematiky v Zapadnich Karpatech v Polsku, také potvrzuji klesajici
zastoupeni jedle destruktivnim vlivem sparkaté zvere v rozmezi 4—15 %, a to predevsim
ve prospéch buku. Patrny ubytek jedle ve smiSenych porostech byl zaznamenan i na
Slovensku, kde je taktéz nahrazovana piedeviim bukem lesnim (STEFANCIK 2006).
RovnéZz SANIGA et al. (2013) konstatuji prosazovani buku lesniho v pfirodnim lese
v NPR Skalna Alpa.

Jedle V PR Cerny diil byla zastoupena téméf vyhradné jen v silnych tloustkovych
tiidach a pfi nasledném odumfeni téchto jedinct nedochdzelo k dortistdini novych
exemplaiti a ztoho zakonité plyne snizovani podilu jedle v téchto porostech. Téz
VRSKA et al. (2009) z bukojedlovych porosti po celych Karpatech (CZ, SK, UA)
dokladaji snizujici se podil jedle bélokoré v rozsahlych lesnich rezervacich. Napi.
v Mionsi doslo k poklesu v zastoupeni jedle o 80 % za 47 let a na Salajce o 40 % za 20
let (VRSKA et al. 2009).

Téz ze studie ve smiSenych porostech ve Slovinsku vyplyva postupné starnuti
populace jedle spolu s nedostatecnym doriistanim mladych jedli vlivem silného tlaku
zvete (KLopcic et al. 2010). K nejvétSimu poSkozeni az eliminaci jedlového zmlazeni
zveéii dochazelo ve vySkovych tfidach od 20 do 50 cm a vysSi zmlazeni se zde jiz

v disledku okusu nevyskytovalo. Na oplocené lokalité (pted 35 lety) byla hustota
163



piirozené obnovy jedle 4,8krat vyssi nez v neoplocené ¢asti (KLOPCIC et al. 2010). V PR
Cerny dul tento rozdil byl jesté vyrazngjsi (v oplocence byl podil zmlazeni jedle
21,5krat vyssi). DIAcI et al. (2010) upozornuji, Ze Ubytek jedle ve Slovinsku neni
pusoben pouze devastaci ptirozené obnovy bylozravci, ale také znecisténim ovzdusi
(emisemi SO,), na které je jedle relativné citlivd. Obdobné poznatky o vlivu znec€iSténi
ovzdus§i na zdravotni stav a ustup porosti jedle bélokoré v KrkonoSich uvadéji téz
VACEK et al. (2007).

Podobna situace byla zjisténa i NPR Tr¢kov v CHKO Orlické hory. Na oplocené
TVP (od r. 1989) se nachazelo 928 stromi.ha ', na neoplocené TVP o 408 stromi.ha '
mén¢. Porost na neoplocené TVP byl zna¢né ochuzen o pocatecni stadium dortstani
(VACEK et al. 2014b). Zcela zde v juvenilnich stadiich chybéla jedle i jetab, jez sparkata
zvet vyrazné potravné upiednostiiuje, podobné tomu bylo i v jinych studiich (SENN,
SUTER 2002; MOTTA 2003). U narostu (h > 50 cm) se na neoplocené TVP nachazelo
celkem 1 852 ks.ha™', coZ bylo tém&F 3krat méné nez na oplocené ploge. Obnovy > 150
cm na oplocené ploSe pfevySovala ostatni tfidy 6-20krat ve srovnani s neoplocenou
TVP. Nejvice byly opét poSkozovany jedle a jetdb, pfiCemz zadny jedinec zde
neptesahoval vySku 110 cm. Podobné tomu bylo i v Italskych Alpach, kde se jefab ve
vyskové tfidé 100—160 cm vlivem okusu téméf nevyskytoval, ale smrk byl ve vyskovém
rozmezi 10-150 cm poskozovan pouze u 10-16 % jedinci (MOTTA 2003). Ve
smiSenych horskych lesich v Bavorsku také okusem nejsilnéji trpély jedle a buk, smrk
jim byl ovlivnén méné& (AMMER 1996).

Pro shrnuti této problematiky lze konstatovat, ze Skody okusem terminalniho
vrcholu jsou vyznamnym omezujicim faktorem pro vySkovy rast naletl a narosti.
Sparkata zvéer tak vyrazné snizuje vertikalni vyvoj zmlazeni, coz mnohdy vede k jeho
udrzovani po desetileti v neproduk¢énim stavu a v kritické vySce neustale ohrozované
okusem. Zvéi vSak neni hlavnim limitujicim faktorem pro celkovy pocet jedinct
piirozené obnovy zahrnujici vSechny dieviny, ale negativné ovliviiuje jejich primérnou
vySku a zastoupeni jednotlivych dievin. Zkoumané bohaté strukturované porosty jsou
na neoplocené plose pocetné a druhove ochuzeny, zejména o jedli a jetab, o fazi obnovy
a pocatecni stadium dortistdni. Pro ochranu téchto cennych porosti je nezbytné
pfistoupit k redukci sparkaté zvéfe na uroven ekologicky unosnych Skod, nebo
piirozené zmlazeni dlouhodobé¢ chranit U¢innym oplocenim (VACEK et al. 2014a,

2014b, 2015e).
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Reseni problematiky obnovy v porostech s dominantnim bukem lesnim v CHKO
Broumovsko bylo zaméfeno pfedev§sim na studium vlivu mikroreliéfu na parametry
pfirozené obnovy zastoupenych drevin, zejména buku lesniho, ve vazb¢ ke stromovému
patru (viz publikace 2).

Uspé&snost piirozené obnovy zalezi predev§im na jeji podetnosti, resp. na piezivani
semenackti. KORPEL (1978) v ptirozenych bukovych porostech v nadmoiské vysce 600
760 m zjistil pocet biologicky zabezpefenych semenacka (3letych a starSich), a to v
priméru kolem 25 000 ks.ha. Pro obnovni zabezpedeni v danych podminkach
predpokladal miniméalni podet semenadka 20 000 ks.ha”'. Na sledovanych plochach
v CHKO Broumovsko byl primé&my polet pfirozené obnovy okolo 15000 ks.ha™
(VACEK et al 2015b). Obdobné pocty piirozené obnovy v jedlobuinich
v jihovychodnim Slovinsku doklddaji NAGEL et al. (2006), a to v rozmezi 11 654 — 14
615 ks.ha'. Min& niz§i poéty zmlazeni z acidofilnich a mezofilnich buin byly
sledovany v severovychodnim Némecku (OHEIMB et el. 2005). Primérna denzita
ptirozené obnovy zde byla v rozmezi od 3 202 do 9 408 ks.ha™'. Podstatné vy3si pocty
prirozené obnovy v rozmezi 19 259-29 844 ks.ha™ byly zji§tény v pfirozenych buéinach
v Albanii (MEYER et al. 2002). KORPEL (1989) pro vybrané objekty pralesového
charakteru 4. lesniho vegetacniho stupné na Slovensku (Vihorlatsky Kyjov, Rozok a
Havesova) uvadi pocet jedincti v podrostu od 11 674 do 21 345 ks.ha'. Je§te vétsi
rozmezi (9 020—75 778 ks.ha™) pfirozené obnovy ve Vodéradskych budinach uvadgji
BiLEK et al. (2014).

Vyrazn¢ vétsi druhova a prostorovd diverzita vcetné vySkovych cetnosti byla
zaznamenana v porostech v pocate¢nim stadiu rozpadu ve srovnani s porosty ve stadiu
optima. Jednoznacné vice ptirozené obnovy se nachazelo ve svétlinich nez v uzavieném
zapoji. Celkovy pocet prirozené obnovy byl negativné korelovan se stupném zéapoje
horni etdze (VACEK et al. 2015b), podobné to uvadéji i dalsi studie (OLESEN, MADSEN
2008; SEfFIDI et al. 2011; BiLEK et al. 2014). Rist pfirozené obnovy buku, jako
stinomilné dieviny, pozitivné ovliviiuji mezery v porostnim zapoji (SZWAGRZYK et al.
2001). Nicméné¢, vztah mezi zapojem matetského porostu a hustotou pfirozené obnovy
muze byt pomérn¢ variabilni a mize se znacné ménit v zavislosti na okolni konkurenci
(COLLET, LE MOGUEDEC 2007).

Nase vysledky také ukazaly, Ze mikrostanovi$tni podminky — mikroreliéf, bylinna
vegetace, mechové patro ¢i hrabanka vyznamné ovliviuji pocet a vySkovy rist

ptfirozené obnovy, a to podobné jak uvadéji 1 dalsi studie (DIACI 1997; HUNZIKER,
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BRANG 2005; KATHKE, BRUELHEIDE 2010). Z hlediska mikroreliéfu byli prikkazné vyssi
jedinci obnovy zjiSténi ve sniZzeninach a Sikminidch oproti vyvySenindm. Na
studovanych TVP v CHKO Broumovsko je to ddano velmi zna¢nou skeletovitosti ptd
s Cetnymi skalnimi vychozy. Na vyvyseninach se nachazela az Skrat tenci vrstva pudy
ve srovnani se snizeninami, kde se navic vyskytovala silnéjsi vrstva humusu (VACEK et
al 2015b). Nedostatek pudy, nizkd pidni vlhkost, ptidni eroze a nachylnost k mrazu a
vysychani negativné ovliviiuje rast obnovy na vyvySeninach (VODDE et al. 2010;
WAGNER et al. 2010). Vyska obnovy pozitivné korelovala s hloubkou pudy, protoze
hlubsi pidy byly zivinové bohatSi a vhodné pro rist v bucinach, podobné vysledky
vyplyvaji téz ze studii MADSEN, LARSEN (1997) a DIACTI et al. (2005). Pokud jde o vliv
okolni vegetace na vysSkovy rist obnovy, ktery probihal na 10 TVP v Krkonosich,
flexuosa, kde byla obnova az 3krat niz$i pfi porovnani s ostatnimi typy stanovistt. Na
lokalitach s dominanci 4. flexuosa byly zjistény velmi chudé pidy s mélkym ptdnim
profilem. Velmi nizkd primérnéd vyska jedinct byla zjisténa v Calamagrostis villosa,
kde obnova byla limitovana silnou konkurenci trsu této travy. Pii porovnani s piirodé
blizkymi lesy ve stfednich Cechach, stejny rod Calamagrostis (C. epigejos) zvysoval
vyznamné konkurenci pro pfirozenou obnovu, zejména v porostnich mezerach (BiLEK et
al. 2014). V KrkonoSich byla nejvyssi vyska jedincii zjiSténa na hrabance bez
konkurence okolni vegetace a nasledné pti vyskytu Galium odoratum. 1 dalsi studie ze
stejné oblasti uvadeéji variabilitu mnozstvi pfirozeného zmlazeni buku diferencované
podle topografie a pokryvu bylinného i mechového patra (cf. VACEK, MATEIKA 2003).

Z hlediska prostorového rozmisténi pfirozend obnova byla silné agregovand na
vSech TVP, stejné jako v jinych studiich pfirozené obnovy Fagus sylvatica v celé
Evrop¢ (RozAs 2003; NAGEL et al. 2006; PALUCH 2007; SZEWCZYK, SZWAGRZYK 2010;
VACEK et al. 2010, 2015a). Srovnatelné poznatky o agregovaném rozmisténi pfirozené
obnovy byly zjistény 1 ze smrkojedlobukovych porosti v Orlickych (VACEK et al.
2013b, 2014a, 2014b). K obdobnym vysledkiim ze smiSenych lesit Boubinského pralesa
dospéli SEBKOVA et al. (2011) a ze smiSenych jedlovych porostil v zapadnich Karpatech
JANIK et al. (2013). Z vysledkl prostorovych analyz také vyplyva, Ze horni etdz méla
negativni vliv na pfirozenou obnovu pii menSich vzdalenostech (< 1,0-2,5 m),
distribuce pii vétsSim rozestupu byla vétSinou nahodnd, resp. nebyl zjistén prostorovy
vztah (VACEK et al. 2015b). Podobna situace byla zjiSténa i na jinych lokalitach na

Broumovsku, ale 1 v KrkonoSich a v Orlickych horach na TVP s pfiznivymi porostnimi
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podminkami. Naproti tomu v porostech pod vyraznym vlivem vrcholového fenomému a
v ekotonu horni hranice lesa mélo stromové patro pozitivni vliv na rozmisténi pfirozené
obnovy do vzdalenosti < 2,1-3,8 m od kmene, které¢ bylo lokédln¢ zesilené htizenim

buku (cf. VACEK, HECIMAN 2012).

7.2. Struktura lesnich porostii

Reseni problematiky struktury autochtonnich bukovych porosti v Krkonosich,
v Orlickych horach a v Sudetském mezihoti bylo zaméfeno predevSim na zmény
horizontalni struktury ve vySkovém gradientu kvétnatych a acidofilnich bucin i
bioskupin buku v ekotonu horni hranice lesa (viz publikace 3). V porostech
ponechanych samovolnému vyvoji mé detailni znalost horizontdlni struktury znacny
vyznam nejen pro potieby diferencované tvorby ptirod¢ blizkého managementu lesnich
ekosystému (ZAHRADNIK et al. 2010), ale i1 pro stanoveni stupiili pfirozenosti lesnich
porostil a parametra jejich dynamiky v rdmci malého vyvojového cyklu lesa (VACEK,
LEPS 1996; MORAVCIK et al. 2010).

Spravné porozuméni prostorového uspotfadani nejen horni etdze (PRETZSCH 2006;
ZAHRADNIK et al. 2010; RUGANT et al. 2013; VACEK et al. 2010a, 2015a) a pfirozené
obnovy (NAGEL 2006; SZEWCZYK, SZWAGRZYK 2010; VACEK et al. 2010b, 2014a,
2015a), ale 1 odumielého dieva (ROUVINEN, KOUKI 2002; AMANZADEH 2013; VACEK et
al. 2015d) je zakladnim klicem pro management s cilem napodobit dynamiku ptirodnich
lest. Pro objektivni posouzeni horizontalni struktury nesta¢i pouze studie zapoje,
zakmenéni a hustoty porostu, ale je také nutnd analyza prostorového rozdéleni pomoci
strukturalnich indext a funkeci. Tyto algoritmy neposkytuji pouze informace, tykajici se
statické struktury, ale soucasné charakterizuji stadium vyvoje, ve kterém se dané
spoleCenstvo pravé nachazi, resp. jakym smérem bude jeho vyvoj sméfovat (VACEK et
al. 2015a). Na druhou stranu ze zjisténych vysledkli vyplyva, ze vice druhu indext a
funkci by mély byt pouzity soucasné, protoze jsou citlivé na mirn¢ jiné typy vyvojovych
procest (CORRAL-RIVAS 2010).

Ze ziskanych vysledkl vyplyva, Ze hodnoty indexl agregace ve vyskovém gradientu
nejvyse polozené TVP v 1310 m n. m. poukazuji na shlukovité uspotadani jedinct
stromového patra, jez je zplUsobeno extrémnimi podminkami vrcholového fenoménu.
V téchto extrémnich podminkéach dochazi k rastu jedincti buku v bioskupindch. Tento
trend odklonu od ndhodného uspofadani je zde jeSt¢ vice zesilen vegetativnim
mnoZenim jako adaptaci na extrémni podminky réistu (DOLEZAL, SRUTEK 2002; VACEK
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et al. 2010a; VACEK, HEJCMAN 2012). Obdobny trend shlukovitého uspotadani jedinct
stromového patra acidofilnich horskych bucin byl zaznamenan v oblasti vyrazného
vrcholového fenomému v CHKO Orlické hory (Bukacka, Sedlonovsky vrch, Komari
vrch) nebo s extrémnimi edafickymi poméry (se silnou skeletovitosti a se skalnimi
vychozy) v CHKO Broumovsko (Broumovské stény). Ztoho vyplyvd, Zze na
shlukovitost jedincli stromového patra v porostech ponechanych samovolnému vyvoji
pusobi jak extrémni klimatické, tak edafické poméry (cf. VACEK, LEPS 1987;
ZAHRADNIK et al. 2010; VACEK et al. 2015a).

Na nize polozené TVP v pasmu acidofilnich horskych bucin priikazné pievladalo
nahodné uspotradani vSech jedincii stromového patra, coz je typické pro vétSinu porostii
v pokrocilém stadiu optima a v pocatecnim stadiu rozpadu. Obdobné vysledky byly
zjistény 1 v CHKO Orlické hory a v CHKO Broumovsko. Velmi casto se vyskytujici
nahodné uspofadani porostii bylo pozorovano napf. u horni etdZe v pifirodé blizkych
bukovych fragmentech v severnim Némecku (VON OHEIMB et al. 2005).

Distribuce stromtl v porostech vysoce produktivnich kvétnatych bucinach ve stadiu
optima (Boberska stran, Chojnik, Kozinek, Tr¢kov) ukdzala tendenci k pravidelnému
rozmisténi. Pravidelny rozestup, ktery se v pfirod¢ nachédzi jen v malém rozsahu, je zde
zpisoben zna¢nou konkurenci mezi sousednimi stromy. Prostorové analyzy ukazaly, Ze
horni etdz byla rozmisténa pravidelng, avSak stromy v nizSich vrstvach vykazovaly
shlukovité uspotradani. Toto usporadani bylo téZ pozorovano i v bukovych porostech na
Slovinsku (RUGANI et al. 2013). Tento model je také platny v dalSich evropskych
ptirozenych  lesich s dominantnim  bukem (SZWAGRZYK, CZERWCZAK 1993;
COMMARMOT et al. 2005). Sklon k agregaci ve spodni vrstvé je vysledkem zdarného
odrlstani ptfirozené obnovy v mezerach zapoje vytvorenych po odumielych stromech
(ZEIBIG et al. 2005; SZWAGRZY, SZEWCZYK 2008). Pfechod od vyrazné shlukovitého
rozmisténi novych jedinci pres ndhodné az k pravidelnému uspotradani stroma (od DBH
> 32,5 cm) byl také pozorovan v piirodé blizkych lesich ve Francii (WIIDEVEN 2003).

Na zéklad¢ analyzy horizontalni struktury korun lze konstatovat, ze jejich centroidy
byly pravidelnéji distribuovany nez paty kment stromd, a tak plasticita korun umoziuje
efektivnéj$i vyuziti ristového prostoru v mezerach zapoje. V nekterych piipadech tak
doSlo k pfesunu ze shlukovitého na nihodné rozmisténi, resp. zndhodného na
pravidelné uspotfadéani. Tento trend potvrzuji vysledky dalSich praci zabyvajicich se
adaptabilitou a variabilitou korun (LONGUETAUD et al. 2008; SCHROTER et al. 2012). V

nasi studii primérné vychyleni mezi t€zistém koruny a patou kmene dosahovalo 1,5 m;
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nejvyssi primérna vzdalenost byla pozorovana na TVP situované v blizkosti horni
hranice les (2,3 m). Nejen nadmoiskd vyska, ale i svah mél vyznamny vliv na
morfologii korun, ptevladajici smér vychyleni koruny po svahu dosahoval 52,7 %,
oproti tomu podil korun vychylenych do svahu byl pouze 7,7 %. Celkové lze podle
korelacnich matic fici, Zze zvySujici se sklon svahu mél pozitivni vliv na prevladajici
smér vychyleni korun po svahu, pficemz velikost vychyleni stfedu korun od kmene
stromu zavisela na nadmotské vysce.

Prostorové rozdéleni pahyll a stojicich odumielych stromt bylo pfevadzné nahodné.
Na tento typ rozmisténi pahylti poukazuji hodnoty horizontalnich indexti z buc¢in v
Némecku (VON OHEIMB et al. 2005), z jedlobukovych porostii v zapadnich Karpatech
(JANIK 2013), ale 1 z porostli s dominanci Fagus orientalis v Irdinu (AMANZADEH et al.
2013). Podle studii ze Svédska (ROUVINEN, KOUKI 2002) a Finska (EDMAN, JONSSON
2001) odumftelé stromy ukazuji jinou prostorovou strukturu — tenké odumielé stromy
jsou usporadany shlukovité a silné odumielé stromy ndhodné. Podobny charakter
rozmisténi byl analyzovan na nékterych TVP, kde bylo patrné shlukovité usporadani
pahyli s DBH < 12 cm. Shlukovitost slabych odumielych stromii lze vysvétlit
dynamikou zmlazovani ptirozené obnovy ve skupinéach a jejich naslednou autoredukci,
zatimco ndhodné uspofadani velkych odumfelych stromit je disledek mortality
jednotlivych stromu zptisobené dosazenim fyzické zralosti (ROUVINEN, KOUKI 2002). U
odumfelé¢ho difeva byly sledovany jak kvantitativni, tak 1 kvalitativni charakteristiky.
Objem odumfelého dieva v Krkonosich, Orlickych hordch a Broumovsku kolisal ve
smrkovych porostech od 41 m’.ha™ (U Vosecké boudy) do 318 m’.ha™ (Strmé stra)
v I. zon¢ KRNAP, kde v minulosti byl tento porost postizen kiirovcovou kalamitou. U
smisenych porosti s prevahou buku se objem odumielého dfeva pohyboval od 44 m® ha
!'v porostech ve stadiu optima v CHKO Broumovsko (PR Broumovské stény) do 242
m’.ha” ve smrkobukovych porostech ve stadiu pokro&ilého rozpadu v I. zon& KRNAP
(lokalita Bazinky), coZ je vé&tsi rozmezi nez udava ALBRECHT (1991), tj. 50-200 m’.ha™".
V réamci studie odumielého difeva v 86 bukovych rezervacich po celé Evropé bylo
zjisténo v priméru 150 m>.ha™ (CHRISTENSEN et al. 2005), v zajmové oblasti Sudet se
v bukovych porostech nachazelo v priméru okolo 110 m>.ha™. U stojiciho odumfelého
dieva prevladal 2. a 3. stupen rozkladu, podobn¢ jako u smrku ztepilého, naopak u
leziciho odumftelého dieva dominovali pokrocilejsi stupné dekompozice, podobné jako

u buku lesniho (KRAL et al. 2015; VACEK et al. 2014c, 2015d).
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Z monitoringu vyvoje struktury autochtonnich bukovych porostl na TVP na
Rychorach v KRNAP od r. 1980 vyplyvd, Ze typ prostorového rozmisténi jedinch
stromového patra se béhem jejich vyvoje podstatné nezménil od pocatku sledovani az
po predikei ristovym simulatorem SIBYLA do r. 2040. Horizontalni struktura bohaté
mirn¢ ndhodna, acidofilni horské buciny pievazné ndhodna a ve fragmentech bioskupin
buku lesniho v ekotonu horni hranice lesa ve Dvorském lesa byla siln¢ agregovana
(VACEK et al. 2015a). Podobné vysledky potvrdil KORPEL (1995), ktery dosSel k zavéru,
ze rozséhlé¢ disturbance v pfirodnich bukovych porostech jsou velmi vzéacné.
Tloustkova a vySkova diferenciace a celkovd diverzita se v porostech ve stadiu
pocatecniho rozpadu vykazovaly pozitivni vyvoj béhem sledovaného obdobi. Tyto
zmény strukturnich charakteristik lze ocekavat v duasledku ,,gap” dynamiky a
postupného dorlstani pfirozené obnovy do registracni hranice (cf. FRANKLIN et al.
2002). Dynamika téchto parametri v prubéhu 60 let byla vyrazna piredevsim na TVP 29,
kde doslo k presunu ze stadia optima do pocate¢niho stadia rozpadu, resp. z rovnomérné
porostni vystavby do pomeérné slozité struktura lesa dle B indexu. Naopak nejmensi
hodnoty indexu celkové diverzity a vyskové diferenciace, které stale v prabchu
sledovaného obdobi a predikce klesaly, byly u TVP 31, kde se porost nachazi ve stadiu
optima s halovou vystavbou (VACEK et al. 2015a).

Z hlediska predikce vyvoje, vysledna hodnota spolehlivosti simulace je zavisla na
chybé rtistu simulatoru, ktery vyjadiuje odchylku nasledné modelovaného porostu od
jeho aktudlniho stavu (PRETZSCH 2001). Autor ristového simuldtoru byodinamiky lesa
Sibyla FABRIKA (2005) uvadi, Ze SE hektarové zasoby pii a = 95% pro predikei pii
délce periody 50 let je = 5% pro nesmisené stejnovéké porosty generované
ze stromovych udajii v€etné soufadnic, zatimco jiz = 15% (SE DBH + 8%, stfedni
vysky + 6%) pro smiSeny porost s etdzovou vystavbou generovany z porostnich dat.
Nejen nds vyzkum, ale i ostatni studie potvrdily pomérné vysokou kvalitu predikce
pouzitého modelu ristu (SPULAK, SOUCEK 2010) a jeho Gasté vyuziti pfi modelovani
vyvoje porostll (BOSELA et al. 2013; VACEK et al. 2013b; AMBROZ et al. 2015). Vyzkum
SPULAK, SOUCEK (2009) pouze poukazuji na malé rozdily v hodnocenych strukturalnich
indexech mezi realitou a modely, kterou mohou byt v soucasnosti snizeny novée
aplikovanym modelem pfirozené obnovy lesa. Ve skutecnosti je nutné také vzit
v uvahu, Ze dynamika bukovych lesi milZze byt ovlivnéna neptedvidatelnymi

disturbancemi (MOUNTFORD 2002; CLOSSET-KOPP et al. 2006). Na druhou stranu,
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bukové lesy v horském pasmu jsou méné vystaveni témto udalostem pii porovnani s
nizinnymi bukovymi lesy (CHRISTENSEN et al. 2005).

Reseni problematiky struktury smiSenych porostii s dominantni ol$i lepkavou,
vzniklych kombinovanou obnovou na byvalych zemédélskych padach v Krkonosich a
v Orlickych horéach, bylo zaméteno predevsim na riistové parametry, kvantitu a kvalitu
produkce a biodiverzitu (viz publikace 4). Prestoze olSe lepkava nepatii v lesnim
jejimu moznému mnohostrannému vyuziti nejen v lesnictvi, ale i v jinych oborech
lidské ¢innosti, své opodstatnéni.

Specifikou zakladéani lesnich porostii na byvalych zeméd¢€lskych pidach jsou lokality
ovlivnéné vodou vhodné pro olsi, a to jak lepkavou, tak 1 Sedou. Tyto oba druhy jsou
vysoce produktivni jak na minerdlnich, tak i na organickych pidach (RYTTER 1995;
TELENIUS 1999). Porosty olSe chrani biehy vodnich tokt pfed erozi (VALTYNI, JAKUBIS
1999) a ptiznivé plsobi na zlepSovani chemickych a fyzikalnich vlastnosti pud
(MOLLEROVA, ULBRICHOVA 2002; TOBITA et al. 2010). V poslednich letech jsou olSové
porosty zajimavé i z hlediska produkce cenné dievni suroviny (CLAESSENS et al. 2010).
Ptestoze olSe lepkava je strom s celoevropskym rozsifenim (GOMORY, PAULE 2002),
struktufe a vyvoji poto¢nich a pramenistich olSin je vSak vénovdna mald pozornost.
Nejen z vysledku této prace, ale i1 z ostatnich studii (CLAESSENS 2003) vyplyva, Ze olSe
lepkava je rychle rostouci dievina s dobrym pfizptisobenim pro rist ve vlhkych
ekosystémech vodnich tokil, avSak znalost vyvoje sekundarni sukcese z mokiadnich
pastvin na olSové porosty je stale nedostate¢na (DOUDA et al. 2009).

Pro zkoumanou oblast Sudet se pocet zivych stromi pohyboval v rozmezi od 556 do
828 kust.ha' s indexem hustoty porostu 0,67-0,77, oproti tomu na Slovensku byly
zjidtény tém&f poloviéni podty (296464 stromi.ha”'; BUGALA, PITTNER 2010).
KRSTINIC et al. (2002) uvadéji, ze ve veéku ve véku 60 let pocet olsi dosahuje 363-595
stromi.ha™'. Primérna DBH ve véku cca 63 let dosahovala 22-29 cm, coZ se je 0 néco
méné nez v olSovych porostech v Belgii ve véku 60 let; DBH = 25-34 cm (CLAESSENS
et al. 2010). Zasoba hroubi sdruzeného porostu byla 247-393 m’.ha !, z toho pripadalo
209-384 m’.ha ' na olsi lepkavou, 35-46 m’.ha” na olsi Sedou a zbytek byl podil
vtrousenych dievin. Celkové zasoba porostt klesala se stoupajici nadmoiskou vyskou v
gradientu 680-890 m (VACEK et al. 2016). Podobné¢ v oblasti vychodnich Karpat
dochazi u olSe k poklesu tlouStkového pfirtistu s nadmotskou vyskou do jejiho optima

okolo 370 m n. m. (BUGALA, BALANDA 2014). Celkovy bézny piirist dosahoval 10,0
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m’.ha 'rok ' a celkovy pramérny pririst 6,5 m’.ha 'rok', coz ramcové odpovida
hodnotdm zjisténym v Némecku, resp. 6,4 m’.ha '.rok”' (KRSTINIC et al. 2002).
Primérny tloustkovy pfirtist v 63 letech byl 0,3-0,5 cm, podobné CLAESSENS et al.
(2010) eviduje v obdobnych podminkach pfirtst 0,4-0,6 cm. Kruhova zikladna se
pohybovala v rozmezi 33,6-41,0 m*ha' (VACEK et al. 2016). Obdobné hodnoty
produkce jako v nasem pripadé v Krkonosich a v Orlickych horach v porostech olSe
lepkavé v Polsku zjistili ORZEL et al. (2005). Napft. v porostech o véku 66-76 let se
hustota pohybovala v rozmezi 367-700 stromi.ha”, vy&etni kruhova zakladna byla
22,7-44,1 m” a zasoba 218,0-447,6 m’.ha™,

Pro porovnani produkce smiSenych olSovych porostl s ostatnimi dfevinami v oblasti
Sudetské soustavy lze uvést, Ze zasoba Zivych stromi zkoumanych porosti byla
v rozmezi od 63 m’.ha” v podmégenych smréinach ve véku 157 let v Krkonosich (U
Vosecké boudy) ve stadia rozpadu (KRAL et al. 2015) aZ po 942 m’.ha"' v kvétnatych
bucinach ve veéku 175 let na polské stran¢ Krkono§ (Chojnik) ve stadia optima.
Maximalni objemova produkce ve smiSenych porostech ve stadiu optima v porostech
s dominantnim smrkem dosahovala 737 m’.ha™' ve v&ku 146 let v Orlickych horach
(Trekov), u jasanu 601 m’ha” ve véku 80 let v Krkonosich (Antoninovo tdoli) —
(VACEK et al. 2015f) a u porostli s vyraznym zastoupenim jedle opét v KRNAP (Janské
Lazng) — 598 m>.ha™' ve véku 108 let (VACEK et al. 2015¢).

Vertikalni struktura studovanych olSovych porostii byla malo vySkové rozriznéna
(dle Ap indexu), podobné jako vySkova 1 tloustkova diferenciace struktury (dle 7M
indexu). Na vyraznou vySkovou nivelizovanost olSovych porostii na Slovensku téz
poukazuji BUGALA, PITTNER (2010). K podobnym vysledklim pti hodnoceni struktury
ol3ovych porostit v NPR Jursky Str na Slovensku dospél téz KORPEL (1991). Uvadi, ze
zejména znacné naroky olse lepkavé na svétlo a vyrazny proces autoredukce, vyvolany
zmenSovanim rastového prostoru jedinct, zplisobuje rychlé odumiréni podirovinovych
stromi. V dasledku tohoto procesu ve vSech porostech rezervace prevlada
jednovrstevna, vyskové malo diferencovand vystavba. Celkova diverzita (dle B indexu)
v naSem piipadé¢ znacila rovnomérnou az nerovnomérnou vystavbu. Horizontalni
struktura jedincti stromového patra byla na TVP shlukovitd az ndhodnd (VACEK et al
2016). Shlukovité rozmisténi jedincl je vazano na mikrostanovisté s vysoko polozenou
hladinou spodni vody. Shlukovité uspofadani stromového patra v porostech olSe
lepkavé téz dokladaji BUGALA, PITTNER (2010), kteti uvadéji, Ze vyznamnym faktorem

ovliviiyjicim vzdjemnou agregaci jedinci je intenzivni pafezova vymladnost.
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Z hlediska celkové kvality produkce na TVP vyrazné pievladaly stromy s rovnym
prubéznym a hladkym kmenem, stromy zdravé a s velmi dobrym c¢ist€énim kmene od
vétvi. AvSak kvili kratkoveékosti této dieviny po 60—70 letech dochéazelo €asto k hnilobé
(CLAESSENS 2005). Hniloba v oddenkovych ¢astech kmene byla zjisténa u 16 % stromu,
coz je vhodné pouze pro energetické ucely. Tyto hodnoty jsou nizsi nez udaje zjisténé
v Belgii (THIBAUT et al. 1998), v . Némecku (IMMLER 2004) ¢i v piirodé blizkych
porostech olse lepkavé na Slovensku (LUKACIK 2000; LUKACIK, BUGALA 2004, 2005).

Popisna statistika v nékterych studiich ukazala, ze chronologie ristu olse lepkavé je
srovnatelnd s ostatnimi listnatymi dievinami z lesi mirného pasma stiedni Evropy
(LEBOURGEOIS et al. 2005; RozAsS 2005). Zmény v riistu a reakci stroml na klima mtize
byt plisobeny v disledku zvySeni hladiny spodni vody (LINDERHOLM, LEINE 2004;
DoubpA et al. 2009). ZvySeni hladiny spodni vody zpusobuje stres v disledku
nedostatku kysliku (DITTERT et al. 2006), coz se projevuje poklesem fixace dusiku a
pfijmu zivin (IREMONGER, KELLY 1988), zvySenim hladiny toxickych mineralt v ptde,
snizenim rychlosti fotosyntézy (ESCHENBACH, KAPPEN 1999) a také k poskozenim
kotenového systému (GLENZ et al. 2006; LUCASSEN et al. 2006). Korelace tloustkového
prirastu v KrkonoSich na vyse polozenych plochach ukézali kladné vztahy s nékterymi
mésicnimi teplotami aktudlniho roku (zejména v kvétnu a srpnu), oproti tomu vliv
srazek zde byl minimalni. Nicméné nékolik dendroklimatologickych studii prokazalo
pomémne slaby vztah mezi radidlnim ristem stromi a podnebim v mokiadech
(LINDERHOLM 1999; LINDERHOLM, LEINE 2004). V nasem pfipadé¢ je to patrné
v Orlickych horach, kde nebyla viibec prokazana zavislost radialniho pfirtistu na teploté.
Tyto poznatky, tak odpovidaji tvrzenim LAGANIS et al. (2008), Ze radidlni rist Alnus
glutinosa je relativné nezavisly na teplotnich a srazkovych vykyvech. Celkové Ize na
zékladé nasi studie konstatovat, ze teplota je limitujicim faktorem pro rast v horskych
oblastech, resp. Ze se stoupajici nadmoiskou vysSkou klesa pozitivni vliv srazek.
Z hlediska negativnich let, radidlni rast byl siln¢ ovlivnén zejména extrémné suchymi a
mrazivymi zimami nebo vysokymi teplotami v 1éte.

Pozitivni vliv teploty na pfirtst s rostouci vySkou a naopak klesajici vyznam srazek
byl potvrzen tedy nejen u olSe (VACEK et al. 2016), ale napiiklad i u smrku ztepilého
(MEYER, BRAKER 2001; MAKINEN et al. 2002; ANDREASSEN et al. 2006; HAUCK et al.
2012). Z nasich vysledkl z horskych oblasti Krkono$ a Orlickych hor vyplyva, ze smrk
byl pozitivné¢ korelovan s teplotou predevSsim v dubnu, cervnu, Cervenci a srpnu

soucasného roku, naproti tomu vliv srazek, zejména na vodou ovlivnénych stanovistich,
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byl maly, resp. az negativni (KRAL et al. 2015; VACEK et al. 2015¢). Podobné velmi
slaba korelace mezi srdzkami a rstem byla zjiSténa v raSelinnych smrcindch ve Finsku
(MAKINEN et al. 2001). Ze studii v Norsku (ANDREASSEN et al. 2006) a Svycarksu
(MEYER, BRAKER 2001) také vyplyva, ze teplota v ¢ervnu a Cervenci méla nejveétsi vliv
na prirtst. Naopak v nize polozenych smrkovych porostech Beskydech byl potvrzen
pievladajici pozitivni vliv srazek, opét v ¢ervnu aktualniho roku (RYBNICEK et al. 2010).
Je vSak nutné zduraznit, ze efekt klimatickych faktorG zavisi na nejen na nadmoiské
vysce, ale 1 na zemépisné Sifce (MAKINEN et al. 2002) a ptedevs§im na stanovisti (VACEK

et al. 2015¢).

7.3. Modelovani lesnich porostii

Reseni problematiky modelovani lesnich porostii bylo zaméfeno na modely Sitky
koruny smrku ztepilého a buku lesniho na sérii TVP v jednodruhovych i smiSenych
znacn¢ variabilni TVP, které prezentuji rozdilné stanovistni a porostni podminky a

rezim hospodafieni.

Vzhledem k tomu, Ze CW a DBH jsou silné¢ korelovany, mize byt DBH pouzita
jako jedina prognostickd proménnd v alometrickych CW modelech (RAUTIAINEN,
STENBER 2005; SONMEZ 2009; PRETZSCH et al. 2015). Nicmén¢, tyto modely maji
tendenci k nadhodnoceni rozméri koruny v ptehoustlych porostech ¢i nachylnost
k jejimu podcenovani v fidkych porostech (THORPE et al. 2010). Na CW maji vyznamny
vliv 1 porostni podminky, jako bonita, klimatické faktory, konkurence mezi
jednotlivymi stromy nebo hustota porostu (THORPE et al. 2010; URBAN et al. 2010).
Proto by tyto proménné¢ méli byt zahrnuty do CW modelti za ucelem snizeni jeho
zkresleni (HASENAUER, MONSERUD 1996; SANCHEZ-GONZALEZ et al. 2007; Fu et al.
2013). Nase modely potvrdily vyznamné rozdily v jejich chovani v ptehoustlych a
fidkych porostech (SHARMA et al. 2016a).

Z velkého mnozstvi predikénich proménnych za pouziti dvoustupniové piistupu
byly vybrany pouze ty, které vysvétlovaly nejvetsi Cast variability CW (CASTEDO-
DORADO et al. 2005; SHARMA, BREIDENBACH 2015). Tyto HDR modely popsaly velkou
&ast variabilitu CW, resp. pro smrk ztepily R* = 0,76-0,78 a pro buk lesni R*= 0,70

0,73, a to bez zadvaznych residudlnich trendii. Vzhledem k mnohem S$irsi variabilit¢ CW
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u buku, dosdhl CW model o néco nizsi spolehlivosti oproti u smrku (SHARMA et al.
2016a).

Po DBH se horni vyska jako nepiimy kazatel kvality stanovistn€ ukazala jako druha
nejvice vysvétlujici proménna CW modeld pro buk a tfeti pro smrk. CW se s rostouci
horni vySkou zvySovala (SHARMA et al. 2016a). Vyska nejvétsiho stromu, resp. horni
vyska vyrazn€¢ odrazi kvalitu stanovist¢ a dynamiku porostu (MONSERUD 1984;
HYNYNEN 1995; EERIKAINEN 2003). Index kvality stanovisté (bonity) Ize odhadnout s
vyuzitim ristovych modelti horni vysky (MONSERUD 1984; SHARMA et al. 2011), nebo
predikénich modeld indexi bonity (SEYNAVE et al. 2005; SHARMA et al. 2012).
Nicméné kdyZ tyto modely nejsou k dispozici, tak horni vySka mize byt zahrnuta jako
ukazatel indexu bonity, vcéetné u modelovani CW (SANCHEZ-GONZALEZ et al. 2007;
CRECENTE-CAMPO et al. 2010; Fu et al. 2013).

Vytvotené modely ukazuji, ze CW vyrazné klesala se zvySujicim se HDR (SHARMA
et al. 2016a), jenz je dulezitym ukazatelem stabilitu porostu (WONN, O'HARA 2001;
VOSPERNIK et al. 2010). Stabilnéjsi stromy s niz§im HDR maji vétsi velikost koruny.
Stromy s vyssi konkurenci sousedi, tj. stromy s vétsSim HDR, maji uzsi CW a dochazi
ke zkracovani koruny odumiranim spodnich vétvi v dasledku nedostatku svétla (PUTZ et
al. 1984). Také nasazeni zelené koruny mélo znacny vliv na CW modely (SHARMA et al.
2016a), jako i u ostatnich modeli (CRECENTE-CAMPO et al. 2013; Fu et al. 2013; FU et
al. 2015; HAoO et al. 2015). Odumirani spodnich vétvi koruny a vyskovy rast stromu
jsou v dynamice nasazeni koruny dva vyznamné zdkladni faktory ovlivilujici jeji
rozméry (POWER et al. 2012). Rychlost zmenSovani koruny je ovlivnéna riznymi
faktory, jako je dostupnost svétla, hustota porostu, rychlost vyskového ristu nebo
interakce mezi vétvemi v korunovém zapoji (PUTZ et al. 1984; SORRENSEN-COTHERN et
al. 1993; KANTOLA et al. 2007). Na rozdil od buku, tak u smrku dochazi k mensi
redukci koruny v disledku konkurence sousednich vétvi, a tudiz nasazeni zivé koruny
muze mit mensi vliv na CW.

Konkurence mezi jednotlivymi stromy vyznamné ovlivituje CW, proto kromé
prostorové neexplicitnich modelt, byly vytvofeny prostorové explicitni modely
vychézejici z konkuren¢nich indexi. Pro obé dieviny tyto prostorové explicitni modely,
za vyuziti metody nejmenSich ¢tverct a modell se smiSenych efekty, mély vyraznégjsi
vliv na CW oproti prostorové neexplicitnim modelim. CW se zvySovala s klesajici
konkurenci mezi jednotlivymi stromy v porostu (SHARMA et al. 2016a). Pro stromy

v homogennich porostech s horizontdlnim zapojem je vliv konkurence mnohem
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vyrazn€j$i nez v bohaté strukturovanych porostech (PURVES et al. 2007; DAVIES,
POMMERENING 2008; THORPE et al. 2010). Také mezidruhova interakce méla vyznamny
vliv na CW (SHARMA et al. 2016a), jako i v jinych studiich (Rio, STERBA 2009; CONDES
et al. 2013; STERBA et al. 2014). Cim se v porostu nachdzi méné dfevin, tim je
konkurence mezi stromy vétsi a CW je mensi (STERBA et al. 2014). Také z naseho
vyzkumu vyplyva, ze CW byla mirné vétsi ve smiSenych porostech oproti porostim
stejnorodym (SHARMA et al. 2016a). Rozdil v parametrech koruny ve smisenych a
smiSenych porostech (BINKLEY et al. 2004; BAYER et al. 2013). Efektivita vyuzivani
prostoru, zpisobena odliSenostmi v thlu nasazeni vétvi, délce vétvi, typem vétveni ¢i
poctem vétvi, je ve smiSenych porostech vyssi (BAYER et al. 2013; PRETZSCH 2009,
2014).

Prostorové explicitni modely jsou tedy vhodnéjsi pro popis ristové dynamiky
stromu, nez prostoroveé neexplicitni modely. Celkové nejvétsi vysvétlujici proménnou
po DBH byl Sstihlostni kvocient pro smrk a horni vyska pro buk, nasledovano
konkurencni soutézi vypocitanou pomoci prostorového uspotfadani stromui. Z toho
vyplyva, Ze interakce mezi stromy v porostu ma zasadni vyznam pro dynamiku CW.
Naopak nejméné byl model ovlivnén nasazenim zelené koruny a celkovou DBH vsech
stromi na plose. Nicmén¢, vzhledem k malym rozdiliim mezi prostorové explicitnimi a
prostorové neexplicitnimi modely, 1ze k presné predikci CW také pouzit novéjsi modely
smiSenych efektl, pfestoze nevyzaduji prostorové explicitni konkurencni indexy, které
jsou pocetné slozité. Vzhledem k velké heterogenité porostli na TVP, pokud jde o jejich
stafi, bonitu stanoviste, hustotu porostu, smiSeni dfevin a zejména geografické pokryti,
Ize navrhované CW modely pro Ceskou republiku aplikovat s dostate¢nou piesnosti
(SHARMA et al. 2016).

Reseni problematiky modelovani lesnich porostll bylo dale zaméfeno na modely
Stihlostniho kvocientu smrku ztepilého a buku lesniho na sérii TVP v jednodruhovych i
smiSenych porostech nejen v Sudetské soustavé, ale i v ostatnich &astech CR

v rozsdhlém vySkovém gradientu od nizin po horské oblasti (viz publikace 6).

Pro vytvofeni alometrického HDR modelu, mtize byt jako jedina predikcni
proménnd pouzita DBH, kterd je siln¢€ korelovana s HDR (VACEK, VACEK, SCHWARZ et
al. 2010; BONNESOEUR et al. 2013). Nicméné, opét jako u ptedeslych CW modelq,
pouze DBH nestaci k vytvoreni spolehlivych HDR modeld, protoze vztah mezi HDR a
DBH je do zna¢né miry ovliviiovan také porostnimi a stanovistnimi charakteristikami,
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jako jsou parametry stromového patra, bonita, hustota prostu nebo konkurence okolnich
stromi (CORRAL-RIVAS et al. 2005; PRETZSCH 2009). Proto tyto parametry byly do
modelovani zahrnuty, tj. horni vyska, horni vycetni tloustka, kvadraticky DBH a

konkuren¢ni Hegyiho index (SHARMA et al. 2016b).

Prezentované modely popsaly velkou ¢ast variability Stihlostniho kvocientu bez
vyznamnych residulnich trendti. Koeficient determinace pro smrk ztepily dosahoval R?
= 0,66 a pro buk lesni R>= 0,72. Z hlediska residui bylo pouze sledovano mirné
podhodnoceni pro jedince s DBH v okoli 10 cm pro obé dfeviny a nadhodnoceni pro
DBH v okoli 20 cm u buku zptsobené vyskytem velmi odlehlych hodnot (SHARMA et
al. 2016b). Ptesnost HDR modelu miize byt zvySena zaclenénim vice potencidlnich
prognostickych proménnych, ale to vede k nadmérnému pieparametrizovani modeld,
které ohrozuje jejich stabilitu (MONTGOMERY et al. 2001). Pro lepsi aplika¢ni moZnosti
nebyli nékteré proménné, jako je Sitka a délka koruny (jeZ také uzce koreluji s HDR)
kvili casové a finanéni narocnosti pouZity. Vhodné modely pro efektivni lesni

management by mély byt relativné jednoduché a presné (VANCLAY 1994).

Pro ob¢ dfeviny i vSechna stromova patra se opét horni vyska ukazala jako nejvice
vysvétlujici proménnd HDR modelt. Jen relativné malo studii (BOSELA et al. 2014)
pouziva index bonity jako jeden z prognostickych proménnych v HDR modelech, ale
zadny z HDR modelti doposud nepouzil horni vySku. Z naSich vysledki i z prace
BOSErA et al. (2014) také vyplyva, ze HDR ma tendenci se zvySovat s rostoucim
indexem bonity (SHARMA et al. 2016b).

HDR je také vyznamné ovlivnén konkurenci okolnich stromt. Pro danou bonitu se
HDR s rostouci konkurenci zvySoval, resp. sniZovala se horni vycetni tloustka a
kvadraticky pramér DBH (SHARMA et al. 2016b). Ve snaze podiroviiovych stromu
dosahnout vétsiho svételného pozitku, maji tyto stromy mensi tloustkovy pfirtist na
jednotku vysky pii porovnani se stromy v hornim stromovém patru (CREMER et al.
1982; NYKANEN et al. 1997, MAKINEN et al. 2002). Naopak u turoviiovych a
nadiroviovych stromli dochdzi ke zvySenému tloustkovému ristu oproti vySkovému a
proto maji vétsi HDR a jsou stabilngjsi (WONN, O'HARA 2001). Stromy s extrémné
velkym HDR mohou rlst pouze v hustém porostu pod vlivem vzdjemné konkurence
okolnich stromt (NYKANEN et al. 1997; VOSPERNIK et al. 2010; VALINGER FRIDMAN
2011; BOSErA et al. 2014). Z tohoto divodu bylo do modelovani kromé prostorove

neexplicitni proménnych zahrnuto také prostorové uspofadani stromil, jeZ by mélo lépe
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vysvétlit variabilitu HDR, zejména u vice strukturovanych porosti (CORRAL-RIVAS et
al. 2005; PRETZSCH 2009). U smrku prostorové explicitni modely mély vyraznéjsi HDR
neZ u prostoroveé neexplicitnich modeld, tj. jako u HDR modelt. Opacny piipad nastal
u buku, coz mize byt vysvétleno méné heterogennimi porostnimi podminkami na TVP
ve srovnani se smrkem. Konkuren¢ni indexy funguji odlisné jak podle porostnich
charakteristik (dfevina, provenience, tvar lesa, porostni struktura, hustota porostu), tak i
stanovistnich charakteristik (bonita, nadmoiska vyska, sklon svahu, klimatické faktory)
— (FABRIKA 2005; PRETZSCH, BIBER 2010; MARTIN-ALCON et al. 2010; CONTRERAS et
al. 2011; BOSEILA et al. 2014).

Z hlediska jednoduchosti je pro ob¢ nase hlavni dfeviny doporuceno pouziti
prostorové neexplicitniho modelu, ktery vyzaduje hospodaiskou soutéz vyjadienou
pouze hodnotou pro cely porost (kvadraticky pramér DBH, horni vyska) bez nutnosti
znalosti soufadnic jednotlivych stroml. Vzhledem ktomu, Ze HDR slouzi jako
spolehlivy ukazatel stability porostu, navrhované HDR modely mohou slouzit jako
uziteCné nastroje pro hodnoceni péstebnich opatfeni a stability smrku a buku,
souvisejici se snéhovymi a vétrnymi Skodami. Z tohoto pohledu mohou tyto modely
také slouzit pro posouzeni kvality a efektivnosti vychovnych zasahl, protoze
profezavky a probirky vyznamné ovlivituji HDR stromového patra. Vytvotfené modely
jsou uzitecné pro identifikaci potencialné nachylnéjSich stromi ke Skodam zplisobenych

sné¢hem a vétrem a pro doporuceni k jejich vytézeni (SHARMA et al. 2016b).

8. Zavér a doporuceni pro vyuziti poznatka v praxi

Resena problematika vyzkumu struktury, vyvoje a modelovani lesnich porosti
s akcentem na smisené porosty, a to predevsim na smrk ztepily a buk lesni v Sudetské
soustavé i ve vybranych porostech v celé Ceské republice je originalni zejména v tom,
ze postihuje stav lest po vyrazné imisné ekologické zatézi a nasledné 1 jejich
regeneracni procesy. Dizertant ve své praci vychdzel z postulatu, Ze spolehlivé poznéani
struktury a vyvoje studovanych modelovych autochtonnich porosti na TVP ve
velkoploSnych chranénych tzemich je zakladem a nezbytnym ptedpokladem pro
plénovani a realizaci managementovych opatieni za pouziti piirod¢ blizkych zpiisobu
obhospodatovani a péce o studované cenné lesni ekosystémy.

Ziskana data a jejich vyhodnoceni po vhodné managementové aplikaci zajisté
prispéje k ekologické stabilizaci a zvySeni biodiverzity lesnich ekosystémt v zdjmovych
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oblastech, a to jak v lesich hospodatskych, tak i v lesich zvlaStniho urceni a lesich
ochrannych. Vzhledem k tomu, Ze smrk ztepily, resp. alochtonni smrkové monokultury
na stanovistich smiSenych a listnatych porostii patii k ekologicky nejlabilngjsim lesnim
ekosystémim a v disledku globalnich klimatickych zmén se jejich labilita bude jesté
vyrazné zhorSovat, je dilezité zacit s ekologickou stabilizaci téchto porostii vcas.

Pfinosem této prace je zejména integrace vyzkumu biodiverzity a ekologické
stability v rdmci sjednocené rozsahl¢ sit¢ TVP, ¢imz se docilila vzdjemna srovnatelnost
jednotlivych dlouhodobych vyzkumnych Setfeni. DalSim pifinosem je pokracovéani v
dlouhodobém sledovani (Casto vice nez 35 let) vyvoje lesnich ekosystémt umoziujici
odhadnout dopad dil¢ich globalnich zmén na jejich stanovistni a porostni poméry,
zejména pak na jejich strukturu a druhové slozeni. Ziskané vysledky o struktufe, vyvoji
a modelovani porosti budou sméfovat k vytvoreni metodiky managementu lesnich
ekosystému s akcentem na udrZeni ¢i posileni biodiverzity a ekologické stability lesnich
ekosystému ve vazbé na zkoumané porostni a stanovistni poméry. Uzivateli vysledki
budou odbornd vefejnost a instituce statni spravy a samospravy (Spravy KRNAP,
CHKO Broumovsko, CHKO Orlické hory), Lesy CR, s.p., obecni a méstské lesy a
dalsi.

Ziskané poznatky s akcentem na pfirodé blizké hospodareni, vyuzivajici ptirodnich
procest, a to zejména piirozené obnovy (jak spontanni, tak i fizené) byly jiz vyuZzity pii
piipravé LHP pro LHC v Krkonosich, Orlickych horach a na Broumovsku. Naméfena a
analyzovana data byla taktéZ vyuZita k feSeni projektd NPV II MSMT 2B06012
»Management biodiverzity v KrkonoSich a na gumavé“, TA02020873 ,,Ekologicky
opodstatnény management lesnich ekosystémil v Krkono$ském narodnim parku podle
typtl vyvoje lesa“ a dale v ramci interni grantové agentury FLD k feSeni skupinového
projektu B002/14 ,,Ptirod¢ blizké péstebni postupy podporujici kontinuitu a zvysujici
komplexitu lesnich porosti pii zachovani jejich produkcni funkce®, projektu B08/15
,»Optimalizace péstebnich postupii podporujici ekologickou stabilitu, biodiverzitu a
komplexitu lesnich ekosystémil v $irokém vyskovém gradientu Ceské republiky” a
v soucasnosti navazujiciho projektu B02/16 ,,Dynamika, adaptabilita a management
lesnich ekosystémii v Sirokém geografickém gradientu s akcentem na produkei,
ekologickou stabilitu a biodiverzitu pii postupujicich globalnich klimatickych
zménach®. Jednotlivé vysledky byly presentovany v ramci nékolika védeckych

mezinarodni konferenci a zpracovany formou védeckych publikaci.
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10. Seznam zkratek

A

AK model
ANOVA
AOPK
Ap

B

CcC

CW

CR
Czu

D,

D,

DBH

Ei

E>

FLD

e

HDR
HSD test
CHKO
ICS
IUCN
IUFRO
KRNAP
LHC
LHP
LVS
MSMT
MZe
NP
NPR
NPV

Hopkins-Skellamtv index shluku
vyvojovy model podle Angelstaa a Kuuluvainena
analyza rozptylu

Agentura ochrany piirody a krajiny
Arten-profil index

index celkové porostni diverzity
stromova vrstva

Sitka koruny

Ceska republika

Ceskéd zem&dglska univerzita
Marfalefiv index druhové bohatosti
Menbhinickiiv index druhové bohatosti
vycetni tloustka

Pieloutiv index druhové vyrovnanosti
Hilltv index druhové vyrovnanosti
Fakulta lesnickd a dievarska
Shannontv index druhové heterogenity
Stihlostni kvocient

test vyznamnych rozdila

chranéna krajinna oblast
David-Mooruv index velikosti klastru
Mezinarodni svaz ochrany ptirody
Mezinarodni unie lesnickych vyzkumnych organizaci
Krkonossky narodni park

lesni hospodaisky celek

lesni hospodarsky plan

lesni vegetacni stupen

Ministerstvo Skolstvi, mladeze a télovychovy
Ministerstvo zeméd¢€lstvi

narodni park

narodni pfirodni rezervace

Narodni program vyzkumu
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OL model
PCA
PL
PLO
PR

R

R2
RMSE
SD

SE

SK
SLT
TM4
™,
TVP
UA
UHUL

vyvojovy model podle Olivera a Larsona
analyza hlavnich komponent

Polsko

ptirodni lesni oblast

pfirodni rezervace

Clark-Evansiiv agregacni index
koeficient determinace

stfedni kvadraticka chyba

smérodatna odchylka

sttedni chyba priméru

Slovensko

soubor lesnich typl

Fiildnerav index tloustkové diferenciace
Fiildnerav index vyskové diferenciace
trvale vyzkumna plocha

Ukrajina

Ustav pro hospodaiskou tipravu lest
Pielou-Montfordiv index nendhodnosti

Simpson index druhové heterogenity
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