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Cile prace

Disertacni prace se bude zabyvat detailnim zhodnocenim struktury, dynamiky a managementem
autochtonnich porostl s dominantnim bukem lesnim (Fagus sylvatica L) wkruSnohorsks

a Krkonogsko-jesenicke subprovingii s akcentem na Skody zvéri a klimatickou zménu. Diléi cile dizertacni
prace jsou:

+ Zhodnoceni abiotickych a biotickych podminek prostiedi na zajmowych lokalitdch.

= Posouzeni kvantity a kvality pfirozeného zmlazeni wybranych porostd s dominantnim zastoupenim buku
lesniho.

+ VWhodnoceni dendrometrickych vlastnosti matefského porostu, véetné produkéniho potencialu,
struktury a diverzity ve vztahu k pfirozeng obnové lesa.

= VWhodnoceni radidlniho ristu buku lesniho v kontextu klimatickych faktor(, stanovisté a managementu
vietné porovnani s daliimi oblastmi.

+ Ziskat poznatky o vlivu zvére na prirozenou obnovu, dynamice a managementu obnovy lesa s ohledem
na zménu klimatu.

* Navrhnout vhodna opatfeni pro tvorbu prirodé blizkého managementu péstebniho a mysliveckého
managementu v obdobmych stanovistnich a porostnich pomérech, a to zejména pro fizenou pfirozenou
obnovu lesa.

+ Ziskang vysledky publikovat v Gasopisech s IF a v databazi Scopus.

Metodika

Zajmové Uzemi

Zajmové uzemi se bude wyskytovat od Kruinych hor, pres lizerské hory, Krkonoisky narodni park aZ po oblast
Orlickych hor. Wyzkum bude zaméren na autochtonni porosty s dominantnim bukem lesnim, a to zejména na

stanowviztich acidofilnich horskych buéin. Pro zhodnoceni struktury a wwvoje pfirozené obnovy budou wyuZity
dlouhodobé sledované trvalé wzkumné plochy, které budou doplnéné o nové zaloZzené zkusné plochy.

Shér dat
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Pro stanoveni prostorové struktury stromového patra, prirozené obnovy a korunowych projekci bude pou-
Fito technologie Field-Map. U stromi bude méfena vyietni tloustka, wiika, nasazeni koruny a Eitka koruny.
L pfirozené obnovy bude zjistovdna kvantita a kvalita, wEetné okusuzvefi, viivu ekologickych faktord (okra-
jowy efekt, pokryvnost vegetace, mikroreliéf atd-)a interakee-mezi stromowym patrem. U jedincd pfirozend
obnovy bude zmé&fena pozice, wika, itka koruny, tlouitka kofenového kréku, wyika nasazeni zelené koru-
ny a urcena drevina a Skody okusem (bez pofkozeni, bodni okus, terminalni okus; stary, nowy, opakovany).
Dale budou u dominantnich stromi odebrany wvrty pro dendrochronologicke analyzy.

Zpracovani dat

Ma jednotlivich plochdch budou wjedinct stromového patra zhodnoceny strukturalni a ristové parametry,
produkce, horizontalni a vertikalni struktura a celkova biodiverzita. ¥ réamci hodnoceni biodiverzity, které
probéhne také u pfirozené obnovy, budou spofitany agregacni indexy, indexy Housfkowvé a wikové dife-
renciace, indexy druhové riznoredosti, indexy druhove wyrovnanosti, indexy druhové bohatosti, vertikalni
indexy a index celkove diverzity. Pro wypodet diverzity prirozené obnovy a stromového patra budou pouZity
programy PointPro a Sibyla. Dendrochronologicke analyzy, wietné detrendace & viivu klimatickych faktord,
budou provedeny pomoci softwaru R a DendroClim. Statisticke analyzy zamé&fené na zhodnoceni vztahl
mezi riistowymi parametry cbnovy, diverzitou, Skodami zvEfi a stromowym patrem budou provedeny v pro-
gramech CANOCO a Statistika.

Harmonogram reseni

|. Etapa (2020) — zpracovani metodiky, vwbér wzkumnych ploch, sumarizace podkladowych databazi
II. Etapa (2021) — zpracovani literdrni reierie, zaloZeni novych zkusnwch ploch, shérdat v terénu

IIl. Etapa (2022) — publikani dinnost referéniho Elanku, zpracovani dét, shér dat v terénu

IV. Etapa (2023) — statisticke analyzy, komplementace prace, publikaéni finnost vEdeckych Elanki

V. Etapa (2024) — obhajoba dizertadni prace
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Abstrakt

Buk lesni (Fagus sylvatica L.) tvofi kliCovou dfevinu lest stfedni Evropy a je, jako
ostatni druhy, ovliviiovan probihajici klimatickou zménou. Hlavnim cilem disertacni
prace bylo zjisténi dynamiky a managmentu bukovych porostl v KruSnohorské a
KrkonoSsko-jesenické subprovincii. Zajmové horské a podhorské Ilokality byly
porovnany se stfednimi a nizSimi lokalitami, v€etné zahranicCi. Pro toto zjiStovani byly
vyuzity nové, ale i dlouhodobé sledované trvalé vyzkumné plochy. Hlavnimi cili prace
bylo zjisténi abiotickych a biotickych podminek prostfedi v zajmovych lokalitach,
zhodnoceni kvantity a kvality pfirozené obnovy, zhodnoceni struktury materskych
porostu, produkéniho potencialu, radialniho rustu, sekvestrace uhliku a zjisténi vlivu

zvéfe na pfirozenou obnovu, a to vSe v kontextu probihajici klimatické zmény.

Pfirozena obnova byla vyhodnocena jako dostatec¢na, avSak 78 % jedinci bylo
poskozeno okusem. Zvéf signifikantné redukovala vysku obnovy az o 40 %, pficemz
nejvétsi Skody byly zplisobeny terminalnim okusem. Skody zvéfi také negativné
ovliviiovaly kvalitu a pocetnost pfirozené obnovy. Hustota pfirozené obnovy se
pohybovala v rozmezi 23 300-133 100 ks.ha™'. Pro péstovani buku byly vyhodnoceny
jako nejoptimalnéjsi pfirodé blizké metody hospodareni. Pfi nedostatku srazek a
dlouhotrvajicich obdobich sucha ma buk snizenou vitalitu, produkci a schopnost
konkurovat ostatnim dfevinam. S ohledem na vyvoj klimatické zmény Ize pfepokladat
posun lesnich vegetaCnich stupnd, to naznaduje pfiznivy vyvoj buku ve vysSich
partiich, kde limitujicim faktorem je pfedevsim teplota, zatimco v nizSich polohach je
hlavnim limitujicim faktorem nedostatek srazek. Vliv ristu buku lesniho byl vyrazné
ovlivnén teplotou, a to zejména v mésici Cervenci. Vysledky také ukazaly, Ze
maximalni denni transpirace buku se pohybovala mezi 90-120 I. Zasoba zkoumanych
matefskych bukovych porostli se pohybovala od 88 do 822 m3.ha' a sekvestrace
uhliku 37-361 t.ha™".

Z vysledk( prace vyplyva i doporuéeni pro provozni praxi. Usp&8na pfirozena obnova
bukovych porostl vyzaduje komplexni management, ktery zahrnuje regulaci stavl
sparkaté zvére na uroven odpovidajici uzivnosti prostfedi, vyuziti a aplikaci efektivnich
ochrannych opatfeni, podporu pfirozené obnovy pod matefskym porostem a péstovani
smiSenych, strukturné a vékové diferencovanych porost, pomoci pfirodé blizkych
zpusobu hospodareni. Lze doporucit pfestavby na mozaikové porosty, s cilem vytvofrit

pestrou vékovou a prostorovou strukturu, ktera vede k odolnym a adaptabilnim lesnim
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ekosystémum. Vhodny kontinualni monitoring a citlivé zdsahy do lesnich porostu

mohou zajistit flexibilni pFizplsobovani lesnich porosti novym nepfedvidatelnym
zménam klimatu.

Klicova slova: pfirozena obnova, struktura, vyvoj, management, klimaticka zména



Abstract

The European beech (Fagus sylvatica L.) is a key tree species in Central European
forests and, like other species, is affected by ongoing climate change. The main
objective of the dissertation was to determine the dynamics and management of beech
stands in the Krusnohorska and Krkonose-Jesenice subprovinces. The mountain and
submontane sites of interest were compared with mid-altitude and lower-altitude sites,
including those abroad. New permanent research plots as well as those monitored over
the long term were used for this investigation. The main objectives of the work were to
determine the abiotic and biotic conditions of the environment in the locations of
interest, to evaluate the quantity and quality of natural regeneration, to evaluate the
structure of parent stands, production potential, radial growth, carbon sequestration,
and to determine the impact of wildlife on natural regeneration, all in the context of

ongoing climate change.

Natural regeneration was assessed as sufficient, but 78 % of individuals were
damaged by browsing. Game significantly reduced the height of regeneration by up to
40 %, with the greatest damage caused by terminal browsing. Damage caused by
game also negatively affected the quality and abundance of natural regeneration. The
density of natural regeneration ranged from 23,300 to 133,100 trees per hectare. Near-
natural management methods were assessed as the most optimal for beech
cultivation. In the absence of rainfall and during prolonged periods of drought, beech
has reduced vitality, production, and ability to compete with other tree species. In view
of climate change, a shift in forest vegetation zones can be expected, suggesting
favorable development of beech in higher areas, where temperature is the main limiting
factor, while in lower areas, the main limiting factor is lack of precipitation. The growth
of European beech was significantly influenced by temperature, especially in July. The
results also showed that the maximum daily transpiration of beech ranged between 90
and 120 |. The stock of the studied beech stands ranged from 88 to 822 m3.ha™' and

carbon sequestration from 37 to 361 t.ha™".

The results of the study also provide recommendations for operational practice.
Successful natural regeneration of beech stands requires comprehensive
management, which includes regulating the population of ungulates to a level

corresponding to the carrying capacity of the environment, using and applying effective
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protective measures, supporting natural regeneration under the parent stand, and
cultivating mixed, structurally and age-differentiated stands using nature-friendly
management methods. Conversion to mosaic stands can be recommended with the
aim of creating a diverse age and spatial structure that leads to resilient and adaptable
forest ecosystems. Appropriate continuous monitoring and sensitive interventions in
forest stands can ensure flexible adaptation of forest stands to new and unpredictable

climate change.

Keywords: natural regeneration, structure, development, management, climate

change
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1 Uvod

Buk lesni (Fagus sylvatica L.) je dominantni klimaxovou dfevinou stfedoevropskych
lesu, ktera zasadné ovliviiuje ekologickou stabilitu, biodiverzitu a produkéni potencial
lesnich ekosystému (Ellenberg, 1996; Bolte et al., 2007; Packham et al., 2012). V
soucasnosti je jeho postaveni vyznamné ovlivhovano probihajici klimatickou zménou,
ktera se projevuje zejména zvySenim teplot, CastéjSimi periodami sucha a zménami v
distribuci srazek (IPCC, 2007; Lindner et al., 2010; Kolstrom et al., 2011). Tyto faktory
zasadné ovliviuji rastové podminky buku, jeho vitalitu, regenerani schopnost a
konkurenceschopnost vicéi ostatnim dfevinam, pfiéemz v nizSich a susSich polohach
Ize pozorovat pokles jeho vyskytu, zatimco ve vysSich a vihCich lokalitach maze jeho
vyskyt narustat (Dittmar et al., 2003; Leuschner et al., 2006; Aertsen et al., 2014a).
Adaptace buku na ménici se klimatické podminky vyzaduje detailni poznani jeho
ekologickych naroku, rastovych reakci a fenologie (Leuschner et al., 2006; Gessler et
al., 2007), stejné jako aplikaci pfirodé blizkych managementovych strategii
podporujicich strukturalni diverzitu, genetickou variabilitu a dlouhodobou stabilitu
porostl (Brang et al., 2014; BoSel’a et al., 2016a). Studium dynamiky rastu, obnovy a
vyvoje bukovych porosti v kontextu klimatickych zmén je proto klicové pro tvorbu
efektivnich adaptaénich opatfeni, ktera zajisti zachovani ekologickych i produkcénich

funkci buku ve stfedoevropské krajiné (Bolte et al., 2010).

Tvorba disturbanci ve vyvoji lesa ur€uje strukturu pfirodé blizkych a pfirodnich lesu.
Vznik a uchyceni pfirozené obnovy je dano mnoha faktory. Plynula obnova je zavisla
na pfiznivé konstelaci rozhodujicich stanovistnich podminek (Jar€uska, 2009; Barna,
2011). Buk lesni je dominantni dfevina ve 4. lesnim vegetacnim stupni (LVS), ale také
je hojna i v5. a 6. LVS. Ma schopnost snaset silné zastinéni, a to mu spolu s jedli
bélokorou dava predpoklady, aby se pfirozené obnovoval v rozvolnénych starych
porostech (Vacek et al., 2014b). V sounaleZitosti s naslednou moznou zménou klimatu
je snaha tvorit strukturované bohaté a pestré lesy, napfiklad prestavbou €i preménou
(Slanar et al., 2017; Vacek et al., 2019c¢). Cilem by mél byt les trvale tvofivy s minimalni

vkladem lidské energie (Troup, 1927).

Kromé imisi a antropogennich vlivi ovliviiuje pfirozenou obnovu zejména pUsobeni
tlaku zvéfe. Skody zplisobené zvé&fi na lese jako naptiklad okus, loupani &i ohryz maji

vliv jak na rust, tak i na celkovou vitalitu jedinct (Vacek et al., 2014b; Vacek, 20173a;
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Cukor et al., 2019a). Pro zvér je les pfirozenym utoCistém, odkud Cerpa zdroj obZivy
pro svoji existenci. Snaha o vyfeSeni §kod, nejen sparkaté zvére se lesnici a myslivci
snazi jiz od poloviny 19. stoleti. Vysledky feSeni byvaji spiSe indiferentni a stale nejsou

znamy skutecné pficiny vzniku téchto skod (Cislerova, 2001).
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2 Cile prace

Hlavnim cilem disertaCni prace je zhodnoceni dynamiky a managmentu bukovych
porostl v Krusnohorské a Krkonossko-jesenické subprovincii. Dil€imi cili prace jsou

tedy:

e Zhodnotit abiotické a biotické podminek prostfedni na trvalych vyzkumnych
plochach v Krusnohorské a KrkonoSsko-jesenické subprovincii a porovnat je s
plochami ve stfednich a nizSich polohach.

e Vyhodnoceni kvantity a kvality pfirozené obnovy vybranych porostd s
dominantnim zastoupenim buku lesniho.

e Zjistit a zhodnotit mnozstvi poskozeni pfirozené obnovy zvéfi a nasledné
navrhnout myslivecka doporuceni.

e Zhodnotit dendrometrické vlastnosti materfského porostu, v€etné produkéniho
potencialu, struktury, sekvestrace uhliku a diverzity.

e Zhodnotit vyvoj a rast buku lesniho a buku vychodniho s ohledem na jejich
gradient rustu a klimatické podminky.

e Vyhodnotit vliv klimatické zmény, zejména mnozstvi srazek, teploty a
extrémnich udalosti, na vyvoj a prosperitu buku ve stfednich a vy$Sich
lokalitach.

e S ohledem na hospodareni a stav lesnich porostl, zhodnotit a doporudit pfirodé
blizké postupy péstovani lesa v zavislosti na stanoviStnich a porostnich

pomérech s ohledem na probihajici globalni zménu klimatu.
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3 Rozbor problematiky

3.1 Ekologické naroky zajmovych dfevin
3.1.1 Buk lesni (Fagus sylvatica L.)
RozSifeni a biografie

Buk lesni je dfevina oceanického a suboceanické klimatu. Pfirozeny areal buku
zahrnuje témér celou zapadni, stfedni a jizni Evropu, pfiemz zapadni hranici tvori
pobfezi Atlantského oceanu (Velka Britanie, severni Francie), severni hranici jizni
Skandinavie (jizni Svédsko, Dansko), vychodni hranici pak tvofi zapadni Ukrajina a
Moldavsko, zatimco na jihu zasahuje az do severniho Spanélska, Italie (Apeniny), na
Balkan a do Recka, kde v8ak jeho vyskyt limituje sucho a vysoké letni teploty. V ramci
stfedni Evropy je buk dominantni dfevinou pfirozenych lest v Némecku, Svycarsku,
Rakousku, Ceské republice, Slovensku, Polsku a Madarsku, kde tvofi prevazné
souvislé porosty v pahorkatinach, podhorskych a horskych oblastech. V Alpach a
Karpatech vystupuje buk az do nadmofrskych vySek kolem 1500 m, v Pyrenejich i vySe,
zatimco v nizinach je jeho rozSifeni omezeno suchem a konkurenci jinych dfevin. V
jizni Evropé, napfiklad v Italii, na Balkan& a v Recku, se buk vyskytuje zejména v
chladnégjsich a vih¢ich horskych oblastech, kde tvofi buciny ¢asto ve smési s jedli a
dalSimi listnaci. Vychodni hranice rozSifeni je limitovana zejména kontinentalnim
klimatem, niz§imi srazkami a vétSimi teplotnimi extrémy, coz omezuje jeho expanzi do
vychodni Evropy. V severni Evropé je jeho vyskyt omezen kratkou vegetacni sezénou
a nizkymi teplotami, proto zde tvofi pouze ostrivkovité porosty v jiznim Svédsku a
Dansku (Denk, Grimm, 2009).
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Obr. 1. Areal rozsifeni buku lesniho (zelené — buk lesni, rizové — buk vychodni,

trojuhelnik a kfizek — introdukovany a pfirozeny vyskyt; Caudullo et al. 2017).

Je nachylny na sucho a k pozdnim mrazim (Ningre, Colin, 2007). Vyhledava Cerstvé
a mineralné bohaté plidy s vétSim mnozstvim humusu (Musil, Mdllerova, 2005),
vyhyba se v3ak vlhkym a podmacenym pidam. Je to zna¢né stinna dfevina, ktera
trvale snasi zastin (Ellenberg et al.,, 1992). Bukové lesy rozkladajici se prevazné
Evropy (Von Oheimb et al., 2005; Kucbel et al., 2012; Vacek, Hejcman, 2012).
Produkéni optimum ma buk ve 4. lesni vegetacni stupni (LVS), ktery nese i jeho nazev
— bukovy. Kromé stanovist ovlivnénych vodou se buk lesni v nasich podminkach
vyskytuje v podstaté na vSech ekotopech. V jedlobukovém (5.) LVS ma mirnou
pfevahu nad jedli bélokorou (Abies alba Mill.) a hojny je také ve stupni smrkobukovém
(6.), zde ma na chudsich stanovistich sniZzenou vitalitu (Uradnicek et al., 2009). Na
ostatnich lokalitach se rlstem velmi pfiblizuje smrku ztepilému a vzdy zasahuje do
hlavni arovné. V 7. LVS buk sniZuje své zastoupeni na 10 az 20 % a jiz se vyskytuje
vyluéné v podurovni smrku (Poleno et al., 2009). Ojedinélé fragmenty bukovych
porostl se daji nalézt také na jiznich svazich i nad horni hranici lesa (Vacek, Hejcman,
2012).

Obnova, struktura, spoleCenstva a péstovani
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Pfirozena obnova buku ma vyznamnou ulohu, a to zejména z ekologickych a
ekonomickych duvodl (GeRler et al., 2007). Buk je dominantni dfevinou celého spektra
stanovist, fadi se mezi tzv. klimaxové dfeviny (Slezak et al., 2016). Jeho zastoupeni
v Ceské republice se v minulosti velmi sniZilo. Pfirozené zastoupeni buku lesniho je
40,2 %, souCasnosti je zastoupen 10,8 % a v doporuceni skladbé jeho zastoupeni
¢inni 22,5 % (MZe, 2023). Svou stinomilnosti dava buk pfedpoklady pro spontanni
pfirozenou obnovu ve starych porostech se snizenym zakmenénim (Barna, Bosela,
2015). Na plochach bez ochrany matefského porostu €asto trpi pozdnimi mrazy a
bujnym ruastem bufené. Cilem péstebni péCe je vysoka jakost bukového dfeva
(Bieniasz, Tulik, 2020). Vhodnym pfedpokladem je vysoka hustota a kvalita mlazin na
vhodnych lokalitach. Schopnost buku se pfirozené obnovovat se snizuje vlivem imisi
(Vacek, Jurasek, 1986). Na kyselych pudach je snaha tuto Spatnou bilanci zlepSit
vapnénim pld (Podrazsky et al., 2003). Hlavnim problémem péstovani buku je jeho
vysoka nepravidelnost fruktifikace (Mares, Vacek, 1985). Fruktifikace z pohledu, jak
kvality, tak kvantity je také ovlivnéna imisemi (Vacek et al., 1983). Ke zlepSeni a
expanzivnimu postupu bukového zmlazeni dochazi az v poslednich letech (Van Gils
et al., 2008; Vacek et al., 2009; Sebkova et al., 2011).

Buk lesni tvofi hlavni dfevinu spoleCenstev kvétnatych bucin podsvazu Eu-Fagenion,
vapnomilnych bucin podsvazu Cephalanthero-Fagenion a javorovych bucin podsvazu
Acerenion a kyselych bucin svazu Luzulo-Fagion. Buk se dale vyskytuje vtrousené v
dubohabrovych porostech svazu Carpimon a v montannich fytocen6zach svazu

Piceion excelsae (Bucek, Lacina, 1999).
Fenologie

Rozdily u buku mezi kvetenim a semenénim jsou bézné. PfiCina se nachazi v pozdni
mrazech, letni suchach, chladném a vihkém letni poc¢asi apod. (Mund at. al., 2010;
Lebourgeois et. al., 2019). Interval fruktifikace buku je v poslednich letech témér kazdé
dva roky (Paar et. al., 2011). Je faktem, Ze se jedna ale spiSe o slabsi fruktifikaci, jak
tomu doklada i vyskyt semenackld. Semenné roky jako bohaté je mozno oznacit pouze
ty roky, kde se vyskytovalo vice nez 250 bukvic na m2. Tento interval je cca jednou za
8 let (Vacek et al., 2009). V poslednim desetileti se interval semennych let v Evropé

vyrazné zkracuje (Foest et al., 2024).
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Obr. 2. llustrace buku lesniho dle Jifiho Mladka (Vojenské lesy a statky CR, s.p., 2021).

Pro preziti bukvic je nejkriti¢téjSi faze prvnich par tydna po vykli¢eni. V poslednich
letech se jevi jako jeden z nejvyraznéjSich omezujicich faktorl pfirozené obnovy
divoka prasata a sparkata zvéf (Vacek et al., 2014a; Ambroz et al., 2015). vétsi Cast
bukvic nedokaze vibec vykliCit, jelikoz je zkonzumovana béhem podzimu a zimy.
Bukvice jsou nadale ohrozeny plisnémi (Phytophthora cactoruma atd.) a dalSimi
houbovymi chorobami (Rhizoctonia solani) atd. (Prochazkova 2009). Bukvice se také
stavaji potravu i pro holubi (Columma palumnus), pénkavy (Fringila coelebs) ale i pro
mysSice (Apodemus flavicolis) a norniky (Clethrionomys glareolus) (Vacek et al., 2009).

Ke ztratam bukvic také pfispiva fada abiotickych faktori jako je napf. mraz a jarni
pfisusek (Axer et al., 2021). Bukvice zasychaji také z pfiCiny zabufenélé a zaplevelené
pudy, kdy se nedostavaji do optimalni pozice kli€niho luzka pudy, kde by mohli vzklicit.
Jak uvadi Burschel et al. (1964) pfi pfiznivych okolnosti Ize pocitat vzeti semenack

s menSi pravdépodobnosti nez 50 %.
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Podrostni  hospodaisky zplUsob spolu s raznymi alternativami  vybé&rného
hospodarského zplusobu ma nejlepsi pfedpoklady pro vznik pfirozeného obnovy buku.
(Borz et. al., 2015). Porostni smési tvofené dalSimi dfevinami spolu s bukem jsou
uvedeny v dalSich kapitolach. Pro vznik pfirozeného zmlazeni je rozhoduji, mimo jiné,
pfitomnost svételného pozitku pro semenacky (Orman et. al., 2021). Ze vSech
ostatnich péstebnich opatfeni ma pravé svétlo nejvyraznéjsi efekt (boj s bufeni,
oplocovani naletd, hnojeni). Dlouhodobé neuvolfovani narostl na prudkych svazich
ma za nasledek nevhodny vyvoj porostl (fototropismus, kfivy kminek, 3patné
odrustani) — (Thurm, Pretzsch, 2021).

Buk vychodni (Fagus orientalis)

Je vyznamnym druhem listnatého stromu, ktery se pfirozené vyskytuje zejména v
jihovychodni Evropé a jihozapadni Asii. VyznaCuje se silnym vzristem, dorlsta vysky
az 35 metrd a doziva se nékolika set let. (Pastorelli et. al., 2003). Jeho listy jsou vétsi
a tuzsi nez u buku lesniho, pfiCemz nejsirSi cast Cepele se nachazi nad polovinou délky
listu. Kdra starSich jedinct buku vychodniho byva napadné brazdita, coz je jeden z
rozliSovacich znaku oproti buku lesnimu, jehoz kdra zUstava hladka a stfibroSeda i ve
vy$8im véku (Mellert, Seho, 2022). Ekologicky je buk vychodni adaptovan na teplejsi
a susSi stanovisté, kdezto buk lesni preferuje prostredi s vySsi vihkosti a mirnéjSim
klimatem. DalSim rozdilem je morfologie plodl — ¢iSka buku vychodniho ma zplostélé
az lupenité ostny, zatimco u buku lesniho jsou ostny jemnéjSi a mékci. V oblastech
pfekryvu areall obou druhl dochazi ke vzniku pfirozenych hybridd, coz ma vyznamné

dopady na genetickou diverzitu a adaptabilitu t&chto dfevin (Sefidi et. al., 2011).
3.1.2 Borovice lesni (Pinus sylvestris L.)

Borovice lesni ma velmi Siroky areal vyskytu, rozklada se od Asie az po Evropu. Jeji
pfirozeny vyskyt je zaznamenan od horskych lest rozmanitych fyziografickych oblasti
az po oblasti stepd (Reich, Oleksyn, 2008). VV Ceské republice je jeji pfirozené rozsifeni
v mezofytiku. Ojedinéle az roztrouSené je zastoupena v termofytiku, stejnak jako v
horskych polohach (Poleno et al., 2009). V Evropé je jeji vyskyt znam od tfetihor. V
poslednich desetiletich se méni jeji vyskyt v dusledku globalnich klimatickych zmén
(Kellomaki, Kolstrom, 2003). Borovice lesni ma vysoky stupen plasti¢nosti a je schopna

prosperovat za ruznych klimatickych podminek. Toleruje chladné oblasti Sibife
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obdobné& jako stfedomofrské podnebi jizniho Spanélska (Pardos et al., 2007). Borovice
lesni pokryva vice nez 20 % plochy evropskych lesu, jak z ekologického, tak
ekonomického pohledu se jedna o velmi vyznamnou dfevinu. (Durrant et al., 2016).
Nachazi se v cca 64 typech pfirodnich stanovist' v ramci soustavy Natura 2000, jednim
z téchto pfirodnich stanovist’ jsou praveé reliktni bory (Vacek et al., 2000). Pfirozené
zastoupeni borovice lesni je 3,4 %, sou€asnosti je zastoupena 15,0 % a v doporucené
skladbé jeji zastoupeni ¢inni 13,2 % (MZe, 2023).

Borovice lesni je zafazovana mezi tzv. pionyrské dreviny, zejména pro svoji Sirokou
ekologickou amplitudu. Limitujicim faktorem je dostupnost svételné zarfeni, oproti
teploté, mnozstvi Zivin Ci vody (Thomasius, Schmidt, 1996; Richardson, 1998; Erefur et
al., 2008; Poleno et al., 2009; Gaudio et al., 2011). Jedna se o dfevinu svétlomilnou a
jen velmi omezené tolerujici zastinéni. Prospésnost zastinéni Ize pfipsat ke
zmensenému vyparu. Vétsi podil zastinéni v ranych fazich ristu borovice pfispiva ke
snizeni ristu a vysSi mortalité (Kobe, Coates 1997). KliCeni tedy probiha nejlépe za
plného nebo alespon Castecného oslunéni nez v zastinu. Rust borovice je v mladi

pomérné rychly (Poleno et al., 2009).

Borovice ma svou pfirozenou dominanci na exponovanych, kyselych, oglejenych a
chudych podmacenych stanovistich, tedy na mistech, kde vétSina domacich dfevin ma
omezeny rust a pfezivani. Tyto plochy jsou oznaCovany jako azonalni stanovisté (Kacalek
et al., 2017; Vacek et al., 2018). Tvofi mohutny kofenovy systém je, hlavni kofen je
kilovy s Castymi bo¢nimi kofeny. Borovici zafazujeme mezi melioracni a zpevnuji
dfeviny pravé kvuli jejimu kofenovému systému (Yeste et al., 2021). Mize dorUstat
vySky az 40 m. Borka je silna a rozpukana, v horni Casti se dochazi k jejimu
odlupovani. Dfevo ma meékké a s jadrem (MiklaséviCs, 2021). NejkvalitnéjSi porosty
velmi dobré vysky, s jehlancovitou nebo valcovitou korunou se vytvafeji na
hlinitopisCitych az pisCitych, hlubokych, kyprych, vodou pfiméfené zasobenych
pudach, hrubs$i skladby. Na téchto stanovistich se vytvari kvalitni kdlovy kofen s
pomérné bohatym vétvenim. Naproti tomu se na velmi chudych, jilnatych, pfFilis
suchych pldach s hluboko poloZzenou hladinou spodni vody, tvofi jen kratSi kmen
s korunou destnikovitého tvaru (Musil, Hamernik, 2007; Mikeska et al., 2008). Borovice
s pyramidalni tvarem koruny se nachazeji pfevazné na raselinistich, typické je dlanité

usporadani kofen, které jsou bohaté vétveny (Poleno et al., 2009).
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Borovice je typické svymi ekotypy, resp. Fenotypovym projevem, dany zejména dle
LVS. Typy ekotypy Iépe odolavaiji abiotickym tlakiim prostfedi, kde se jednotlivé formy
dfeviny vyskytuji. Dle riznosti Na ruznosti ekotypu se odliSuje vychova a péstebni
postupy, které jsou pro dievinu idealni (Mikeska et al., 2008). RozliSujeme nizinny,
chlumni, nahorni a horsky ekotyp (Hladilin, 1997; Kanak, 1999).

Z biotickych Cinitelu pUsobici negativné na borovici lesni mizeme zaradit sypavky,
které napadaji asimilacni organy. Jedna se predevSim o tfi druhy sypavek, sypavka
borova (Lophodermium pinastri (Schrad.) Chev.), sypavka borovicova (Lophodermium
seditiosum (Minter, Staley et Millar)) a mramorova sypavka (Cyclaneusma minus
(Butin) DiCosmo) (Peskova, Soukup, 2001; Soukup, PeSkova 2010; Peskova et al.,
2016). Mezi hlavni Skudce borovice v podobé podkorniho hmyzu Ize zaradit lykoZrouta
vrcholkového (Ips acuminatus (Gyll.)), dale pak lykohuba sosnového (Tomicus
piniperda (L.)), krasce borového (Phaenops cyanea (F.)) (PeSkova et al., 2016; Véle,
Liska, 2019) Mladé semenacky pak okusem kminku napada i kalamitni Sktdce klikoroh

borovy (Hylobius abietis (Linnaeus)) (Dimins et al., 2021).

Pfirozena obnova borovice velmi znesnadnuje zabufenéni plidy (Aleksandrowicz—
Trzcin’ska et al. (2017). PfedevSim pokud jde o pady zarostlé borlivkou a viesem, za
téchto podminek je aplikovana pfiprava pudy (Ackzell, 1993; Hyténen, 2019). Pro vznik
a ujmuti pfirozené obnovy je zakladni predpoklad vhodny matefsky porost, jeho v€asna
pfiprava k obnové a vhodna uprava pudniho prostfedi (Poleno et al., 2009). Pro
uchyceni pfirozené obnovy borovice, bez intenzivni pfipravy pldy, jsou vhodné i
porosty liSejniki a mechu, ale i kefiky brusnice boravky (Vaccinium myrtillus L.) (
Kuuluvainen, Pukkala, 1989; Scott et al., 2000; Wardle et al., 2003; Vacek et al., 2016).
Mechy a liSejniky spolu s fidkou travni a bylinna vegetaci na chudych pudach netvofri
prekazku pro kliCeni semen. Mechy zajistuji spiSe jako ochranu pfed vysychanim pudy
(Sindelaf, 2004).

Borovice lesni s bukem predstavuji dfeviny s rozdilnymi ekologickymi naroky, jejichz
kombinace ve smiSenych porostech ma v podminkach stfedni Evropy specificky
vyznam. Borovice je povazovana za dfevinu dobfe snasejici nepfiznivé stanovistni
podminky, jako je sucho ¢i chudé pudy, a jeji fyziologické vlastnosti ji umozniuji
efektivni hospodareni s vodou (Pretzsch et al., 2015). Buk naopak preferuje urodnégjsi
a vih¢i stanovisté a je vyrazné stinomilngjSi (Pretzsch et al., 2012). Vytvareni
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smiSenych porostl téchto dvou druhi muze vést ke zvySeni produkce dfeva a
pfiznivéjSi porostni struktufe ve srovnani s borovymi monokulturami, aniz by byla
ohrozena stabilita porostu (Pretzsch et al., 2015; Forrester et al., 2018). Vysledky studii
vSak ukazuji, Ze efekt smiSeni na produkci a odolnost se liSi podle konkrétnich
stanovisStnich podminek, socialniho postaveni dfevin a jejich vzajemného poméru
(Bielak et al., 2014). U smési borovice a buku byl napfiklad zaznamenan efekt zvyseni
produkce na lokalitach s kontinentalnim klimatem, zatimco v susSich podminkach
borovice na rozdil od buku zvySeni produkce vlivem mezidruhové konkurence
nevykazovala (Pretzsch et al., 2015; de Streel et al., 2022). Zaroven bylo prokazano,
Ze smiseni zvysSuje odolnost borovych porosti vici suchu a podporuje biodiverzitu
(Pretzsch et al., 2012; Forrester et al.,, 2018). Komplementarni vyuzivani svétla a
pudnich zdroji obéma druhy pfispiva k vyssi ekologické stabilité a efektivnéjSimu
vyuziti stanovisté, pficemz optimalni vysledky jsou dosazeny pfi vhodném prostorovém

uspofadani a poméru druhu v porostu (Pretzsch et al., 2016; Forrester et al., 2018).
3.1.3 Bfiza bélokora (Betula pendula Roth.)

Rozsifeni bfizy bélokoré je Siroké a rozklada se po celé severni zemékouli kromé
tropického a subtropického pasma (KFiz, 2003). Charakteristickym znakem bfizy je
bélava az Zlutavé zabarvena borka (Atkinson, 1992). Plodem je jednosemenna kfidlata
nazka. Bfiza bélokora ma kazdorocné milionovou produkci semen. Martinik (2012)
udava az 13 milioni semen rocné z dospélého jedince pfi primérné kliCivosti cca
35 %. Prirozené zastoupeni bfizy je 0,8 %, souCasnosti je zastoupena 4,3 % a

v doporucené skladbé jeji zastoupeni ¢inni 1,3 % (MZe, 2023).

Bfiza bélokora je v naSich podminkach lesnické praxe vyuzivana zejména jako
meliora¢ni a zpevnujici dfevina. Svym pionyrskych zpusobem Zivota plni pfedevSim
pudochranou a stabiliza¢ni funkci. Bfiza tvofi tzv. porosty nahradnich dfevin, které
pfipravuji lesni prostfedi na klimaxové druhy dfevin, které prvotni, pionyrské dreviny
nasledné vytlagi (Slodi¢ak, Novak, 2008; Kula, 2011). Bfizu fadime mezi svétlomilné
druhy dfevin rostouci na vSech typech pud, i antropogennich s vyjimkou periodicky
zaplavovanych lokalit. Jsou velmi nenaro€né na klimatické podminky v¢etné silnych
mrazt (Uradnigek et al., 2001; Martinik, 2012). Bfiza ozivuje pldni prostredi
intenzivnim prokofenovanim, pfiznivym listovym opadem a také pozitivné ovliviiuje

pudni mikrofléru, a to zejména na lokalitdch silné imisné zatizenych a na
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rekultivovanych plochach (Zakopal, 1958; Lettl, Hysek, 1994; Podrazsky et al., 2005;
Kula, 2011).

Z hospodarského hlediska je bfiza vnimana jako znak extenzivity, kromé lokalit
chudych nebo podmaéenych (Uradniéek et al., 2001). Virousena nebo jakkoli
pfimiSena byla bfiza z porostl odstrafovana. Tento postoj se zménil zejména
v horskych polohach, kde doSlo v minulé stoleti k vyraznym ekologickym zménam
(Poleno et al., 2009). Na imisné silné zasazenych polohach bylo mozné péstovat
pouze ty dfeviny, které dokazou odolat imisim, extrémnim bioklimatickym vykyvim a
pudnim pomérdm, se silnym imisnim u€inkem (Kula, 2001). Do velmi silného imisniho
pasma byla bfiza uméle dosazovana jak v KrusSnych horach (Kula, 1998), tak i
v KrkonoSich. Tyto porosty nahradnich drfevin ozivuji, resp. pfipravuji porostni
stanovisté pro porosty hospodaisky hodnotnéjsi. Jejich vySe vytéZe je omezena a
nejedna se o jeji primarni funkci. Primarni funkci porostl nahradnich drevin je v prvni
fadé plnéni zlepSeni a udrzeni ekologickych funkci lesa (Uri et al., 2007; Kuznetsova
et al., 2010). Z péstebniho a ekologického hlediska rozliSujeme kromé bfizy bélokoré
bfizu karpatskou (Betula carpatica W. et K.) a bfizu pyfitou (Betula pubescens Ehrh.)
(Vacek et al., 2009). Kosut (1982) zhodnotil bfizu pro lesni hospodarstvi z pohledu
biologického, péstebniho i z pohledu vyuZiti dfeva nasledovné: Pfiméreny produkéni
potencial tvofi pouze bfezové porosty s dobrymi geneticky predispozicemi na
vhodnych lokalitach. Na imisnich stanoviStnich plni bfiza zejména dulezitou

mimoprodukéni funkci.

Bfiza bélokora diky své svétlomilnosti (Tiebel, 2018) a fidkému zapoji vytvaFi v
pocate€nich fazich vyvoje porostu pfiznivé mikroklima, které podporuje pfirozené
zmlazeni stinomilnéjSich dfevin, zejména buku (Martinik et al., 2024). Stinomilnost
buku (Packham et al., 2012) umoznuje dlouhodobé pfezivat v podrostu bfizy, kde
muUze vyuzivat pfiznivych podminek pro rust ve stinu. V prabéhu sukcese pak buk
postupné prevysuje bfizu a pfebira dominantni postaveni v porostu, coz odpovida
pfirozené sukcesni dynamice temperatnich lesti (Oikonomakis, Ganatsas, 2020).
Tento proces je vyznamny z hlediska dlouhodobé stability a produkéni hodnoty
porostu. Bfiza svym rychlym ristem a opadem listi obohacuje povrchovou vrstvu pudy
o organickou hmotu (Vesterdal et al., 2008), zlepSuje pudni strukturu a podporuje
mikrobialni aktivitu. Bfiza slouzi jako doCasna pfimés, ktera pfipravuje podminky pro
nasledné uplatnéni klimaxovych druhd dievin (Tiebel, 2018).
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3.1.4 Dub zimni (Quercus petraea (Matt.) Liebl.)

Stanovistni optimum dub zimni je ve 2. LVS, prosperuje vSak i ve 4. LVS (Musil,
Moéllerova, 2005). Pfirozena reprodukce dubu je ovlivnhéna tuhymi zimy. PoSkozené
Zaludy silnymi mrazy jsou nasledné napadany hlizenkou Zaludovou (Ciboria
batschiana) (Schroder, Kehr, 2004). Silné Skody zpUsobuje na reprodukci dubl ¢erna
zvé&F. Zaludy jsou také likvidované i mysicemi (Apodemus sylvaticus, A. flavicollis) a
norniky (Clethrionomys glareolus) (Vacek et al., 2009). Dub je slunomilna dfevina,
ktera vyZzaduje pro svUj vyvoj a rust vyrazné vice svétla nez napfiklad buk lesni (Van
Couwenberghe et al., 2013). Pfirozené zastoupeni dubu je 19,4 %, soucCasnosti je
zastoupen 8,1 % a v doporucené skladbé jeho zastoupeni ¢inni 12,8 % (MZe, 2023).
Pfirozena obnova dubu se vyskytuje az po vyrazném prosvétleni matefského porostu,
spolu se zvySenou hustotou bylinné a travinné vegetace (Kanjevac et al., 2021).
Konkurenéni vyhodou dubu je jeho kllovy kofenovy systém, ktery rychle dosahuje
hlubSich vrstev pudy s vysSi vihkosti a dava mu tak vyhodu pfed bylinnou, a ¢aste¢né
i dfevinnou konkurenci (Drexhage, 1999). Tvorba kmenovych vymladka (vlku), je
charakteristicka u starych jedincl, a to zejména na kmenech stromi po silngjSim
prosvétleni. Tyto proventativni vyhony snizuji kvalitu dubového dfeva (Florence et al.,
2004). Toto znehodnoceni vznikajici osvétlenim bazalnich ¢asti kmend, Ize omezit
nebo mu predejit spravnymi péstebnimi postupy, napf. vyuzitim systému francouzské
probirky (na porostni plo$e zustanou malé pocty vysoce kvalitnich stromU se Sirokymi
korunami) (Kupka, 2008). Mezi dalSi prvky zabranéni tvorby vymladku je zamezeni
intenzivniho prosvétleni porostu. Stim je spojena kvalitni pée o dubové porosty
bé&hem celé jejich existence s ohledem na pravidelné rozmisténi stromd v podruzném
porostu (Vacek et al., 2009). Pfirozena obnova béznym zpusobem neni podminéna
zadnou pfipravou pady. Priprava pldy s vyuzitim tézké techniky aplikovana v luznich
oblastech je charakteristicka zapraveni zaludl pfimo do pudy, co ma za nasledek
vyrazné lepSi kliivost bukvic a s tim spojenou i lepSi ujimavost semenacka (Jarvis,
1964). Primarni roli pfi pfirozené obnové musi hrat dub s pfimési zejména stinnych
drevin, jejich funkce spociva v podpofe spravného rlastu a rovnosti kminkd (Stimm et
al., 2021). Tato pfimés v8ak musi byt vZdy v podurovni, jinak dub pfedroste a nasledné
zahubi. Mezi nejvhodnéjSi zpusob z uvedenych hledisek mizZeme zafadit zpUsob
obnovy skupinovity (Kohler et al., 2020). Pfi umélé obnoveé se aplikuje holose¢ny nebo
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nasecny zpUsob. Tento hospodarsky zpusob zajistuje dostatek svétla a také omezuje

nebezpeci napadeni padlim dubovym (Poleno et al., 2009).

Dub se vyznacuje odliSnymi ekologickymi naroky a rlstovymi strategiemi oproti buku,
coz se odrazi v jejich vzajemné interakci i v dynamice smiSenych porostl (Ligot et al.,
2013; Maleki et al., 2020). V porostnich smésich se uplathuje ekologicka
komplementarita. Dub vyuziva vysSi intenzitu svétla, lépe odolava klimatickym
extrémum a roste v nad urovni, zatimco buk efektivné vyuziva stinné mikrostanovisté
a pfispiva k dlouhodobé stabilité porostu (Pretzsch et al., 2012; Saha et al., 2013). Ve
smiSenych porostech dochazi ke kompetici, protoze buk diky své stinomilnosti a
morfologické plasticité Casto prerlstd dub a omezuje jeho vitalitu, zejména v
pozdéjSich fazich vyvoje porostu (Collet & Chenost, 2006; Ligot et al., 2013). Bez
cilenych péstebnich zasahu, prosvétlovani Ci probirek, ma buk tendenci stat se
dominantni slozkou porostu na ukor dubu, coz mlze vést ke snizeni podilu dubu v
dlouhodobém horizontu (Maleki et al., 2020). Smési buku a dubu jsou také povazovany
za perspektivni z hlediska adaptace na klimatickou zménu (Pretzsch et al., 2012;
Rotzer et al., 2017). Z péstebniho hlediska je proto nezbytné aktivné podporovat dub
v mladych porostech, zejména v ranych fazich vyvoje, a regulovat zastoupeni buku
tak, aby nedochazelo k jeho uplné dominanci a potlaceni dubu (Maleki et al., 2020).
Optimalni struktura a prostorové usporfadani téchto smési zavisi na konkrétnich
stanovistnich podminkach i na dlouhodobych cilech hospodafeni (Saha et al., 2013;
Forrester et al., 2018).

3.1.5 Jefab ptaci (Sorbus aucuparia L.)

Jerab ptaci spole¢né s bfizou bélokorou je zafazovan mezi pionyrské dfeviny, diky
svym biologickym vlastnostem (Raty et al., 2016). Je schopen osidlovat exponované
stanovisté, kde se jiné pionyrské dreviny nedokazou uchytit. Roste i ve vysokych
polohach, kde jiz bfize a osice pfili§ nedafi (Motta, 2003). Prosperuje jak na sutich, tak
i na ekotypech s vyraznou vrstvou surového humusu (Myczkowski, 1955). Jefab ma
vysokou adaptabilitu na klima, teplotni fluktuace i velmi mrazivé zimy snasi dobfe.
Odolava také suchu, a to jak na sutich, tak i na skalnatych svazich (Somora, 1958).
Pfirozeny vyskyt ma jefab ma v zakrslych (jefabovych) smrcinach, kde tvofi dfevinu
pfimiSenou nebo vtrousenou (Motta, 2003). Dle Koblizka et al. (2001) nevyhledava
hluboké raselinné pldy. Porosty jefabu se vyskytuji v nejvysSich lokalitach
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klimaxovych smrcin. Na téchto stanoviStich extrémnich horskych poloh, které byly
zasazeny imisnim dopadem, tvofi jefab ptaCi pfipravné porosty pro nasledné
melioraCnich a zpevriujicich dfevin v horskych polohach. Dfive se jefab primarné
vyuzival k ochrané pudniho horizontu a k tvorbé pfipravnych porosti — nahradni
dfevina téZzko zalesfiovanych ploch (Klika, 1947). Pro svoje vlastnosti byl pouZit na
rozsahlych plochach po kurovcovych ¢i vétrnych kalamitach, na svazich ohroZzenych
erozi, sesuvy nebo lavinami. Nasledné i na lokalitach kde napor snéhu ztézuje
zalesnovani. V souvislosti s rozSifovanim diaspor je na tom jefab obdobné jako bfiza
(Raspe et al., 2000). Jefab ptaci pro osidlovani novych ploch vyzaduje alespon
minimum humusu v padnim substratu (Svoboda, 1957); dokaze se také ujmout i v
trouchnivéjicim dievé. JelikoZ je jefab zafazovan mezi pionyrské dfeviny, nebyl az
primarné obhospodafovan jako u vétSina cilovych dfevin, avSak pohled na jeho
pfitomnost v porostu se casem meéni. V minulosti byl jefab vyfezavan z pfirozenych
naletl a nebyl o néj dlouhodobé ekonomicky zajem. S pfihlédnutim k toleranci jefabu
a jeho Siroké ekologické valenci, zejména vuCi imisné ekologickému stresu, lze
predikovat jeho narast v zastoupeni v porostni skladbé (Fanta, 1997). Jak uvadi Vacek
et al. (2009) je to pro jeho porostotvorné a melioracni vlastnosti na imisné silné

poskozenych stanovistich s vysokym ekologickym stresem.

Jefab ptai ma v porostnich smésich vyznamny vliv na strukturu, dynamiku a
ekologickou stabilitu (Burga, Buhrer, 2019). Jedna se o typickou pionyrskou a
svétlomilnou dfevinu, ktera se uplathuje zejména v ranych fazich sukcese (Zerbe,
2000) a Casto osidluje, obdobné jako bfiza, narusené ¢&i oteviené plochy, napfiklad po
disturbancich (Cervenka et al., 2020). Buk diky své toleranci k zastinéni dokaze v
podrostu jefabu dlouhodobé prezivat a postupné jej pfevySovat a vytlaCovat (Burga,
Bahrer, 2019). Ve smiSenych porostech jefab Casto zUstava v podurovni nebo na
okrajich porostu, kde pIni vyznamnou ekologickou roli — podporuje diverzitu (Mali¢ek
et al., 2019), poskytuje potravu a ukryt pro zivoCichy a pfispiva k obnové padni vrstvy
diky bohatému opadu listi a plodd (Burga, Bihrer, 2019). Jefab je vhodné vyuzivat
jako do€asnou pfimés, ktera pfipravuje podminky pro nasledné uplatnéni klimaxovych
drevin (Cizkova et al., 2019). Spravné navrzené porostni smési jefabu a buku tak
prfedstavuji strategii pro zvySeni ekologické stability, biodiverzity a dlouhodobé
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produkEni hodnoty lesa zejména na stanovistich ovlivnénych emisemi (Ujhazyova et
al., 2016).

3.1.6 Jasan ztepily (Fraxinus excelsior L.)

Jasan ztepily ma svuj areal rozSifeni v celé Evropé a rozklada se i do vyznamné Casti
Asie (Kerr, Cahalan 2004). V Severni Americe tvofi rod jasan vyznamnou cast
pfirodnich lest (Kashian, Witter 2011). Jasan je velmi plasticky druh dfeviny, je
schopen rast na stanovistich s velkym rozpéti rastovych podminek. V naSich
podminkach se vyskytuje od nizin az po horské oblasti, vyhledava téz svazité terény
(Stohr, Losch, 2004) Roste jak na chudych pudach na ziviny, tak i na velmi zivnych
pudach (Dufour, Plégay 2008). Jak uvadi Scherrer et al. (2011) jasan ztepily ma

vysokou toleranci k suchu a také je odolny oproti silnému mrazu.

Pfirozené zastoupeni jasanu je 0,6 %, v souCasnosti je zastoupen 1,5 % a
v doporucené skladbé jeho zastoupeni €inni 1,4 % (MZe, 2023). Jasan ztepily tvofi v
lesnich ekosystémech prevazné pfimiSenou slozku druhové skladby (Ellenberg, 2010).
Dominantné se prosazuje na stanovistich s dostateCnou zasobou vyménnych kationtu,
tj. na stanovistich obohacenych dusikem (Hofmiester et al., 2008). V niZnich horskych
a podhorskych oblastech je jasan zastoupen zpravidla ve smiSenych aluvialnich
porostech s olSi (Neuhauslova, Kana 1999; Matuszkiewicz, 2008). Vyraznégjsi
zastoupeni jasanu lze nalézt v aluvialni lesich mirného pasu, a to diky strukturalni
rozmanitosti a bohatosti rostlinného spoleenstva (Szymura et al., 2010). Vysoka
hustota se ve stejnovékych Cistych jaseninach se udrZzuje pomérné vzacné (Goff et al.,
2011).

Jasan ztepily v minulosti netrpél zadnym vyraznym biotickym Cinitelem (Barnes,
Wagner, 2003). V poslednich tfech desetiletich dochazi k jeho postupnému odumirani
v fadé oblasti Evropy (Bakys et al., 2009). Dle Dobrowské et al. (2011) je v sou€asnosti
ohroZzen mnoha hrozbami. Mezi aktualni hrozbu pro jasan mizeme zahrnout hmyziho
Skiadce Agrilus planipennis, ktery je pivodnim druhem ve vychodni Asii a mize zahubit
az 85 % zdravych jasanu v lesnich porostech v rozmezi 3-5 let (Poland, Mccullough,
2006). Tento hmyzi Skadce v Severni Americe zpUsobil thyn jiz miliont jedincl jasanu
(Slegert et al., 2007). Toto ohroZeni neni véak v CR jediny problém. Velice zavazné

onemocnéni zplUsobuje houba Hymenoscyphus fraxineus (amorfni forma: Chalara
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fraxinea T. Kowalski) (Bakys et al., 2009). Tato houba zpusobuje ploSné odumirani
jasanu a radikalné snizuje pocetnost jasanu (Orlikowski et al., 2011). Prvni zaznamy
odumirani jasanl zpusobené houbou Hymenoscyphus fraxineus bylo zaznamenany v
Polsku v 90. letech 20. stoleti (Kowalski, 2006). Toto onemocnéni se rychle se rozsifilo

do celé Casti vychodni, stfedni a severni Evropy (Skovsgaard et al., 2010).

V porostnich smeésich s bukem se jasan uplatiiuje pfedevSim na stanovistich s vyssi
dostupnosti Zivin a vody, kde jeho rychly rast a schopnost vytvaret kvalitni dfevo
vyznamné pfispivaji k produk¢ni hodnoté lesa (Thomas et al., 2016). Ve smési s
jasanem Casto dochazi k vyrazné kompetici, zejména v hustSich porostech, kde buk
svym zapojem omezuje vitalitu jasanu a muze jej postupné vytlaCovat (Saxe,
Kerstiens, 2005). Jasan vSak vynika rychlym ristem v mladi a schopnosti vyuzivat
svétlejSi mezery v porostu, coZ mu umozniuje udrzet se v porostni smési zejména v
ranych a stfednich fazich vyvoje lesa (Beyer et al., 2013). Z hlediska pidotvornych a
ekologickych funkci je smés jasanu a buku povazovana za pfinosnou — jasan
obohacuje pudu o ziviny diky rychleji rozkladatelnému opadu listi (Thimonier et al.,
2019) a pfispiva k vyssi biodiverzité bylinného patra (Mitchell et al., 2014). V porostnich
smésich je vhodné vyuzZivat jasan spiSe jako pfimés s niZSim zastoupenim
(Skovsgaard et al., 2017).

3.1.7 Javor klen (Acer pseudoplatanus L.)

Javor klen fadime do skupiny tzv. ,sutovych dfevin“, pravé z divodu jeho stanovisté,
které je idealné balvanité, sutové a Ci roklinové (Hein et al., 2009). Skeletem silné
obohacené plidy osidluje za privétivé vihkosti (Uradnigek et al., 2009). S ohledem na
svételné pozadavky lze zaradit javor klen, obdobné pak i javor mléc, do kategorie
polostinnych dfeviny. Jejich vyskyt v8ak nelze ani vylou€it na vysoce zastinénych
lokalitach. Vyskyt pfizemni vegetace za snizeného zakmenéni negativné neovliviuje
uchycovani pfirozené obnovy (Musil, Méllerova, 2005). Pfirozené zastoupeni javoru je
0,7 %, v soucCasnosti je zastoupen 2,2 % a v doporucené skladbé jeho zastoupeni €inni
1,9 % (MZe, 2023). Tato vyhoda pFedurCuje obnovu javoru klenu podrostnim
hospodarskym zpUusobem. Javor se fadi do skupiny dfevin pomérné odolnych vUdi
pozdnim mrazim (Poleno et al., 2009). Javor je pro své ekologické vlastnosti vhodny
péstovat ve smésich, napf. s bukem lesnim (Petritan et al., 2007). Na prudkych
svazich (balvanitych a sutovych pudach) je javor dominantnéjsi nez buk, dosahuje zde
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vyS$Siho zastoupeni, a to zejména ve smési s jedli, jasanem a eventualné i s jilmem
horskym v sutovych javofinach (Poleno et al., 2009). Vyznamnou vyhodou klenu je
jeho vyraznéjsi rychlost rastu v mladi oproti ostatnim konkurenénim dfevinam, proto
by méla obnova javoru klenu nastupovat dfive nez u buku (Hein et al., 2009). Uvolnény
prostor po javoru je buk svym svétlostnim pfFirdstem schopen velmi dobfe vyplnit. Tyto
vztahy mezi bukem a klenem byvaji Casto v mladi narusovany vlivem sparkaté zvére.
Javor je velmi cenéna dfevina zejména s ohledem na prodej dyhy (Kadunc, 2007). Jeji
bezesporna vyhoda je ve vyskytu v specifickych mikro stanovistich, kde se jiné dfeviny
Casto nedokazou efektivné uchytit. Vyskyt pfirozené obnovy javoru byva
bezproblémovy, z dlvodu jeho kazdorocni fruktifikace (Vacek et al., 2018). Javor je
v mladi tolerujici ke stinu a k tlaku bufené, avsak v podobé pfimési je lokalné silné
potlaCovan sparkatou zvéfi, obdobné jako ostatni vtrousené dfeviny (Borowski et al.,
2021). Ma lehka okfidlena semena (v 1 kg je vice nez 10 tisic Cistych semen), které
roznasi vitr na velké vzdalenosti (Hong, Ellis, 1990). Javor je potfeba, zpravidla

individualné, chranit pred srnéi zvéfi, ktera pusobi nejvétsi Skody (Vacek et al., 2009).

Javor roste pfedevSim na sutovych a roklinovych stanovistich, kde je schopen
konkurovat buku, diky své toleranci k proménlivym svételnym i paddnim podminkam
(Vacek et al., 2018). V ramci smiSenych porostu s bukem se uplatriuje jejich ekologicka
komplementarita: zatimco buk je dominantni klimaxova dfevina s vysokou toleranci k
zastinéni a preferenci urodnéjsich, vih€ich pad, javor vnasi do porostu vyssi druhovou
pestrost a zlepSuje pudni prostifedi diky svému opadu bohatému na Ziviny (Grygoruk,
2016). Z hlediska produkéniho maji smési buku a javoru pfiznivy vliv na rist a stabilitu
porostu, nebot kombinace téchto druhl vede k efektivnéjSimu vyuziti stanovistnich
zdroju, vySSi ekologické stabilité a lepSi odolnosti vici abiotickym stresiim (Pretzsch
et al., 2016; Ujhazyova et al., 2016). V pfirozenych podminkach je doporuc¢ovano
udrzovat javor jako pfimés se zastoupenim 10-20 % (Piovesan et al., 2005; Hein et
al., 2009).

3.1.8 Modfin opadavy (Larix decidua Mill.)

Modfin opadavy je dominantné rozSifen ve stfednich az vysSich polohach hor stfedni
Evropy, jeho vyskyt je zaznamena také i v nizSich polohach (Fellner et al., 2016).
Jedna se o pionyrskou dfevinu, ktera se snadno zmlazuje na mineralni pidé (Matras,

Pagues, 2008). V podminkach Ceské republiky je vaéi abiotickym vlivi dostateéné
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odolny a stabilni. Jak uvadi Musil et al. (2002) je naro¢ny na pudni vlhkost a Ziviny
bohatSi pudy. Je schopen prosperovat i v drsném klimatu. Pfirozeny areal vyskytu
modfinu opadavého je na nasem uzemi celkem maly. Pfirozeny plvod modfinu je
pripisovan do malé oblasti Sudet, resp. do oblasti Jesenikd (Musil et al., 2002; Vacek
et al., 2009). Pfirozené zastoupeni modfinu je klasifikovano jako + (puvodni), v
soucasnosti je zastoupen 3,9 % a v doporucené skladbé jeho zastoupeni €inni 4,2 %
(MZe, 2023). Dle paleoekologickych poznatkli povaZujeme modfin opadavy za

pavodni slozku pfirozenych lest v Ceské republice (Jankovska, 2007).

Modfin je naro€ny na svételné podminky, z tohoto diivodu je vhodné ho uvolfiovat a
péstovat v nadurovni oproti ostatnim dfevinam (Vacek et al., 2018). Pro optimalni rust
vyhledava zivné a hluboké pldy, na kyselych a skeletovitych pidach probiha jeho rist
méné optimalné (Vacek et al., 2009). S ohledem na nedostate¢né kryti pudy je modfin
péstovan se stinomilnymi listnagi. Cisté monokultury nevytvafi a nedoporuéuji se,
idealné tvori pfimés v porostni smési (Fér, Pokorny, 1993). SmiSeni je doporucovano
v fadach nebo v mensich hlou€cich (Novak, Slodi¢ak, 2006). Modfin vhodné zpevriuje
okraje porostl na byvalych zemeédélskych pudach, kde se ¢asto sazi pro ochranu od
navétrného kraje (Vacek et al., 2009). Ve vhodné smiSenych porostech pfedstavuje
modfiin vyznamnou produkéni slozku uz ve fazi prvniho vychovného zasahu (Bartos,
Kacalek, 2011). To potvrzuji i vysoké hodnoty primérného ro&niho objemového

prirGstu (Podrazsky et al., 2011).

V porostnich smésich modfin svym Fidkym zapojem a rychlym rastem v poc¢ate¢nich
fazich vyvoje porostu zajiStuje dostatek svétla a pFiznivé mikroklima pro pfirozené
zmlazeni buku (Soucek, 2024). Buk naopak v podurovni modfinu dlouhodobé preziva
a postupné jej prevysuje, coz odpovida pfirozené sukcesni dynamice lesa (Saha et al.,
2013; Martinik et al., 2024). Smési modfinu a buku mohou pfispivat k vy$sSi ekologické
stabilité, lepSi odolnosti vici disturbancim (Jansons et al., 2015) a efektivn&jSimu
vyuziti stanovistnich zdrojl, zejména v podminkach klimatické zmény (Pretzsch et al.,
2016). Z hlediska rastové dynamiky je vSak tfeba zohlednit, Ze modfin je citlivy na
zastinéni a v hustSich bukovych porostech mize byt postupné potlacovan (Barto$ &
Kacalek, 2011). Optimalni vysledky pfinasi skupinové Ci pasové smiSeni, které
umoznuje modfinu udrzet vitalitu a zaroven vyuzit jeho pionyrské vlastnosti v ranych
fazich obnovy lesa (Klima, 2006; Martinik et al., 2024).
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3.1.9 Smrk ztepily (Picea abies (L.) Karst.)

Smrk ztepily fadime mezi nejvyznamnéjsi hospodarskou dfevinu vyskytujici na nasem
uzemi, ale také i v Evropé (Janda et al., 2014). Smrk se umélou kultivaci rozsifil
v podstaté do vSech LVS (velice ¢asto v monokultufe), ale jeho produkéni optimum v
CR je v nadmorské vysce 550 aZz 1 000 m. Pfirozené zastoupeni smrku je 11,2 %, v
soucasnosti je zastoupen 43,0 % a v doporucené skladbé jeho zastoupeni €inni 28,3
% (MZe, 2023). Povrchovy tzv. talifovy kofenovy systém typicky pro smrk ztepily, neni
schopen pfi silnéjSim vétru kmen s korunou udrzet a Castokrat dochazi ke zlomeni
kmene nebo uplnému vyvratu (Vicena et al.,1979). Smrk v mladém véku je tolerantni
ke stinu, v pozdéjSim veku je ale spiSe polostinny. Na Ziviny je smrk znacné plasticky,
je schopen snadet i pudy velice omezené na Ziviny (Vacek et al., 2020a). Vysoké
obsahy Zivin v8ak u smrku zpusobuji razné druhy hnilob. Smrk je také velmi ¢asto
napadan kloubnatkou smrkovou (Gemmamyces piceae) (Zyka et al., 2018) a také
vaclavkou smrkovou (Armillaria ostoyae) — (Cerny, 1989). Smrk vytvaFi mnoho ekotypd
a je vhodné adaptovan na mistni mikroklimatické podminky, odolava tlaku snéhu a
namrazy, a to zejména uhlem nasazeni vétvi, typem vétveni a tvarem koruny (Vacek,
2004). Interval semennych let a s nim spojena kvantita a kvalita se rGzni v jednotlivych
smrkovych porostech. Tato variabilita je dana lokalnimi stanoviStnimi a porostnimi
podminkami (Svoboda, 1953).

SniZzena schopnost generativniho rozmnozZovani smrku pfi horni hranici lesa je
vykompenzovana vegetativnim rozmnozovanim ve formé tzv. hfizeni. (Vacek et al.,
2012). Ve vysokych polohach je obtizné také uchyceni semenacku (vliv vétru, snéhu,
Clenitost terénu, nizké teploty atd.). Nové generace vyuzivaji mezernaté svétliny
matefského porostu pro svoje uchyceni a odrustani (Vacek et al., 2009). Pravé
takovato mista maji pfiznivéjSi stav humusu a pfizemni synusie, spolecné s
mikroklimatickymi podminkami. Tyto specifické stanovist€ umozriuji uchyceni a
odrustani semenackl (Lokvenc, 1959). Pfirozena obnova se nachazi nejCastéji po
maloplo$né obnové lesa nebo u rdznych variant vybérného hospodarského zplsobu.
(Lundgqvist, 1993). Tyto formy obnovy maji oproti holose¢nému zpusobu hospodareni

vyhody spocivajici v efektivnéj§i abundanci a uchyceni pfirozené obnovy. Jak uvadi
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Mayer a Otta (1991) dochazi k SirSi a dlouhotrvajici moznosti uplatnéni disledného

vybéru, nizSimu provoznimu riziku, vétsi stabilité a lepSi ekologické funkénosti.

Kombinace smrku a buku ma zasadni vyznam pro produkcni i ekologickou stabilitu
lesa (Pretzsch, 2003; Hilmers et al., 2019). V porostnich smésich se uplatfiuje
ekologicka komplementarita téchto druht — smrk efektivné vyuziva svétlo a rychle
roste v mladi, zatimco buk dokaze dlouhodobé pfezivat ve stinu a postupné prebirat
dominantni postaveni v porostu (Pretzsch, 2003; Vacek et al., 2019). SmiSené porosty
smrku a buku vykazuji vySSi celkovou produkci biomasy a vétSi ekologickou stabilitu
nez monokultury, coz je dano efektivnéjSim vyuzitim prostoru, svétla a pudnich zdroju
(Pretzsch, 2003; Hilmers et al., 2019). Smési téchto druhld jsou odolnéjsi vidi
klimatickym extrémUm, Skidcim a chorobam, coz je zvlasté vyznamné v kontextu
klimatické zmény a zvySujiciho se rizika sucha ¢&i vétrnych kalamit (Pretzsch et al.,
2012; Vacek et al.,, 2021). Kompeticni vztahy mezi t€émito druhy jsou ovlivnény
stanovistnimi podminkami, zejména dostupnosti vody a zivin (del Rio et al., 2014).
Smrk je citlivéjSi k suchu a mélky kofenovy systém jej €ini zraniteln&jSim vuci vykyvim
klimatu, zatimco buk je v tomto ohledu stabilnéjSi a dokaze lépe Celit stresovym
podminkam, v€etné epizod sucha (Pretzsch et al., 2012; Hilmers et al., 2019). Z
péstebniho hlediska je optimalni skupinové nebo hlouckovité smiseni, které umoznuje
smrku udrzet vitalitu (na stanovistich jemu pfirozenych) a zaroven vyuzit stabilizacnich

a pudotvornych vlastnosti buku (Novak et al., 2017).

3.2 Struktura lesnich porost
3.2.1 Druhova struktura

Druhova struktura porostu vyjadiuje vycCet druhu dfevin spolu s jejich zastoupenim v
porostu. Jak uvadi Crow et al. (2002) vzajemné koincidenci funkce lesnich ekosystému
ovliviuje majoritné pravé druhova skladba spole¢né s celkovou strukturou porostu.
Druhové slozeni je ovlivhiovano zejména biotopem, cyklem zZivin a v neposledni fadé
mikrostanovistém (Carvalho, 2011). Dale fadou abiotickych faktoru, jako jsou svételné
podminky (Kunstler et al., 2005; Ishii, Asano, 2010), teplota (Lindner et al., 2010;
Wagner et al., 2010), vihkost (Arrieta, Suarez, 2005), topografie (Poleno et al. 2009;
Vacek et al., 2015b), padni podminky (Kozlowski, 2002; Poleno et al., 2009). Kromé

abiotickych faktord druhovou skladbu ovliviiuje i vegetacni pokryv (Ulbrichova et al.,
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2006; Bilek et al., 2014), Skody zvéfi (Ammer, 1996; Vacek et al. 2014a, 2014b) nebo

konkurence mezi jednotlivymi dfevinami (Cavard et al. 2011).

Porosty rozdélujeme na porosty smisené (v porostu je zastoupeno vice druht dfevin)
nebo porosty nesmiSené, kde se vyskytuje pouze jeden druh dfeviny (typické smrkové
nebo borové monokultury) — (Pretzsch et al., 2015). Porosty dale muzeme délit na
jehlicnaté a listnaté. Zastoupeni jednotlivych dfevin porostu je definovano jako plosny
podil jednotlivych dfevin v porostu. Hlavni dfeviny maji zastoupeni vétsi nez 30 %,
pfimisené 10-30 % a vtrousené do 10 % (Poleno et al., 2007). SmiSeny porost je
charakteristicky nahodnym rozmisténim jednotlivych dfevin na ploSe. Dle Korpela
(1991) rozliSujeme formu smiSeni na jednotlivou, fadovou, pasovou, hlouc¢kovitou,
skupinovou, ostravkovitou nebo ploSnou (Korpel, 1991). Druhova struktura je
vyhodnocovana na tfech urovnich: druhova heterogenita, druhova vyrovnanost a
druhova bohatost (Fabrika, 2005). Druhova heterogenita vyjadfuje druhovou bohatost
i druhovou vyrovnanost (Shannon, 1948; Simpson, 1949). Druhova vyrovnanost
popisuje relativni zastoupeni jednotlivych druht v porostu (Hill, 1973; Plelou, 1975).
Mnozstvi jednotlivych druhl v daném porostu oznacujeme druhovou bohatost
(Margalef, 1958; Menhinick, 1964).

3.2.2 Vékova struktura

Vékovou skladbu porostu Ize popsat rozdilem vékd stromU jednoho nebo vice druhu
drevin, které tvofi porost (Vilén et al., 2012). Toto vékové Clenéni je vyjadfovano ve
vékovych stupnich nebo tfidach a jejich zmény poskytuji dllezité informace zejména
s ohledem na managment lesniho porostu (Korpel, 1991). Zakladni typ ¢lenéni déli
porosty dle véku na porosty stejnovéké nebo riznovéké. Vékova skladba ovliviiuje jak
zivotnost, tak i mortalitu a tvofi tak dulezitou populaéni charakteristiku (Prasa, 1985;
Vacek et al., 2007). Stabilni vékova struktura riznovékého pfirodniho lesa je typicka
zastoupeni jedinct v nejmladsSich vékovych stupnich. Pfevazného zastoupeni jedincl
v nejstarSich vékovych stupnich je tak dokladem starnuti a Ustupu populace (Prisa,
1985). S ohledem na vékovou diferenciaci, ristové schopnosti jednotlivych stromu a
druhl dfevin dochazi v rozriznénosti rlstu porostu. Ta ma za nasledek rozdilnou
tloustkovou a vySkovou strukturu porostu (Fuldner, 1995). Dle vzhledu a zejména véku
porostu se proto rozliSuji jednotlivé rustové a vyvojové faze lesa (Poleno et al., 2007).

Jednotlivé vyvojova stadia a disturbancni procesy ovliviuji tloustkové a vyskové
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rozdéleni jednotlivych dfevin v porostu (Kral et al., 2010). Velka variabilita vékové
struktury se nachazi v pfirodnich lesich s dominanci dlouhovékych stin tolerantnich
druhd (napf. buku lesniho, jedle bélokoré atd.) — (Trotsiuk et al., 2012). Minimalni

vékova, a i druhova variabilita se nachazi ve stejnovékych monokulturach.
3.2.3 Prostorova struktura

Prostorova struktura porostu je hodnocena v horizontalnim a vertikalnim smeéru.
Horizontalni struktura porostu je posuzovana z pohledu hustoty porostu, zakmenéni a
zapoj porostu. Na vertikalni strukturu porostu je pohlizeno z pohledu jednotlivych
porostnich pater (jednoho nebo vice) nebo porostnich vrstev (Vacek, 1982; Vacek et
al., 2010). Dale Ize rozliSit nepravidelnost uvnitf korunové vrstvy, vertikalni a
horizontalni rozriznénost (mozaikovitost) na urovni porostu (Schutz, 2002). Spravnym
managementem lesnich porostl Ize pfispét ke zvySeni diverzifikace ve vSech
zminénych urovnich (Poleno et al. 2007b; Vacek et al., 2015). Horizontalni rozmisténi
stromu je ovliviiovano zejména zplsobem a postupem vzniku porostu. MenSi roli pak
hraje redukce poctu stromU pfirozenym vylu€ovanim a cilevédomym zasahem lesniho
hospodare (Prasa, 2001; Poleno et al., 2007b). Pro studium horizontalni struktury
porostu jsou ¢asto pouzivané distribucni indexy zalozené na vzdalenosti jednotlivych
stromuU k jejich nejbliz§imu sousedovi (Clark, Evans, 1954). Vyznamné jsou také
vyuzivany distribu¢ni indexy zalozené na vzdalenosti mezi nahodné vybranym bodem
a aktualnimi pozicemi strom0 (Hopkins, Skellam, 1954; Plelou, 1959; Mountford,
1961). Jak uvadi Assuncao (1994) pro studium horizontalni struktury se vyuZivaji i
distribucni indexy kalkulujici s uhly mezi nejblizSimi sousednimi stromy. Nejnovejsi
zpusoby zjistovani prostorového rozmisténi stromU vyuzivaji prostorovou statistiku.
Diky distribu¢nim funkcim vyjadfuji horizontalni strukturu prubézné (Ripley, 1977;
Penttinen et al., 1992).

Dle Prusi (1985) ovliviiuje vertikalni strukturu porostu zejména vék stromu, nasledné
pak ruzna rustova rychlost jednotlivych druht stromi a kone¢né i jejich cenotické
vztahy na daném stanovisti. Podle téchto charakteristik zaujimaji stromy budto trvalé
nebo doCasné postaveni v porostnich vrstvach. Vertikalni struktura je variabilné
ménitelna, a to pfevazné zvolenymi péstebnimi postupy (Prtida, 2001). Urovriové
probirky efektivné rozrizfuji postaveni stromO v ramci korunové vrstvy. Pomoci

vybérnych principli v maloploSném podrostnim hospodafstvi & vybérnym

38



hospodarskym zpusobem Ize docilit na vhodnych stanovistich trvalou vertikalni

diferenciaci porostu (Korpel et al., 1991).
3.2.4 Geneticka struktura

Geneticka struktura lesnich porostu pfedstavuje kliCovy aspekt stability a adaptability
lesnich ekosystému (Paule, 1992). Tato strukturaje urCena frekvencemi alel
a genotypl v populacich lesnich dfevin a je vysledkem dynamickych procesu, které
probihaji pod vlivem proménlivych ekologickych podminek a pusobeni
mikroevolu¢nich faktort, jako jsou selekce, mutace, migrace, izolace a nahodné
zmény (Muller-Starck et al., 2015). Geneticka struktura neni statickda — v Case se
vyviji v zavislosti na pfirozenych procesech i na zasazich Clovéka — umélé selekce,

pfenosl reprodukéniho materialu nebo Slechtitelskych postupu (Piotti et al., 2013).

Zasadnim cilem trvale udrzitelného lesniho hospodafstvi je zachovani vysokeé
genetické diverzity v populacich lesnich dfevin a Siroké variability pouZivaného
reprodukcniho materialu. K tomu slouzi zejména vyuzivani autochtonnich populaci
domacich druhtl, které jsou zdrojem pro pfirozenou obnovu i Slechténi (Goémory,
Longauer 2014; Ratnam et al., 2014). Geneticka diverzita je zakladnim pfedpokladem
schopnosti populace adaptovat se na ménici se podminky prostfedi, vcetné

klimatickych zmén, vyskytu Skidcu €i chorob (Kremer et al., 2012; Boden et al., 2021).

Biodiverzita lesnich ekosystému je komplexni pojem zahrnujici droven
ekosystémovou, druhovou i vnitrodruhovou (genetickou). Pravé vnitrodruhova
diverzita je v ramci genetické struktury populaci definovana spektrem alel a genotypd,
coz je zvlast vyznamné u dlouhovékych druhd, jako je buk lesni (Michal et al., 1992;
Hrivnak et al., 2017). U buku je vétSina genetické variability koncentrovana uvnitf
populaci, zatimco rozdily mezi populacemi jsou minimalni, coz je dano efektivnim
genovym tokem, zejména prostfednictvim pylu, ktery se Sifi na velké vzdalenosti a

brani vyraznéjsi diferenciaci (Rajendra et al., 2014; Sj6lund a Jump, 2015).

Geneticka struktura bukovych porostl je vysledkem interakce mezi genovym tokem,
selekci a prostorovou izolaci. Buk vykazuje znaCnou ekologickou plasticitu, coz
mu umoznuje adaptovat se na Sirokou Skalu stanovist a podminek (Gelller et
al., 2007; Vacek et al., 2019a). Tato adaptivni geneticka diverzita je kliCova pro

odolnost vUci klimatickym stresum, jako je sucho ¢i mraz (Cocozza et al., 2016; Aranda

39



et al, 2018;). Fragmentace stanoviSt a lesnické zasahy mohou vést k redukci
genoveého toku, zvySeni inbreedingu a selekCnimu posunu ve prospéch urcitych
fenotypll, coz muze negativné ovlivnit dlouhodobou stabilitu a vitalitu porostu (Poleno
et al., 2009; Paffetti et al., 2012; Fuchs et al., 2020). S postupuijici klimatickou zménou
navic vzrastd vyznam = zachovani genetické diverzity jako zasobarny
adaptacniho potencialu pro budouci generace lesnich dfevin (Alberto et al., 2013;
Fady et al., 2016).

3.3 Vyvoj lesnich porostl
3.3.1 Obecné zakonitosti vyvoje lesa

Dle Pretzsche (2009) je vyvoj lesa typicky strukturalnimi zménami v pribéhu cCasu.
Tyto zmény se odvijeji od pfirodnich disturbanci a antropogennich vlivi (Pretzsch,
2009). Dynamika lesniho porostu je popisovana jako urcity vyvojovy cyklus stromovych
kohort. Leibundgut (1993) tento proces popisuje od regenerace porostu pfes uspésnée
odrastani, dorastani, dospélost, starnuti az do rozpadu a zpét k obnové porostu.
Znalosti o spontannich vyvojovych procesech pfirodniho lesa jsou dulezité pro
pochopeni funkci lesa jako ekosystému (Cobb et al., 2017), i kdyz pfevazna ¢ast lesl
byla kvuli lidské €innosti znaéné pozménéna (Barbero et al., 1990). Pro pochopeni
téchto procest a dynamiky lesnich ekosystémul jsou pfihodné zejména postupy
pfirodé blizké obhospodarfovani lesi v podminkach bez zasahu clovéka (Korpel’,
1995; Poleno et al., 2007; Trotsiuk, 2012).

Z pohledu fylogenetického vyvoje jsou lesy druhové bohaté a stabilni ekosystémy.
(Waring, Schlesinger, 1985). Disturbance jako proces rozruSovani a nasledné obnovy
porostl pfirodnich lesnich ekosystému, je pfipisovan k malému vyvojovému cyklu lesa
(Seidl et al., 2014). K pochopeni pfirodnich lest a jejich jsou dulezité ekologickeé
znalosti pavodnich dfevin. Dulezity je také produkéni predispozice kazdé jednotlivé

Vigwviv s

klimaxové difeviny mizeme zaradit buk, jedli a smrk (Poleno, 1994).

Vyvojovy cyklus pfirodniho lesa se cyklicky vyviji tzn. stfidaji se jednotliva vyvojova
stadia a faze. Pfi prib&hu se v rlizné mife a s rlznou intenzitou vyuziva produkéniho

a rustového prostoru. Vyvojovy cyklus je vyrazné ménén jak v horizontalni, tak i
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vertikalni struktufe (Gratzer et al., 2004; Pretzsch, 2009). Jak uvadi Veblen (1992) a
Korpel (1995) pfirodni lesy mirného pasma vytvafi zakladni ramec Casové a
prostorové dynamiky lesnich ekosystému. Kromé textury téchto lest je vyznacné
poznani vyuziti rastového prostoru korunami stromd danych dfevin (Jucker et al.,
2015). Tuto dulezitost je tfeba brat s ohledem na jejich stav a vyvoj biomasy
(Houghton, 2005). Pro vyzkum pfirodnich zakonitosti a procesu jsou pfirodni lesy
jedineCné objekty vyzkumu, a to zejména ty, které jsou v podstaté neovlivhéné

antropogennimi ¢innostmi (Korpel, 1995; Brang, 2005; Vacek et al., 2010).

Ekologicky podlozené a ovéfené poznatky pochazejici pravé z informaci o strukture a
vyvoji pfirodé blizkych lesu, jsou aplikovany ve formé pfirodé blizkého
obhospodarovani lest na kulturné pozménéné lesni porosty (Lewis et al., 2019). Pro
vhodny lesnicky management je podstatné vyhodnoceni strukturalni a druhoveé
diverzity téchto porostu. V této sounalezitosti stoji tvorba funk&né integrovanych lesu.
Jak uvadi Saniga a Schitz (2002) praveé diky témto koncepcim se vytvareji stabilni,
strukturované a vitalni, lesni porosty, které budou do budoucna plnit ekologicke,

produkéni a environmentalni funkce lesa.
3.3.2 Vyvojové cykly pfirodnich lesl

Vyvojové cykly pfirodnich lesi predstavuji dynamické systémy. Jejim
charakteristickym rysem jsou permanentni cyklické zmény. V minulosti bylo vytvofeno
mnoho vyvojovych klasifikaci, které maji svij zaklad ve skladbé porostu, rastovych
fazich, struktufe porostu nebo jeho fyziologickych vlastnostech (O'Hara, 1996). Mezi
zakladni koncepty popisujici dynamiku pfirodnich les mizeme zaradit maly a velky
vyvojovy cyklus (Korpel 1995; Obr. 1.), dale pak vyvojovy model podle Angelstam,
Kuuluvainen (2004) nebo dle Oliver, Larson (1996). Sumarni zhodnoceni zmén v
porostu v pfirodnim lese Ize popsat nasledujicimi cykly. Velky vyvojovy cyklus lesa
jako prvni cyklus je charakteristicky sekundarni sukcesi, ktera se rozprostira na velké
ploSe fadové na nékolika hektarech a Casové v rozpéti desetileti. Maly vyvojovy cyklus,
jako druhy cyklus lesa, probiha v ramci klimaxu na malych plochach a v ¢asovych
periodach staleti (Korpel, 1991; Poleno et al., 2007).
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Obr. 3. Velky a maly vyvojovy cyklus lesa (Vacek et al., 2007).

Vznik lesa jako biocendzy je dlouhodoby proces. Pudni a klimatické podminky, které
se pravé na tomto procesu podileji, plsobi v dlouhodobém &Casovém méfitku.
(Podrazsky, 1999). Vznik lesa neni tedy momentalnim odrazem prostfedi ani
stanovisté, ale spiSe vychazi z historického pasobeni téchto procesl na souboru druht
a stanovisté (Svoboda, 1953).

Velky vyvojovy cyklus lesa

Velky vyvojovy cyklus je dan prevazné velkoploSnym rozpadem lesnich porost(,
z duvodu silnych a plo$né vyznamnych disturbanci. Zacatek vyvoje novych porostu je
dan vznikem velkych holin. Tento vyvoj je popsan tfemi zakladnimi fazemi (Barnes et
al., 1998). V pfipravné fazi sekundarni sukcese se rychle $ifi a uchycuji svétlomilné
(tzv. pionyrské) druhy dfevin (bfizy, olSe, topoly, osiky, jefaby, vrby nebo borovice) a
formuiji tzv. pfipravny les (Vacek et al., 2009). Tyto pionyrské dfeviny pfipravného lesa
maji specifické vlastnosti. Velmi rychly rust v mladi, ¢asta a bohata fruktifikace a
v neposledni fadé excelentni pfizplsobivost mistnim podminkam, pfedurluji tyto
dfeviny k osidlovani extrémnich stanovist (Korpel, 1995). Nevyhody pionyrskych
dfevin jsou zejména: kratka Zivotni amplituda a silna naro¢nost na svételny pozitek.

Tyto vlastnosti jsou snizuji konkurence schopnost oproti klimaxovym dfevinam
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(Shimano, 2000). Klimaxové dfeviny je v pozdéjsi fazich vytlaCuji pionyrské dreviny a
zaujimaiji jejich pozice v porostnim prostfedi (Pickett, White, 2013). V pfechodovém
stadiu se zacCinaji prosazovat stin tolerujici dfeviny (buk, smrk, jedle), které nasledné
vyuzivaji spodni rustovy prostor pfipravnych drevin. Pionyrské dfeviny jsou nasledné
nahrazovany pravé dfevinami, které jsou schopny efektivnéji vyuzit mikroklimatické
podminky mistniho stanovisté. Tento proces je uskuteiovan podrustanim
pionyrskych dfevin (Chapman et al., 2006), probiha vétSinou velice pomalu (i nékolik
staleti) — (Matuszkiewicz et al., 2013). Nahrazovani pfipravnych dfevin byva omezeno
napr. reprodukci semenného materialu klimaxovych dfevin (Bellemare et al., 2002), dale
pak typem opadu, ekologickymi a pudnimi podminkami prostfedi (Hermy, Verheyen,
2007). V zavéreCném stadiu lesa dominuji klimaxové dfeviny, které se nejlépe
adaptovaly na lokalni stanovisté. Tuto adaptabilitu popisuje Kosuli€ (2010) jako
pfedem danou selekci a fixaci jednotlivych generaci na mikrostanovistni podminky.
Semenna produkce klimaxovych dfevin nastupuje v pozdéjSim véku a je nepravidelna
vuci pionyrskym dievinam. Transportni vzdalenost semen od matefskych porostu je s
ohledem na jejich vahu a velikost omezena (Poleno et al., 2007). Typické prednosti
klimaxovych dfevin se nachazeji v jejich odolnosti vaci klimatickym extrémim, v
pomalém rustu v mladi a pozdni kulminaci pfirdstu ve vysSim véku. Tyto dfeviny jsou
typické dlouho trvajici zivotaschopnosti (Vacek et al.,, 2010). Akumulace biomasy,
vCetné charakteru a kvality opadu, je ovliviiovana kompeticnim vyvojem drevin
stinomilnych a slunomilnych. V neposledni fadé je ovliviiovan i kolobéh Zivin (Jacob et
al., 2010; Harmon et al., 2013). Vysledna dfevinna skladba nasledné odrazi vlastnosti
daného prostfeni. Zavérecné stadium je finalni ¢asti velkého vyvojového cyklu lesa
(Poleno et al., 2007).

Maly vyvojovy cyklus lesa

Maly vyvojovy cyklus lesa byl popsan na principu vyvoje etazi pfirodé blizkych
smiSenych lesu (Leibundgut, 1993; Otto, 1994; Korpel, 1995). Probiha v klimaxové
fazi (Vacek et al., 2007) na plochach cca od 0,3 do nékolika ha. Délka vyvojového
cyklu odpovida velikosti celkové plochy jednotlivych stadii, a vychazi z druhového
slozeni a mistnich podminek. Podlaski (2004 ) doplriuje, Ze jeho trvani byva od nékolika
let az po nékolik stovek let. Charakteristicky je také vyvoj v poméru Zivého a
odumtelého dfeva, ktery se v jednotlivych stadiich méni (Samoni a Vrska, 2007).

Jednotliva stadia oznaCujeme jako stadium rozpadu, dorlstani a optima &i zralosti
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(Korpel, 1982). Kazdé stadium ma vlastni strukturu a odpovida ur€itému stupni
vyvojového cyklu pfirodé blizkych lest (Ellenberg, Leuschner, 1996; Jaworski, 1997).
Z prace Leibundgut (1959) byly jednotlivé faze az do 90. let 20. stoleti klasifikovany
pouze vizualné. Az Podlaski (2004) po podrobnéjSim vyhodnoceni specifik urcil dilCi

faze jednotlivych stadii.

Stadium dorustani ma fazi obnovy, selekce, vicevrstevné struktury a jednovrstevné
struktury s autoredukci, na niZz navazuje faze poklesu. Ve stadiu rozpadu rozliSujeme
fazi obnovy, dvouvrstevné struktury, vicevrstevné struktury a selekce.
K vyhodnocovani jednotlivych &asti vyvojovych cykll se daji i pfesnéjSi metody
vyhodnocovani  (Samonil, Vrska, 2007). Pfikladem mohou byt napf.
dendrochronologické analyzy (Podlaski, 2004), statistické metody (Podlaski, 2006;
Vacek et al., 2010) ¢i metody opakovaného méfeni studovanych porostu (Vrska et al.,
2006; Jaworski, Podlaski, 2007), kdy se velmi dobfe zachycuje dynamika stromovych
pater. Jednotlivé faze a stadia jsou vyrazné odliSné (Poleno et al., 2007), pravé proto
je dynamika uréujicim faktorem (Samonil, Vr§ka, 2007). Stadiu dorGstani se vyznaduje
vznikem nové generace. Novy jedinci naplno vyuzivaji své rlistové schopnosti (Vacek
et al., 2007). SniZzuje se objem odumfelého dfeva, a naopak se zvySuje objem dfeva
Zivého (Samonil, Vréka, 2007). B&hem tohoto stadia je vystavba nejvice vyskové,
vékové, tloustkové a prostorové rozruznéna (Korpel, Saniga, 1993). Hlavnim znakem
tohoto stadia je poCetné zastoupeni stromd ve spodni nebo stfedni etazi, dale pak
vysoky stupen zapoje, nizka mortalita v horni etazi a celkova vysoka vitalitou stromu.
Priamérnych hodnot dosahuje pocetnost stroml a s ni i zasoba dfeva v porostu.
Mezery v porostnim zapoji, vzniklé odumreni stromu staré generace z pfedchazejiciho
vyvojoveho cyklu, jsou velmi rychle zapojovany. Zavér stadia dorlstani, které nasledné
prechazi do stadia optima, je typicky vySkovou nivelizaci i jinak rozriznénych porosta
(Poleno et al., 2007).

Stadium optima ma nejvysSi objemovou zasobu, a minimalni objem odumfelého dfeva
(Samonil, Vréka, 2007). Zivotnost jednotlivych dfevin pfevysuje dobu jejich vyskového
prirGstu, vznika tak vyrovnany porost a diferencovanymi tlioustkami. Vékova rozdilnost
mlze dosahovat az 200 let (Korpel a Saniga, 1993). Stadium optima je
charakteristické stromy nejsilnéjSich stromovych tfid, nasledné velmi maly poctem

jedincu na ploSe a Castecné rozvolnénym zapojem. Vzhledové se stadium optima
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pfipomina zapojeny hospodarsky les s ttméf homogenni vystavbou porostu (Poleno
et al., 2007).

Stadium rozpadu je fazeno do zavére¢ného stadia malého vyvojového cyklu lesa.
V této fazi dochazi ke snizeni porostni zasoby zivych stromu, a naopak k narustu
objemu mrtva dfeva (Samonil, Vrska, 2007). Novy jedinci nahrazujici staré odumirajici
stromy nejsou schopni svym pfirdstem nahradit objem odumfelého dfivi. Prostorova
struktura se v této fazi dynamicky méni a vyviji, vytvareji se hloucky a skupinky stromd,
které jsou prokladany svétlinami atd (Poleno et al., 2007; Diaci et al., 2012). Pavodni
dominance staré porostu pfestava platit naopak zvySuje se vyznam nové nastupujici
generace mladého porostu. Maly vyvojovy cyklus se tak uzavira a porost se znova

dostava na pocatek studia dorustani (Vacek et al., 2007).
3.3.3 Dynamika bukovych lesl

Drtiva ¢ast lesnich porostll nachazejicich se na Evropském kontinentu byla ovlivnéna
lidskou &innosti (Vanbergen et al., 2005). Z tohoto ddvodu nyni nachazime pouze
fragmenty lesnich porostu, které muzeme oznacit za plvodni les, tj. prales (Seidl et
al., 2014; Holec et al., 2015). U takovychto lesnich ekosystému je dynamika zmén
popsana napf. velkym a malym vyvojovym cyklem (Korpel, 1995). Pfirodé blizke lesy,
charakteristické svou plUvodni dfevinnou skladnou, velice diferencovanou horizontalni
a vertikalni strukturou, se na tzemi Ceské republiky vyskytuji pouze z 1,1 % z celkové
plochy (Vanbergen et al., 2005) Pfirodni lesy napf. na Slovensku tvofi kolem 5 %
z celkové plochy lesa (Smelko et al., 2008). Pravé z divodd nedotknutelnosti a
zachovalosti téchto pfirozenych ekosystému je jim vénovana stale vétSi pozornost
(Scherer-Lorenzen et al., 2005). Pfirodni lesy jsou idealni objektem pro vyzkum,
zejména vékoveé, prostorové a druhové struktury (Commarmot et al., 2013; Nagel et
al., 2013). Pravé diky témto studiim jsme schopni pochopit jednotlivé principy a funkéni
zavislosti, které jsou nasledné vyuzity k racionalizaci lesniho hospodareni. Studium
smiSenych a bohatych porosttd v dnesni dobé& ma stale zvySujici se vyznam, zejména
v kontextu pravé probihajici klimatické zmény a abiotickych a bioticky disturbanci
(Bolte et al., 2010; Pretzsch et al., 2010; Pretzsch, Schiitze, 2014). RGzné druhy
disturbanci se také vyskytuji v pfirodnich lesich, ale svou pestrosti a diverzitou jsou
schopny témto nepfiznivym tlakim odolat a stale existovat (Angelstam, Kuuluvainen,
2004; Stefanéik, Bosela, 2014).
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Zména druhové skladby lesnich porostd, z divodl nedostatkl dfevni suroviny,
vytvofila v lesich nerovnovahu, kterou se snazime v soucasnosti zvratit (Tomaskova,
2004). Buk jako pavodni dfevina vyskytujici se na naSem uzemi ma o 32 % menSi
zastoupeni nez po posledni dobé ledové (Vacek et al., 2018). A diky dalSi faktorim
jsou bukové porosty vystavené silnému stresu. Ten je zpusobovan zejména kyselymi
depozicemi CO2, SOz, expozicemi Os, extrémnim suchem, velmi nizkymi teplotami,
silnymi vétry a také ¢asto nevhodnymi pidnimi podminkami (Buttoud, 2000; Bridgman
et al., 2002; Karenlampi, Skarby; Gallo et al., 2014) VSechny tyto vlivy spolecné

s kontinualnimi antropogennimi zasahy pasobi zménu bukovych porostu.

PFi bliz§im zkoumani dynamiky bukovych porost(, v co nejpfirozenéjSich podminkach,
dochazime ke zjisténi cyklicnosti tfi mozaikovitych vyvojovych stadiich v dlouhodobém
Casovém horizontu, které jsou specifické diferencovanou vertikalni strukturou
(Rademacher et al., 2004). Jednim zrysim téchto bukovych porosti je vysoka
strukturalni bohatost (Dierschke, 1990). Mezery v porostech, vyvolené padem
prestarlého stromu vyvolavaji nékolik efektl (Kenderes et al., 2008) S uvolnénym
prostorem je spjat zvySeny pfisun srazek do nizSich vrstev az k samotnému pidnimu
horizontu. Spolu se srazkami a oslunénim se méni i cirkulace vétrnych proudu (Poleno,
Vacek, 2011). Stavajici bukovy porost, se kromé& nové generace vyvijejici se
v prostorach po odumrelém jedinci, intenzivné ristové vyviji. Jedinci pfiristaji zejména
tloustkoveé, ale i vySkové (Dittmar et al., 2003). Bukové porosty ve stadiu optima maji
plny zapoj, plné zakmenéni s velmi omezenou pfizemni vegetaci (10—40 % max.) —
(Rademacher et al., 2004 ). Bukové porosty s plochou pres 70 ha se vyvijeji jako plosné
kontinualni porosty, a kvantitativné i kvalitativné se vyrazné nelisi (Juchheim et al.,
2017). Malé bukové fragmenty porostul i pfesto vykazuji vysokou strukturalni bohatost.
| tyto malé ostrivky, nachazejici se ve vétSich intenzivhé obhospodafovanych
porostech vyznamné pfispivaji ke zlepSeni biodiverzity a stability lesnich porosta
(Nocentini, 2009; Heiri et al., 2009; Brunet et al., 2010; Schall et al., 2018).

3.4 Obnova lesa

3.4.1 Obnovni zpusoby

Obnova lesa, spocivajici v procesu nahrazeni stavajiciho porostu novou generaci

lesnich dfevin, pfi komplexni aplikaci péstebnich opatfeni. Je vnimana jako zakladni
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atribut péstovani lesa (Duda, 1995), a souvisi s pouzitim urcitého hospodarského
zpusobu, ktery je specificky jednotlivymi téZebné&-obnovnymi postupy. Hospodarsky

typ lesa je tedy vysledkem uplatnéni ur€itého hospodarského zpusobu (Gredus, 1976).

Hospodaiské zpusoby v principu odpovidaji obnovnim zpisobim (podrostni, nasecny,
holosecny, vybérny, jak je definuje vyhlaska €. 298/2018 Sb., o zpracovani oblastnich
planu rozvoje lesu a o vymezeni hospodafskych soubort). Obnovni zplsob, ktery
obsahuje zpusoby vychovy a péCe o porosty, je nejvyznamngjSim prvkem a
charakteristikou hospodarského zplUsobu. Simon a Vacek (2008) rozdéluji obnovni

zpusoby, které byvaji Casto rizné kombinovany a diferencovany, takto:

a) Celoplo$na obnova:
. hola seC, kdy se na velké ploSe vykaceji vSechny stromy,
. clonna sec, kdy se na velké ploSe vybiraji stromy k téZbé postupné,
zpravidla rovhomérné po celé plose;
b) MaloploSna obnova, tézba probiha na pocetnych malych ploSkach v porostu,

které se zvétSuji az se spoji v jednu plochu (Jenik,1994). Obnova na ploskach probiha

jako:
. hola sec€ (kotlikovou, pruhovou),
. clonna sec,
. nasek (pruhova se¢ spojujici holose€ny a clonny postup);

c) Vybérny zpusob je provadén nepravidelny vybér jednotlivych strom( (Frank et

al., 1978):
. vybérna sec (vybérny les s nepfetrzitou dobou obnovni),
. pomistné skupinovité clonny zpUsob (s uplathiovanim vybérného principu

s dlouhou obnovni dobou — kolem poloviny doby obmyti) (Mracek, 1989).

PFi spojenim rdznych druhl seci se vytvareji rizné kombinované obnovni zpUsoby.
Tyto obnovni cile se aplikuji s ohledem na dosazeni urCitého obnovniho cile, které
koresponduje se zasadami ochrany lesa, kdy se vyuziva racionalni a Setfivy zplsob

téZby i vyklizovani vytéZzeného dfeva (Remes et al., 2010).

V komplexu péstebniho cile obnova lesa predstavuje pouze jednu ¢ast dil€ich ukolu
(Simon, Vacek, 2008). Pro stanoveni péstebniho cile ve smyslu jeho spravného
definovani, s pfihlidnuti k i¢elné obnovni technice, je velmi dalezita hluboka analyza

stavu porostu, resp. zhodnoceni souasnych a predpokladanych cili v€etné
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provoznich moznosti (Vacek et al., 2009). Schématické feSeni nepfinasi vzdy exaktni
vysledky bez vétSich ztrat, a proto je vhodné vytvoreni specifického pfistupa pro kazdé
stanovisté i porost (Jauss et al., 2020). K mistnim podminkam prostfedi nebyva
kladena vyznamna pozornost, a to z duvodu pfili§ velkych pracovnich usekd a mnohdy

i kvali zbyte€nému administrativnimu zatizeni (Poleno et al., 2009).
3.4.2 Predpoklady pfirozené obnovy

Pfirozena obnova jako prvek dynamiky lesnich ekosystému je dle Dobrowolské (1998)
a Palucha (2005) nahodny jev, ktery zavisi na mnoha faktorech a jejich kombinacich.
Mezi takové faktory zarazujeme individualni biometrické vlastnosti kazdé dfeviny
(Kershaw et al., 2016), jejich zdravotni stav, historii uzivani krajiny a i, v dnesni dobég,
silny vliv bylozravcu. Mezi kliCové prvky pfi obnové stromové slozky v porostu Ize
zaradit: druhovou, vékovou a vyskovou strukturu lesnich porostd (Husch et al., 2002).
Stabilita a funkénost lesnich porostl je dana také regeneraéni schopnosti jednotlivych

dfevin v porostu (Vacek et al., 2009).

Pro uspésné uchyceni obnovy je potfeba pfitomnost nékolika faktort v jeden presny
moment, a to za pFiznivé konstelace stanovistnich podminek (Jar€uska, 2009; Barna,
2011). Pro zmlazeni urcitého druhu dfevin je podstatna jeji pfitomnost v porostu, resp.
jeji semenny opad. Hospodafsky zplUsob podrostni je uvadén jak jeden
z nejpfihodnéjsi obnovnich zpusobl pro uchyceni semenacku pod matefskym
(Raymond et al., 2009). Vzeti semenacku a jejich nasledné preziti je dano idealnim
stavem pudy (vhodného kli¢niho lGzka), to je zabezpeCovano biologickou pfipravou
pudy, ktera je spojovana s cilenou tézbou dfivi, pfi které se snizuje zakmenéni a zapoj,
zvysSuje se pfisun svétla a vody do spodnich partiich porostu (Vacek et al., 2020b).
Mechanicka pfiprava pldy se vyuziva v lokalitach, kde biologicka pfiprava pudy je
nedostate¢na, a to formou rozruSovani pudniho krytu mechanizaci (pfirozena
stanovisté luzni a borova) — (Kubin, Kemppainen, 1994). Pfiprava pldy je vzpjata
s obnovim zplsobem a novou nastupujici generaci dfevin. Rychlost rozpadu
hrabanky, vyvoj humusu a s tim spjaty vznik pfizemni vegetace je dan zpusobem
obnovni tézby (Vacek, 1981). Proti vysychani semen je dllezité jejich zakryti tenkou

vrstvou mineralni pady (Ledn-Lobos, Ellis, 2002).
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DalSimi pfedpoklady pro uchyceni pfirozené obnovy jsou vhodné klimatické podminky
— porostni klima a porostni povétrnost. Opad semen, vzdalenost doletu, ale i vzeti

semenacku zavisi pravé na téchto porostnich predpokladech (Bellemare et al., 2002).

Mezi dulezité aspekty vzniku pfirozené obnovy je vyskyt semenného roku, ktery byva
lesnim hospodarem jen velmi tézce ovlivnitelny. Pfirozena obnova uspésné vznikne

tehdy, pokud se v8echny faktory a podminky stfetnou v jeden €as (Vacek et al., 2009).
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Obr. 4. Pfiznivé podminky pfirozené obnovy lesa a vznik pfiznivé ¢asové shody vSech
zakladnich predpokladd pro vznik naletd. (upraveno podle Wanselow 1949 in Poleno
et al., 2009).

3.4.3 Specifika pfirozené obnovy

PFirozena obnova je specificka del$i dobou vzniku oproti obnové umélé (Smelkova,
Smelko, 2011). Vznika jiz pfi spravné nacasovani fruktifikace matefskych porosti a
konCi dosazenim rustové faze mlaziny. Velmi podstatna je navaznost pfirozenych
procest na sebe, které pak tvofi jeden spolecny sled (Vacek et al., 1995). Pro
pfirozenou obnovu jsou vhodnéjsi chladné oblasti, ve stfednich a vySSich polohach,

viwv s

vyvoj pfirozené obnovy snazsi (Borghetti, Giannini, 2001). Vliv slunce a vétru je zde
priznivéjsi oproti nizko polozenym nebo exponovanym lokalitdm (Fischer, Lindner,
2002). Uchyceni pfirozené obnovy je nejsnazsi na edafické kategorii kyselé (K). Kysela

kategorie je zaroven zakladni kategorii ekologické fady, ktera je nejrozsifengjsi v CR,
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a to pravé kvuli mensimu zabufenovani pady (Vacek et al., 2009). Jednim z problémi
je pfirozena obnova stanovistné nevhodnych drevin, velmi Casto se k témto dfevinam
pfistupuje negativné, coz je na misté, pokud se jedna o invazivni nepuvodni dfeviny
(Mansourian, 2005). Nepavodni dfeviny mohou najit vyuziti v podobé tzv. zapojnych
dfevin. Nezadouci nalety puvodnich dfevin lze uvést nalety smrku v nizSich
vegetacnich stupnich, s pfimési buku, jedle, javoru, modfinu, borovice apod. Tyto
porosty v souvislosti s kirovcovou kalamitou (Berec et al., 2013), vétnou kalamitou
(Brazdil et al., 2018) €i z dalSich davodu biotickych a abiotickych, byvaji nahrazovany
pfirozené&jSimi smiSenymi porosty, odpovidaji pfirozenym podminkam. Dreviny jako
modfin, borovice i javor mlé¢ dokazou postupné predrustat cilové dreviny. Pfi
prertstani zadouci dfeviny muze dochazet k jejimu pohlcovani, proto se pak tyto
nevhodné dfeviny z porostl vyfezavaji. Potlateni vyskytu téchto dfevin je dano
v omezeni jejich vzniku €i pfezivani (Klimo et al., 2000). Napf. takové omezeni mlze
spocivat v nedostateCném pfisunu vody a svétla (udrzeni horni etaze ve vysokém
zapoji). Tento prostor je nasledné vyuzit difevinami stinnymi jako je napfiklad jedle Ci
buk (Saniga, Balanda, 2008). Pfi nedostatec¢ni oslunéni dochazi u nezadoucich dfevin
k redukci poctu jedinct &i snizeni pfirGstu. Stinné dfeviny maji naopak vysoké toleranci
k zastinéni a po prvnim zasahu lesnika budou jiz pfedristat nalety nezadoucich dfevin
samy (Korpefl et al., 1991). Na lokalitach susSich je konkuren&ni boj pfesunut spise o
vodu a Ziviny, nez o svételny pozitek (Bolte, Villanueva, 2006). Na téchto stanovistich
maji slunomilné dfeviny vyhodu oproti stinomilnym dfevinam, ktera vychazi z jejich

tolerance k zastinéni (Thorn et al., 2019).
3.4.4 Vyhody a nevyhody pfirozené obnovy

Hlavni vyhodou pfirozené obnovy je zachovani autochtonnich, ale i alochtonnich
(nepuvodnich populaci na daném Uzemi), které jsou pro stanovisté geneticky
osvédcené (Kleinschmit et al., 2004). Nepuvodni dfeviny neznamenaji nevhodné
dreviny pro dané stanovistné. Jestli je alochtonni dfevina vhodna pro urcité stanoviste,
je dano jejim vzrustem, vitalitou a také produkci (Vacek et al., 2020a). Pfirozena
obnova pochazejici pouze z kvalitniho reprodukéniho materidlu drevin, které se na
téchto stanovistich nachazeji, vylu€uje pouZziti reprodukéniho materialu ze stanovisté
nevhodného, ziskaného s fadou nejistot pfi jeho nakupu (Korpel et al., 1991; Vacek et
al., 2020a). DalSi vyhodou je velmi dobra adaptabilita pfirozené obnovy na
mikroklimatické podminky prostfedi. Toto pfizpusobeni nelze jinak docilit (Vacek et al.,
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2015). Velkou vyhodou je zachovani vysoké genetickeé diverzity populaci (Vacek et al.,
2009). Dale pak neruSeny rust a vyvoj semenackid na pfirozenych stanovistich.
Nezasahovani do kofenového systému oproti sazenicim, to zajiStuje lepsSi
mechanickou stabilitu a zakofenéni nez vysazené kultury (Mauer, 2005). Nasleduje
péce o mlaziny. Vybér pfi péstebnich zasazich je v hustych mlazinach bezproblémovy.
Dochazi zde k autoredukci velkého poctu jedincl na lokalité — znacny podil asi 80-90
% je vyselektovan. Tato péstebni racionalizace sniZuje naklady na vychovu (Reininger,
1992). Dale je moznost ziskani naletovych semenacku, které je mozné vyuzit
k zasSkolkovani a vytvoreni tak krytokofenych nebo prostokofenych sazenic. Nebo se
semenacky daji pouzit k pfimé vysadbé do mezernatého porostu (Kantor, 2001).
Pfirozenou obnovou se daji usetfit naklady za sadbu nebo siji. Znacna uspora se jevi
i sohledem na pfipravu pldy a vylepSovani mezer (Ambroz et al., 2015). P¥i
predpokladanych vysokych poctech pfirozené obnovy je i mensi Skoda zplUsobena
zvéri (Motta, 1996). Dale se da zvysit hodnotovy pfirast prosvétlovaného porostu,
s ohledem na predchozi podrostni, vybérné a vystavkové lesni hospodarstvi (Bolte et
al., 2009). Tento prirGst také poskytuje ochranu citlivéjSim dfevinam (jedli, buku,

javoru) oproti nepfiznivym klimatickym podminkam (Ammer et al., 2008).

Mezi nevyhody pfirozené obnovy muizeme oznaclit nepravidelnost fruktifikace
jednotlivych stromd (Vacek et al., 2018). Variabilita semennych rokd jednotlivych
dfevin Castokrat znemoZznuje uspésnou pfirozenou obnovu v kazdém roce (Vacek
Mare$, 1984). Pravidelné kazdy rok plodi javory, bfizy, lipy, habry a olSe. Modfin a
borovice mivaji semenny rok kazdy druhy rok. U ostatnich dfevin byvaji semenné roky
delSi. Slabsi uroda byva v mezidoby mezi semennymi roky, mensim pocte semen
znamena i mensi pfirozenou obnovu. Silné semenné roky nejsou pro vznik naletu také
velmi vhodné. Dle prace Gomory et al. (1998) pfehoustlé porosty maji problém
s profedovanim, i kdyz je jejich geneticka variabilita vysoka. Podpora pfirozeného
zmlazeni ve formé autoredukce tkvi v pomalém postupu uvolfiovani naletd (Mares,
Vacek, 1984). Mezi dal$i problém muzeme zafadit nerovnomérnost hustoty naletu. Dle
specifickych mikrostanovistnich podminek mohou vznikat pfehoustla mista, i mezery,
které je nutné doplnit (Schwartz et al., 2013). Pfi zanedbani tohoto doplnéni nasledné
dochazi ke snizovani kvality okrajovych stroml, které pak maji jednostranné
zavétvenou korunu (Kantor, 2001). Mezi dalSi nevyhodu pfirozené obnovy Ize zarfadit

pouze obnovu téch druhl dfevin, které se v matefském porostu nachazeji (Poleno et
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al., 2009). Pro zménu druhové skladby je pak uméla obnova nenahraditelna.
V druhové bohatych lesich ale i v smrkovych monokulturach se obCas nachazeji
semenacky druhu, které se dostaly do porostu z jinych mist (Sagwal, 2020). Tento
transfer je realizovan pomoci ptakl, hrabosu ¢i veverek ale i mravencl (Gorb et al.,
2000). Velké mnozstvi tzv. naletll byva v misté, kde se nachazeji rizné druhy dfevin
pohromadé. Bfizy, javory, topoly, ale i jasany dokazi transportovat sva semena na
velkou vzdalenost pomoci vzdusnych proudu (Nathan et al., 2002). U téZkych semen
dubu a buku hraje roli terén. Diky sklonu jsou schopny se samovolné pfemistovat, ale
jen na omezenou vzdalenost. K transportu semen pomaha voda a pfi silnych srazkach
i pudotok (Vacek et al., 1996). K nasemenéni staci pfevazné jeden zastupce (javor,
buk, modfin &i borovice), a v nejblizS§im okruhu byva zastoupeni pfirozené obnovy

vysoké (Poleno et al., 2009).

3.5 Vychova a management lesnich porostu
3.5.1 Zasady a cile vychovy

Za vychovu lesnich porostl lze povazovat systematicky, opakované a zamérné
ovliviujici zasahy do rustového a vyvojového procesu jednotlivych strom(, skupin
nebo celych porostt (Stefanéik, 2013). Tyto zamérné zasahy jsou vykonavany
s ohledem na stanovené provozni cile lesniho hospodareni. Vychova lesnich porost
zacina jiz zahy u nejranéjSich rastovych fazi, pokracuje pres fazi mlazin, tyCkovin,
tyCovin az do dospivajicich kmenovin (Smith et al., 1997). Z ¢asového hlediska je to
dlouhotrvajici proces, ktery ma za vysledek pfedem uréeny péstebni a produkéni efekt
(Vacek et al., 2018). P¥i realizaci vychovy lesnich porostu je kladen ddraz na nékolik
pozadavku, jako je napfiklad porostni hustota, rozmisténi stroml na plose, kvalita
stroml, druhova skladba, zdravotni stav jedincl ale i optimalni stav porostniho
prostfedi (Molotkov, 1966; Poleno et al., 2009).

Regulace poctu stromU ma za nasledek dosazeni urcitého provozniho optima
s ohledem na produkci porostu (Pettersson, 1993), stabilitu (Slod¢ak, Novak, 2006) a
ostatni funkce. Pocéty jedinci v jednotlivych vékovych stadiich se ¢asem méni
(Ameztegui, 2017). Snizujici se pocet jedincu je kompenzovan zvysSujici se kruhovou
zakladnou a s ni spojenou zasobou porostu (Pretzsch, 2014). Ke stanoveni spravného
a optimalniho poctu slouzi tzv. modely vychovy lesnich porostu (Vacek et al., 2018).
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ukoll ve vychové lesni porostu. Porostni hustotou a pfirtsty se zabyval napf. Assman
(2013). Mezi dalsi pozadavky na vychovu lesnich porostu lze uvést rozmisténi
jednotlivych dfevin. Pfi aplikaci osevnich postupu (zejména pfi umélé obnové) je snaha
vytvofit idealni vnitfni geometrii, ktera vyplyva z biologickych, péstebné technickych a
technologickych hledisek (Vacek et al., 2018). Toto rozmisténi je dulezité zejména
s ohledem na rustovou plochu stromu a je aplikovano v pravidelném rozestupu
(sponu). Tato pravidelnost ma vyhodu v racionalizaci a efektivnosti nasledné vychovy
porostu (Vacek et al., 2020Db).

Kvalita jednotlivych stromu, jako dalSi pozadavek vychovy lesnich porostlu je
zajistovana fenotypovou selekci (Koskela, 2007). Jedna se o planovany vybér jedincu,
ktefi jsou ze stromového inventafe odstranovany, a to podle vnéjSich, okularné
zjistitelnych znakd (Horgan, 2003). Pfirodni vybér a jeho selekce aplikovana
v pfirozené obnové se u obnovy umélé nahrazuje vybérem umélym (Reid, 2018). Ten
je rozliSovan na individualni vybér (zaméfeny na kazdého jediné z porostu zvlast)
anebo vybér schématicky (zaméfeny na plosny vybér jedinct). Posouzeni kazdého
stromu ma vyznamny dopad, jak na kvalitu, tak i stabilitu nasledné vychovavaného
porostu, ale je financné a ¢asové velmi narocné (Poleno et al., 2009). Plosné zasahy

nikterak kvalitu v zasadé neméni, ale jsou efektivni a finan¢né pfijatelné.

Druhova skladba, ktera se podili na biologické diverzité lesniho prostfedi, je planovité
usmérfiovana druhem smési, stupném smiSeni a zplsobem zaméfeni vybéru na
jedince konkrétniho druhu (Jkland, 2003; Vacek et al., 2020b). Vyhlaska ¢. 298/2018
stanovuje cilové dfeviny podle jednotlivych hospodaiskych soubord a také
melioraCnich a zpevriujicich dfevin, které dle této vyhlasky musi tvofit procentualni
pfimés pfi zakladani novych porostl. Dale se pak v porostech ocenuji jednotlivé
pfimiSené cenné listnace, které zlepSuji biodiverzitu a €asto tvofi i zajimavou finanéni
stranku pfi zpenézovani porostu (Sendak,1991; Vr8ka et al., 2001; McNeely, Schroth,
2006). Zdravotni selekce, tvofici dalSi prvek vychovy lesnich porostl, je zaméfena na
vyhledavani stromd nemocnych a napadenych skudci (Gauthier, 2015; Nowakowska,
2020). PFi selekci strom( z porostu je pfihlizeno k druhu a vyznamu choroby a
k intenzité napadeni (posSkozeni). Intenzivné se problematice ohroZeni lesa vénuje
vyhlaska &. 101/1996. Regulace porostni struktury spociva ve vybéru druhové a
tvarové nevhodnych jedincl, podpofe nestejnovékosti, tloustkové a vySkové
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diferenciaci a upravé zapoje k dosazeni optimalniho pisobeni ekologickych faktord,
pusobici na lesni prostiedi (Lahde et al., 1999; Vacek et al., 2018; Senf, 2021).

3.5.2 Prestavby monokultur

V dnesdni dobé stale se rozvracejici se monokulturni porosty smrku a ¢asto i borovice,
dovedli lesniky k uvédoméni, ze pravé maximalni vyse té€Zzeb a zachovani lesni pudy
jako takové, nejsou jediné funkce lesa (Angelstam et al., 2005). Dulezitou a podstatnou
roli hraji mimoprodukéni funkce lesa (Szymanska, Kalejta, 2018). K odklonu od
paseCniho zplsobu hospodafeni navadéli lesnici jako napf. Bernhardt, Gayer.
Ekonomicky a v urcité mife jednoduchosti se uchytilo holose¢né obhospodarovani lesu
na tvorbu stejnorodych a stejnovékych lesnich porostu (monokultur) — (Klimo et al.,
2000). Tento monokulturni zpusob péstovani lesa bez jakéhokoli ekologického a
péstebniho pfedpokladu byl aplikovana na nejrizné;jsi stanovisté (Spiecker, 2000).
Lesni hospodarstvi ve své podstaté tak bylo Spatné pochopeno a bylo k nému
pfistupovano spiSe jako intenzivnimu zemédélstvi, s jednoduchymi plantaznickymi
postupy (Vacek et al., 2018). Monokulturné zalozené porosty, nejen Ze jsou z pohledu
biodiverzity vyrazné chudé (Felton et al., 2010), ale maji vétSi nachylnost k poSkozeni
(TuCekova, Longauerova, 2012), zejména hmyzimi (Bejer, 1988), snéhovymi, ale i
vétrnymi kalamitami (Seidl, Blennow, 2012). Tyto obtize v lesnim hospodarstvi se
objevili v 18. stoleti, kdy znacné vzrostla potfeba technického dfeva. V tomto kontextu
se vyrazné zménila druhova skladba lesnich porostu, ktera pretrvava v urcité podobé
do soucasnosti (Dieler et al., 2017). Labilnost takovychto lesnich porostl
s katastrofalnim rozpadem na nékterych mistech (Hais, 2003) vedla k zméné pohledu
na lesni hospodareni zejména v souvislosti se zménou druhového skladby lesnich
porostu. Jiz od poloviny 20. stoleti probiha zména lesnich porostl na ekologicky

stabilnéjsi lesni ekosystémy s vétsi biodiverzitou (Vacek, Poleno, 2009).

Transformace monokulturnich lesnich porostu v druhové a strukturalné bohatsi lesni
ekosystém lze provést pomoci pFestaveb lesniho porostu (Gartner, Reif, 2004).
Pfestavbou je minéna jak pfeména lesniho porostu (zména druhové skladby), tak i
prevod (zména hospodarského zplsobu) — (Poleno et al., 2009). Smyslem prestaveb
je tedy cilena tvorba smiSenych, vékové a prostorové strukturovanych porostu
(Santopuoli et al., 2021). Nové porostni smési, oproti monokulturné zalozenému

smrku, lépe odpovidaji stanovistnim podminkam. Na pfirozenych stanovistich ve
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vhodném ploSném rozmisténi s diferencovanou vertikalni strukturou jsou tyto lesni
ekosystémy vyrazné rezistencni vaci pusobeni Skodlivych faktord (Newton, 2010;
Vacek et al., 2018). Tato bohatost je spojena také s flexibilitou lesniho hospodareni,
kdy jsou vyuzivany razné druhy a kombinace maloploSného obhospodarovani
(Emborg et al., 2000; Kathke, Bruelheide, 2010). Hlavni divod pfestaveb monokultur
v podobé selhavani rustu, kvality a zdravotniho stavu na stanovistich nepfiméfenych
je dale umocnén znecisténim ovzdusi a poskozenim lesni pudy (Klimo et al., 2000;
Tesaf, 2000; Fabianek et al., 2009). V nejblizSi budoucnosti pfichazi otazka zmény
lesniho hospodarstvi a ekosystému v souvislosti s globalni klimatickou zménou
(Sturrock et al., 2011; Vacek et al., 2021a). Pravé probihajici kirovcova kalamita jesté
vice podporuje dynamiku pfemén monokulturnich porosti v druhové a strukturalné
bohaté ekosystémy (Hlasny et al., 2021). Dlouha doba pfevodu je za téchto okolnosti
snizena, a dava tak prostor pfi obnové nového porostu vyuzit dfeviny stanovisté
vhodné (Svenning, Skov, 2007). Zména lesniho hospodafeni by méla podporovat
prestavbu lesnich porostl napf. opusténi ¢asovych prvkd hospodarské uUpravy lesa
vékovych tfid s nahradou v podobé pfirodé blizkého zplsobu hospodareni (Vacek et
al., 2018).

3.5.3 Prirodé blizké zpusoby péstovani les

PFirodé blizké zplisoby obhospodafovani pfevazné kulturnich lest v CR jsou zalozeny
na trvale udrzitelném lesnim hospodareni (Poleno et al., 2009). Toto hospodafeni ma
nékolik charakteristik. S lesem je nakladano jako s ekosystémem tzn., je odklon od
vyluéné péce o lesni dfeviny a jejich porosty smérem k péci o celé lesni ekosystémy
(Pretzsch, 2008). PoSkozené a chifadnouci lesy jsou pfestavovany v porosty stabilngjsi
a odolngjsi (Fuhrer, 2000). Vytvafri se optimalni struktura lesnich ekosystému
diferencované dle pldni poméri s ohledem na péstebni a produkéni cile lesniho
hospodafeni (Bohn, Huth, 2017). Dochazi k pfechodu od ploSného spiSe ke
skupinovittmu nebo individualnimu zplUsobu hospodafeni (Hannah, 1988). Je
vyuzivano spontannich procesl tzn. pfirozené obnovy, kompetice a autoregulace
(Bettinger et al., 2016). Vytvafi se a podporuje se viceucelové zplsoby hospodareni,
dle funk&niho zaméfeni a moznosti lesnich ekosystém( s ohledem na funkéni
vyrovnanost (Vacek et al., 2018). S ohledem na terénni unosnost a dostupnost jsou
vybirani téZzebné-dopravni technologie poskozujici minimalné pfirodni prostredi
(Cantu et al., 2017). Zpfistupnéni lest ve formé dopravni cestni sité je zduvodnéno
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ekologicky a ekonomicky v navaznosti na terénni klasifikaci a technologickou typizaci
lesnich pozemku (Gucinski, 2001; Watkins et al., 2003). Pfirodé blizké péstovani lesa
neni omezeno Zadnym péstebnim zpusobem nebo formou. Kazdy hospodarsky
zpusob je vice €i méné extenzivni, a tedy i pfirodé blizsi (Schitz, 1999; Bilek et al.,
vybérné hospodareni (vybérny les), les trvale tvofivy (Dauerwald) a péstovani porostni
zasoby (Vacek et al., 2018).

Vybérny hospodarsky zplUsob je charakteristicky neustalou obnovou a vychovou na
téze ploSe (Frank et al., 1978). Vybérny les je vrcholovym produktem vybérného
zpusobu hospodareni (Saniga, Vencurik, 2007). Tento zplsob hospodareni Ize popsat
vybérnou tézbou jednotlivych stroml (bez ohledu mytni nebo pfedmytni tézby) na celé
ploSe porostu v kratkych na sebe navazujicich ¢asovych usecich. A to pfi postupném
vrastani spodni a stfedni vrstvy do téZbou uvolnénych mezer v porostu (Ammon,
1946). Ve vybérném lese se neobnovuji a ani nepéstuji stromy podle plochy, ale podle
poCetnosti. To vytvafi prostor pro rast velmi starych stromu, kde je maximalizovany
objemovy a hodnotovy pririst (Sebik, Polak, 1990). Ve vybérnych lesich je odmitana
Sablonovitost a je snaha o maximalizaci diverzity, resp. rozriznénosti lesniho porostu
(Remes, 2008). Tento hospodarsky zpusob se snazi v co nejvétSi mife uplathovat
biologickou racionalizaci (Schutz, 2011). Jak uvadi Thomasius (1992), vybérny les
predstavuje nejvyssi formu lesa trvale tvofivého. Déle je jeho existence zaloZena
zejména na vhodné druhové skladbé (stinné dfeviny) a idealnich rustovych
podminkach, a to zejména dostate¢né mnozstvim srazek (nad 1 000 mm) — (Poleno
et al., 2009). Jako zakladni nastroj pro obnovu, a i vychovu je vybérna sec (Vyskot et
al. 1978). Vybérny les je charakteristicky svym prostorovym uspofadanim, resp.
nepravidelnosti rozmisténych stromd. Zaklad tvofi hloucek, tedy stromy rlizného véku,
tlousték, vysSek atd., které svou spojeny rustovymi vazbami (Ammon, 2009). Plocha
porostu je prakticky plné zaplnéna, prostor je vyplnén jak horizontalné, tak i vertikalné
vSemi rustovymi fazemi lesa. Tato vystavba je kontinualni a zasoba se udrzuje na
ur€ité urovni (KoSuli€¢, 2010). Trvalost produkce a stalost lesniho prostfedi jako
takového jsou zakladni rysy vybérného lesa (Poleno, 1996). Mezi nejidealné;jsi
edafické kategorie, kde by se vybérny lesni porost mohl vyskytovat, Ize zafadit kyselou
a svézi edafickou fadu (Prusa, 1999). Bohata vrstevnatost lesniho porostu omezuje

pohyb vzduchu a sniZuje vypar. Tyto porosty jsou znakem odolnosti oproti bofivym
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vétrim (Poleno, Vacek, 2011). Dlouha doba vyvoje jednotlivych jedinc v prostoru
vybérného lesa zaruCuje velmi dobré prokofenéni a ukotveni v padé (Ammon, 2009).
Odolnosti pfispivaji i spadnéjsi a dlouhé koruny stromud s niz§im tézistém (Kosulic,
2010). Pro spravné stanoveni vzorové (vyrovnané) struktury vybérného lesa, ktera
zajistuje jeho kontinuitu, se nejvice vyuziva modelu tloustkové struktury zaloZzené na

Liocourtové kfivce (Dolezal et al., 1969).

S pojmem les trvale tvofivy (Dauerwald) pfiSel jako prvni profesor lesnické akademie
v Eberswalde Moller (1921, 1922) — (Sieber, 2013). Jeho mysSlenka lesa trvale
tvofivého, kterou pfirovnaval k Zivému organismu, se nesetkala v pocatcich
s uspéchem (Troup, 1927). Profesor Moller pfesné tento termin nedefinoval, mél zato,
Ze to ma byt vSeobecné platny hospodarsky princip, ktery nemél lesopéstitelske
technické znaky a neshodoval se se zZadnou formou lesa (Stiers et al., 2020).
S postupem ¢asu Dauerwald Ize definovat trvale krytim pudy smiSenym porostem, kdy
je zajisténa trvala produkce dreva v kazdé jeho Casti (Poleno et al., 2009). Vychova
porostll probiha pod krytem matefského porostu. Dale je pak charakteristicky
dostateCnou porostni zasobou dfeva s maximalnim pfirdstem, trvalou podporou
cennych jedinci atéZbou momentalné nejhorSich kust (Helliwell, 1997).
Nepretrzitelnost obnovni tézby je realizovana jednotlivym vybérem nebo maloploSnym
zpusobem bez velkych holoseci (Poleno 1996; Poleno et al. 2009). V soucasnych
podminkach je les trvale tvofivy chapan jako les smiSeny, tvofeny ze stanovisté
odpovidajicich a hospodarsky vyznamnych dfevin (Sieber, 2013). Je to les
mozaikovity, vékové, tloustkové a prostorové rozriznény. Je obhospodafovany
zpravidla jednotlivym nebo skupinovitym vybérem s kombinaci maloploSnych
pasecnych prvkl (Vacek et al., 2018). Funguje na principu biologické racionalizace,
resp. na vyuzivani pfirodnich sil (pfirozena obnova, pfirozeny vybér, autoredukce),

takovy to les je rezistentni oproti klimatické zméné (Dobrovolny, 2013).

Péstovani porostni zasoby zformuloval teoreticky Rubner, a zaklada se na trvalém
uplatiiovani vybéru v lesnich porostech (bez ohledu na jejich vék) (Vacek et al.,
2020a). Zakladem je prechod od plosného hospodafeni k individualnimu vybéru
jednotlivych stroml (Pretzsch, 2008). Kazdy jednotlivy strom byl zhodnocovan
z pohledu kvality a produkce, na tomto zakladé je nasledné vytvaren selektivni vybér
(Graham et al., 2007). Rubner neuvadél zadny hospodarsky zplsob, ktery je vhodny
k péstovani porostni zasoby, spiSe vytvofil tfi kategorie, které umozniuji péci o porostni
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zasobu. ZpuUsoby, které umozriuji péci o porostni zasobu vidél pfedevSim ve
skupinovité clonném zplsobu, vybérném zpusobu a v lese trvale tvofivém (Vacek et
al., 2018).

3.5.4 Specifika péstovani bukovych porost

PFi péstovani bukovych porosta je dllezité jejich kvalitativni rozdéleni, které vychazi
z rustovych podminek, kfivosti kminku a hustoté obnovy (Wagner et al., 2010; Peters,
2013). Bukové porosty tedy rozdélujeme na kvalitni bukové porosty, méné kvalitni
bukové porosty a porosty se zpozdénou vychovou. Kvalitni porosty se vyznacuji
vysoko hustotou z pfirozené obnovy (uméla obnova min. 10 tis. jedinct na hektar) a
kvalitou jedinct (Reme$ et al., 2016). Méné kvalitni bukové porosty maji snizenou
pocate¢ni hustotu s pfevahou jedincd s vadami kminku (Ostrofsky et al., 1986).
Nasleduji porosty se zpozdénou vychovou. To jsou porosty, ve kterych neprobéhl
Zzadny vychovny zasah. Zanedbanim péce o takovéto porosty doSlo ke zvySenému
podilu vtrousenych pionyrskych listnacud a k tvorbé netvarnych jedincu v urovni
(Stefanéik, 2013). Podle souéasného stavu porostl jsou navrhované jednotlivé
vychovné zasahy. Porosty horSi kvality jsou obhospodafovany extenzivnéji a
v nékterych pfipadech jsou dokonce rekonstruovany (Stefandik, Stefandik, 2001;
Vacek et al., 2018).

Cil péstovani buku lesniho spocCiva ve vypéstovani kvalitnich jedincl s dlouhy
kmenem, ktery je cenénym sortimentem (Wagner et al., 2010). Vychova bukovych
porostu zacgina jiz v narostech, pokud se jedna o obnovu pfirozenou, nebo v kulturach,
pokud se jedna o obnovu umélou. Prvni zasah se stanovuje nejpozdéji pfi porostni
vysce 2 m (Stefanéik, BoSela, 2014). Dal$i profezavkové zasahy by pak méli
nasledovat v max. 3letych intervalech v zavislosti na stavu porostu (Vacek et al.,
2018). Prvni faze vychovy pfedurcuje vyvoj a vysledny porost v dospélosti. Negativni

vybérem se odstranuji nevhodni a pferostli jedinci (Rozenbergar et al., 2008).

Prvni profezavkové zasahy jsou situovany do horni a stfedni vrstvy mlaziny a aplikuje
se zde negativni vybér (Peters, 2013). Odstranuji se pfedrostlici a obrostlici, ktefi
snizuji kvalitu ostatnim jedincdm. K specifikdm buku Ize zafadit jeho schopnost
udrzovat vhodnou porostni strukturu autoregulaci (Mataji, Namiranian, 2003). Intenzita

vychovnych zasaht ma byt mirna az slaba, nesmi dochazet k tvorbé& mezer (Vacek et
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al., 2018). Zapoj porostu nesmi poklesnou pod 0,9. Mlazina po vykonaném zasahu
musi zUstat stale zapojenou mlazinou. Silna hustota porostu napomaha pfirozenému
Cisténi kmenu buku (Freist, 1980; Suss, Muller-Stoll, 1980). Geneticka predispozice
buku tvofi vidlice, které jsou pro dal$i vyvoj porostu nezadouci (Stefanéik, 1996). Je
tedy dulezité takovéto jedince z porostu odstranovat. Zasahy byvaji pFfevazné
plosné individualnim zpusobem (Coppini, Hermanin, 2007). Buk pfi uvolnéni je
schopen velmi rychle vyuzit volného prostoru k rustu a tim i efektivné zapojuje porostni
mezery (Cai et al., 2021). Nasledné buk velmi rychle reaguje zvySenym pfiristem na
uvolnéni, a to nejen v mladém véku (Peters, 2013). Dokaze zvétSovat prorlistovou

kapacitu koruny v souvislosti s uvolnénim a oslunénim (Messier, Nikinmaa, 2000).

Mezi negativa pfi péstovani bukovych porostl Ize zaradit jeho znaénou nachylnost
k rozrustani korun do Sitky, vytvareni nepravidelnych az excentrickych korun a nékdy
i zakfiveni kmene vlivem fototropismu (Schréter et al., 2012; Campu et al., 2008).
Obnova buku s ohledem na jeho stinomilnost je bezproblémova (Petritan et al., 2007;
Krueger et al., 2009. Proto jsou vyuzivany nej¢astéji clonné zplsoby obnovy (podrostni
hospodarsky zplsob, nasecny ale i vybérny) — (Brunet et al., 2010; Westergren et al.,
2015). Kulminace bézného vyskového pfiristu u buku je az kolem 45 let. Objemovy
pfirist kulminuje az kolem 80 let, to znamena, Ze buk reaguje na vychovna opatfeni
velmi kladné a silné az do vysokého véku (Vacek et al., 2018). S probirkami se u
bukovych porosti méni negativni individualni vybér na pozitivni a jsou podporovany ty
jedinci, ktefi nasledné budou tvofit cilové zastoupeni v porostu (Boncina et al., 2007).
Z porostu jsou obdobné jako v profezavkach odstraniovany jedinci tvarové a zdravotné
nevhodni (Ostrofsky et al., 1986). V zavislosti na stanovisti je cil 130 az 200 ks/ha
nadéjnych jedincl (Vacek et al., 2018). Pro vychovu se nejcastéji daji pouzit vychovné

modely podle Stefanéika &i Schadelina (Poleno et al., 2007b).

3.6 Poskozovani buku sparkatou zveéri

Skody zvéfi vznikaji pfevazné na nejmladsich lesnich porostech (Cukor et al., 2019a;
Fuchs et al., 2021). Skody na lesnich porostech zplisobuje pifevazné zvéF sparkata,
ktera stale zvySuje své pocetnosti stavy (Stewart, 2001; Vacek, 2017b). Lesni
hospodafi se diky tlakim zvéfe dostavaji do svizelné zejména ve vztahu k ochrané,

péstovani a obnové lesnich porostl (Olesen, Madsen, 2008). Stavy zvére, presahujici
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nékolika nasobné unosné stavy, na nékterych lokalitach prakticky znemoznuji
vypéstovat novou generaci porostu. Bez mimoradné nakladnych ochrannych opatfeni
se jinak listnaté a smiSené porosty nedaji v rannych vékovych fazich vibec péstovat
(Pfeffer, 1961; Nopp-Mayr et al. 2011).

Sounalezitost lesniho hospodarstvi a myslivosti je v souCasné dobé velmi
problematicka. Jiz od poloviny 19. stoleti se se S$kodami ve formé ohryzu, okusu,
vytloukani snazi lesnici bojovat (Kessl,1957). Pro u€inné a efektivni odstranéni skod
zvéfi je potfeba pochopeni slozitych potravinovych vztahd, které na ur€itém misté
existuji. Mezi hlavni divod muZeme zaradit, kromé jiného pocetnost volné Zijici zvére,
které by méla byt umérna uzivnosti prostiedi ve kterém se nachazi (Tuma, 2008).
Uzivnost prostfedi Ize popsat jako poskytnuti dostatku potravy pro zvéf, bez
nadbyte¢ného poskozovani porostu (Vala, 2016). Myslivecké hospodafeni ma byt
zaloZené na pfiméfenych stavech volné Zijici zvéfe (Sloup, 2007). Sparkata zvéfr svym
okusovanim a spasanim muze vyselektovat nékteré druhy rostlin Uplné nebo Castecné,

diky €éemuz muze dojit ke zméné vah v mezidruhové kompetici (Moser et al., 2006).
3.6.1 Skody okusem

Skody okusem registrujeme na pupenech, letorostech, jehlicich, listech nejéastéji na
semenaccich nebo sazenicich, a to pfevazné ve vysce od 20 cm do 130 cm (Engelier,
2015). Nejvetsi problém je u okusu terminalniho, pfi kterém je poSkozen hlavni ristovy
pupen a jedinec se tak nemUze efektivné rozristat smérem do vysky. Bo¢ni okus nema
az tak fatalni dopady na vyskovy pfirtist (Svestka et al., 1990; Fuchs et al., 2021),
avSak pfi intenzivnimu a opakovanému okusu mulze dojit az k uplnému zastaveni
rustu, a tedy k nezaijisténi kultury nebo narostu. S tim se snizZuje jednak kvalita jedincU
(tvorba vidlic, deformace kmene atd.) a zvySuje se konkurenceschopnost bufené

v

pudach. Silny a opakovany okus muze zpUsobit az tzv. bonsajovitost (Eiberkle, 1968).
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Obr. 5. Bonsajovitost buku lesniho pfi pravidelném okusu (foto autor prace).

Pokud se okus odehrava na vétsi ploSe, muze dojit ke zni€eni celé pfirozené nebo
umélé obnovy. V tomto pfipadé pak musi dojit k tzv. vylepSovani, nebo v horsi varianté
uplnému novému zalesnéni. Tim se vSak prodluzuje doba zajisténi kultur a rostou
finanéni naklady (Svestka et al., 1990). Okusem trpi vSechny cilové dieviny, nej¢astsii
jsou v8ak poskozovany jedinci druhu, ktery je v porostu nejméné zastoupeny (Ammer,
1996; Motta, 1996; Vacek, 2017a). Druhové preference jsou nejvice znamé u
listhatych dfevin a u jedle (Vacek et al., 2014a). Z jehli¢natych dfevin je nejvice
poSkozovana kromé zminéné jedle (Liss, 1998), také douglaska, nasledné smrk a
borovice. ZvéF Skodi jak v zimnich mésicich, tak i letnich (Tuma, 2008). Intenzita okusu
je dana tedy pocetnosti volné Zijici zvéfe, uzivnosti prostfedi, druhovou a vékovou
porostni skladbou a zejména pak mysliveckym hospodareni (Reimoser, Gossow,
1996).

Porosty posSkozené okusem se daji jednoznacné rozeznat (Putman, 1996). Sparkata

zvérl pro terminalni a bocni okus pouziva velmi Casto stolicky. Pravé diky okusu

61



stolickami byvaji na zbytcich letorostu a silnéjSich vétvich roztfepena viakna. Pokud
se jedna o slabé vyhony je fezna plocha nerovna a okraj je velmi ¢asto s neupiné
odtrzenym lykem. Okusem kromé sparkaté zvére Skodi i hlodavci a zajici (Gill, 1992).

Hlodavec zanechavaji stopy po hlodacich na fezné ploSe. V pfizemni ¢asti Skodi i

zajici, stopy po zubech nebyvaji patrné, vyhony jsou ostfe odkousnuty (Mrkva, 1995).

Obr. 6. Okus terminalni (vlevo) okus terminalni a zaroven bocni (vpravo) — (foto autor

prace).
3.6.2 Skody loupanim kdry a ohryzem

Loupani vznika v letni obdobi a je nejvyznamnéjsi u jehli€natych dfevin (Cukor et al.
2019a, 2019b). Zvér odtrhava kuru v celych Castech z kmene nebo z kofenovych
nabéhu (Nopp-Mayr, 2011). Toto poSkozeni se déje, kdyz lykovou &asti proudi miza.
Loupani kary probiha nejcastéji na mladych jedincich ve vyvojovém fazi mlaziny, nez
se na klre vytvori hruba borka (Tuma, 2008). Jak uvadi Gheysen et al. (2011), starsi
porosty odolavaji a zvladaji poskozeni loupani Iépe nez mladsi porosty. Jsou pfipady
kdy zvéF strhava velké Casti kary, takovéto poranéni stromu je nasledné doprovazeno
infekci dfevokaznych hub, napf. pevnikem krvavéjicim (Stereum sanguinolentum),

ktery zpUsobuje &ervenou hnilobu oddenku (Cermak, Strejéek, 2007). Zeslablé stromy
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maji sniZzenou vitalitu, stabilitu, pfirGst a pfi silném vétru a snéhu se diky hnilobé
poskozuji mechanickou stabilitu dfeva, velmi snadno lamou (Mrkva, 2001). SniZzena
kvalita dfeva se nasledné projevuje i u jejich zpenézeni (Tuma, 2008). Nejvyznamnéjsi
Skody tvofi jeleni zvér, ktera v rozsahu nej¢astéji od 100 do 200 cm, loupe kdru na
kmeni. Loupani je také zaznamenané u mufloni zvére, ktera spiSe preferuje kiru na

kofenovych nabézich (Mrkva, 1995).

Ohryz je obdobny jako loupani s tim rozdilem Ze ohryz je provadén zveéfi v zimnim
obdobi. V dobé vegetacniho klidu kirou neproudi miza a kdra je diky tomu odolnég;si.
Toto poSkozeni je tedy méné invazni pro stromy oproti loupani (Rozman et al., 2015).
Podobné jako loupani ohryz zpusobuje zejména zvér jeleni a mufloni. PosSkozeni je
typické, v ranach jsou pfitomny stopy fezakl. Nej¢astéji je ohryzem poskozovan smrk
(Svarc, 1981), ale i ostatni dieviny (Uhlifova et al., 1996). Podobné jako u loupani jsou
stromy nachylné k infekci a napadani dfevokaznymi houbami (Tuma, 2008). Navic
poskozené stromy vice sensitivni na klimatické extrémy, zejména dlouhodobé sucho
(Cukor et al., 2019a, 2019b). Duvod loupani a ohryzu neni pfesné definovan, mize se
jednat o nedostatek potravy, navyk, stres nebo je také spojovan s nedostatkem
vapnikl a dalSich mineralnich latek, které se pravé hojné nachazeji pravé v kire
(Mrkva, 1995; Malik, 2007).

3.6.3 Ochrana proti zvéfi

Pro ochranu lesa proti tlakim zvéfe existuje nékolik zpisobl ochrany. Ochrana lesa
se vzdy odviji od druhu Skiidce a lokality jeho pusobeni (Malik, Karnet, 2007). Za
Skidce je povazovan kazdy zivocisSny nebo rostlinny druh, jenz zplsobuje
ekonomickou ztratu (Vreysen et al., 2007). V ochrané lesa proti Skodam zvéfi se
vyuziva biologické, mechanické a chemické ochrany. Jakakoli ochrana je dalSi
nadbytec¢nou davkou ekonomickych zdroji do prostredi. Mezi nejzakladnéjsi opatieni
je dodrzovani minimalnich a normovanych stavi zvére, pfi ktery nedochazi k vyraznym

$kodam na lesnich porostech (Svestka et al., 1998).

Biologicka ochrana spociva ve zvySovani uZivnosti prostfedi. V dnesnich
monokulturnich porostech je pravé tato u0zZivnost omezena (Scherer-Lorenzen,
Schulze, 2005). Pfirozena uzivnost je dana hospodarskym zplsobem, tvarem lesa, ale

i vlastnostmi pudy (okyselovani) a imisemi (Cislerova, 2001). Pro zvéf je vhodny
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podrostni hospodafsky zptisob a les nizky (Svestka et al., 1998). Velké mnozZstvi
kvalitni potravy pro zvér se nachazi v pfirodnich nebo pfirodé blizkych lesich. Smisené
a listnaté porosty s dostatkem kerove, bylinné a travinné vegetace daleko lépe snaseji
tlak zvéfe. Listnaté dfeviny pfispivaji k lepSi uzZivnosti prostfedi. Takové to porosty
nabizeji vétSi mnozstvi kvalitni pastvy (Havranek et al., 2010). Do biologické ochrany
spada také chov zvéfe v pfiméfenych poctech, poméru pohlavi a stafi. Je potfeba
dodrzovat normované stavy zvére. V lokalnich revirech je vSak normovany pocet zvére
i nékolikanasobné prekrocen. Z tohoto duvodu je neustalé vytvaren tlak zvéfe na lesni
porosty (Poleno et al., 2009). Mezi biotechnické zplsoby ochrany patfi pfezimovaci
oburky pro zvéf, kde je zvéf pres zimu pfikrmovana a neskodi tak na produkénich
lesnich porostech. | % zachycené jeleni zvéfe v pfezimovaci oblrce podstatné snizi

$kody na lesnich pozemcich (Svestka et al., 1998).

Mechanicka ochrana proti zvéfi v podstaté predstavuje oploceni, diky kterému se zvér
nemUze dostat ke dfeviné. Ktomu omezeni je vyzivano mnoho typld a forem
mechanickych prostfedkl (Cermak, Mrkva, 2007). Mechanické ochranou Ize chranit
celé porosty nebo jen jednotlivé stromy. NejpouzivanéjSim jsou dfevéné a pletivové
oplocenky. Drfevéné kvili své pomérné kratké Zivotnosti jsou nahrazovany spise
pletivovymi oplocenkami (Mauer, 2005). Ty maji delSi zivotnost a daji se pouzit i
vicekrat. Ochrana porostl formou oplocenek je Casové i finanéné nakladna obrana ale
velmi spolehliva. Oplocenky maiji i své nevyhody, diky nedostateénému seslapovani
pudy se vytvari konkurence porostld (Wasem, Hane, 2008) a také snizuji pastevni
plochu pro zvéf. Pfi stavbé oplocenek se musi dbat zejména na spravnou vysku
oplocenky, predevsim kvuli druhu zvére, ktera zpusobuje Skody. V oblastech s jeleni
zvefi se voli vySka 2,5 az 3,0 metry, proti mufloni a dan¢i zvéfi se voli 2,0 az 2,5 metrd
a proti srn€i a ¢erné zveéfi 1,5 az 2,0 metry (Jurasek, 1998). Vyska oploceni se voli i
dle mistnich klimatickych podminek. Zimni obdobi na horach je charakteristické vétsi
mocnosti snéhové pfikryvky, a proto se v téchto lokalitach stavéji oplocenky vyssi, aby
je zvéf nemohla pfekonat (Tuma, 2008). Kromé ploSnych oplocenek se pro
ochranu jednotlivych sazenic nebo stromim vyuzivaji individualni mechanické
ochrany (Vacek, 2017b). Tyto ochrany jsou vyrabéné z tyek, draténého pletiva nebo
plastd. Ukotveni oplitkl se jevi jako obtizné (Ize porazit Clovékem, zvéfi, vétrem i
snéhem). Vétsi poCet individualnich ochran je v porostu téZké opravovat a kontrolovat,

dochazi tak zpravidla znehodnoceni prace i naklad(i (Svestka et al., 1996). Mezi dal$i
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individualni ochranu muzeme zaradit ochranu terminalniho vyhonu sazenice rtizné
tvarovanymi touleCky z plastd, €i draténymi spiralami. U téchto prostfedkl je nutna
kontrola a uprava dvakrat do roka. ObcCas se k ochrané vyhonu pouzivala i koudel
(Zabloudil, Korhon, 2005).

Chemicka ochrana proti zvé&fi je v CR souéasné nejvice pouzivana (Zahradnik, Vacek,
2021). Princip ochrany spociva v odpuzovadlech na bazi pramyslové vyrabénych
repelentl (Forst et al., 1985). OSetfeni sazenice jsou diky repelentu pro zveér
neatraktivni, a to diky chuti a vani (Jakl et al., 2016). Zakladni predpoklad je
neskodnost téchto repelentu jak pro dieviny, tak pro volné Zijici zvér (Cislerova, 2001).
Repelenty pusobici komplexné na zakladni smysly zvéfe jsou v horizontu delSi
aplikace zvé&fi ignorovany, a proto se repelenty stale inovuji a méni (Svestka et al.,
1998). Repelenty se vyuzivaji proti zimnimu a letnimu okusu, loupani a ohryzu zvéfi,
dale pak k oSetfeni ran jiz vzniklych. Repelenty aplikujeme podle mista poSkozeni
napf. mlady porost chranime natérem terminalu (Jelinek, 2007). ZpUsob aplikace
repelentl je ovliviiovan dfevinou, ro€ni obdobi, zpusobem vysadby, jejim vékem,
sponem sazenic, Clenitosti terénu, vyskytem zvére atd. Repelenty, které se vyuzivaji
k ochrané lesnich porosti jsou uvadény v seznamu registrovanych pfipravkd na
ochranu lesa vydavané statni rostlinolékarskou spravou. V tomto seznamu je uvadén
vyCet aktualné povolenych pfipravku, jejich davka a zpUsob aplikace (Vosatka, 2007).
Repelenty k ochrané lesnich kultur se aplikuji postfikem nebo natérem. Natér je
provadén pro ochranu listnatych sazenic a starSich jehli€natych stromu, pomoci
dvojice kartacu na dlouhych rukojetich s fibrovymi §tétinami postavenymi proti sobé.
Postfik repelentl je vyuzivan pro ochranu miladych sazenic jehli€natych dfevin
vysazenych v tésnéjSim sponu nebo v pruzich (Chmelenska, 2014). Rozptyl postfiku

ochranuje i postranni vétévky s pupeny (Poleno et al., 2009).

3.7 Ostatni ohrozeni a onemocnéni buku
3.7.1 Biotické ohrozeni

Jak jiz bylo zminéno buk lesni je nejvice ohrozen okusem a loupanim sparkatou zveéfi.
AvSak buk je povazovan za dfevin spiSe méné ohrozenou negativnimi Ciniteli, které ho
nedokazou vystavit extrémnimu zZivotnimu stresu (Clasen et al. (2011). Jeho existence

a odolnost je spjata s jeho vyskytem v puvodnich a pfiznivych stanovistich, které

65



napomahaji jeho vyvoji do budoucna (Fang, Lechowicz, 2006). S vyskytem na
puvodnich lokalitach koresponduje i jeho geneticka stabilita, ktera byla s jeho vyvojem
stabilizovana (Muller et al., 2018). Tito geneticky vyznamni jedinci, tvofici jadro Cistych
bukovych €i smiSenych lesu jsou limitovani, kromé jiz zminéného okusu a loupani, také
biotickymi negativnimi Ciniteli (hmyzimi Skddci, houbami, hlodavci) a abiotickymi
negativnimi Ciniteli (imise, tézké kovy, klimaticka zména) — (Geller et al., 2007; Langer,
BulRkamp, 2021).

Mezi vyznamné hmyzi Cinitele ohrozujici buk lze zarfadit StétconoSe bukového
(Calliteara pudibunda L.), ktery napfiklad v historii zpUsobil holoziry na Chomutovsku
(Heiermann, Schitz, 2008), dale pak €ervec bukovy (Cryptococcus fagisuga Lindinger)
a motyl Hranostajnik bukovy (Stauropus fagi L.) — (Gora et al., 1996; Mazzoglio et al.,
2005). Bejlomorka bukova (Mikiola fagi) a bejlomorka bucinova (Hartigiola annulipes)
vytvareji na povrchu listl halky, které zpusobuji zmenseni listové plochy, snizeni rastu
a vitality. Vyskyt a intenzita napadeni se vyviji v zavislosti na klimatickych podminkach
a konkrétni lokalité. Napadeni mize nejCastéji pozorovat na nejmladSich jedincich
pfirozené obnovy. Toto poskozeni mlize omezit pfirozenou obnovu buku a narusit
péstebni c&innost vypéstkd v lesnich Skolkach (Pilichowski et al., 2017). Dalsi
potencialni hrozbou pro starSi bukové porosty v budoucnu je lykoZrout bukovy
(Taphrorychus bicolor Herbst.) a polnik zelenavy (Agrilus viridis L.). Ackoli jsou tyto
klimaticka zména muze jejich dopad vyrazné prohloubit. Dlivodem je narust
oslabenych stroml se snizenou vitalitou, ktery vytvafi idealni podminky pro

pfemnozeni téchto dvou Skadcu (Lakatos, Molnar, 2009).

Nekréza kury buku, pfedevsim vyvolana houbami rodu Nectria spp., pfedstavuje
zavaznou chorobu, ktera vede k vadnuti a uhynu stromd (Racko et al., 2020).
Poskozené dfevo ztraci svou kvalitu a vétSinou je vyuzivano pouze jako palivové, coz
pfinasi znacné ekonomické ztraty. V lesnim hospodarstvi je proto dlrazné

doporucovano minimalizovat poSkozeni stromu pfi tézbé (Mititelu et al., 2021).

Starsi bukové porosty mohou trpét vyskytem nepravého jadra, které vznika v disledku
nedostatku vapniku v pudé, zvySené vihkosti v jadru kmene nebo vyskytem silnych

mrazu. Toto nepravé jadro se lisi fyzikalnimi a mechanickymi vlastnosti od zdravého
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dfeva a je Casto nachylné k hnilob&, coz snizuje jak stabilitu stromu, tak i hodnotu dfeva
(Durrant et al., 2016).

Obr. 7. Vyznamni Skodlivi Cinitelé buku lesniho — Bejlomorka bukova (Mikiola fagi
Hartig) v jiznim Polsku (vlevo) a odumirani kary zplsobené Nectria spp. na stfednim

Slovensku (vpravo) — (foto: Zdenék Vacek).

Buk je v nejohrozenéjsi fazi svého vyvoje po vykliceni. Naklicené bukvice mohou byt
zkonzumovana divokymi prasaty (Sus scrofa L.) — (Frauendorf et al., 2016; Drima;j et
al. 2020), anebo se stanou zdrojem potravy pro holuby (Columba palumbus L.),
pénkavy (Fringilla coelebs L.), mySice lesni (Apodemus flavicollis Melchior), norniky
(Clethrionomys glareolus Schreber) a dalSi druhy volné Zijicich zivocichl (Vacek,
2017b).

Mezi dfevokazné houby kolonizujici zdravé buky, Ize zaradit troudnatce kopytovitého
(Fomes fomentarius L.). Jeho vyskyt v Zivém difevé mlize vyznamné ovlivnit zdravotni
stav stromU a jejich dlouhodobou stabilitu (Cristini et al., 2023). Mycelium pronika do
dfevni hmoty prostfednictvim rdznych mechanickych poranéni kmene, jako jsou
polamané vétve, mrazové trhliny Ci korni spaly. V téchto prasklinach se vytvari
charakteristické bilé podhoubi (syrrocium), které signalizuje pfitomnost infekce
(Schwarze,1994). Houba zpusobuje bilou hnilobu, ktera rychle postupuje dfevem a
vyrazné naruSuje jeho mechanickou pevnost. Infekce je ¢asto doprovazena tvorbou
mechanickych trhlin na kmeni, coz znaCi zvySené riziko statického selhani stromu
(Dyson et al., 2024).
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3.7.2 Abiotické ohrozeni

Abiotické ohrozeni zahrnuje komplexni soubor fyzikalnich a chemickych vlivu
prostfedi, které mohou zpuUsobit oslabeni, poSkozeni nebo dokonce uhyn bukovych
porostu v celém jejich pfirozeném arealu rozsifeni (Lindner et al., 2010). Sucho patfi
s jinymi listnatymi dfevinami niz§i odolnost vic¢i nedostatku vody (Gessler et al., 2007).
Dostupnost pldni vody predstavuje kliCovy limitujici faktor pro vitalitu a produktivitu
buku, pficemz jeji nedostatek ovliviiuje nejen zakladni fyziologické procesy, ale také

konkurenéni schopnost vic&i ostatnim druhdm dfevin (Leuschner et al., 2006).

Vyzkumy ukazuiji, Zze buk je na pfisusek nejcitlivéjsi pfedevsim na poCatku vegetacniho
obdobi, kdy i kratkodobé obdobi sucha mize vyvolat pfed€asny opad listi a prosychani
korun (Rukh et al., 2023). Fyziologickd odezva na sucho je charakterizovana
vyznamnym poklesem stomatalni vodivosti o 80—-85 % pfi mirném az intenzivnim
suchu, coz vede k poklesu Cisté fotosyntézy (Gebauer et al., 2020). Hydraulicka
vodivost kmene se pfi suchu sniZuje o vice nez 92 %, coZz ma za nasledek pokles
kambialni aktivity a tvorbu uzSich letokruhi s menSim pocétem cév (Schuldt et al.,
2020). Kritické prahové hodnoty pro buk byly definovany na zakladé pfedusvitového
listového vodniho potencialu: pfi hodnotach vysSich nez -0,4 MPa nejsou
detekovatelna hydraulicka omezeni, pfi rozmezi -1,3 az -2,1 MPa dochazi k embolizaci
a defoliaci, a pfi hodnotach nizsich nez -2,8 MPa transpirace ustava a odumirani
koruny presahuje 20 % (Schuldt et al., 2020).

Vysoke teploty v kombinaci se suchem predstavuji obzvlasté nebezpecnou kombinaci.
Experimentalni studie prokazaly, Ze buk udrzuje vysSi stomatalni vodivost a transpiraci
pfi zvySeném deficitu nasyceni vodnimi parami az do kriticky nizkych hodnot padni
vlhkosti (Hesse, 2024) Extrémni letni sucha zpUsobuji u buku nevratné poskozeni
spojené s vyCerpanim uhlikovych rezerv a zvySenou nachylnosti k patogendm, coz
bylo patrné zejména béhem vyjimecnych suchych obdobi v letech 2018—2020 (Rukh
et al., 2023). Mrazové Skody poSkozuji kvéty a Cerstvé vyrasSené listy, ale
mrazuvzdornost buku vykazuje vysokou schopnost aklimatizace, pfiCemz listové

primordium muze byt odolné az do -40 °C (Vitasse et al., 2014).
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Vétrné poskozeni nepfedstavuje vyznamny faktor pro bukové porosty diky vysSi
odolnosti vici vétru nez u jehli€nanl (Schitz et al., 2006). BEhem vétrnych boufi je 70
% poskozenych stromu vyvraceno a 30 % zlomeno, pfiemz stfedni az velké kmeny
jsou nachylngjsi (Hormann et al., 1996). Ledovka poskozuje pfedevSim stromy vétsi
nez 30 cm DBH ve vysSich nadmorskych vyskach (KlopCi€ et al., 2020) Znecisténi
ovzduS$i (ozon) snizuje fotosyntetickou aktivitu a vede k uzsim letokruhim. Depozice
dusiku kratkodobé podporuje rist, ale dlouhodobé destabilizuje ekosystémy
(Bytnerowicz et al., 2007). Zaplaveni naruSuje transport sacharid( a vyvolava produkci
ethanolu v kofenech (Kreuzwieser, Rennenberg, 2014). Zhutnéni ptidy omezuje pfijem
vody a zivin (Waltert et al., 2002). Pozary vyznamné poskozuji buk, ktery neni

adaptovan na ohen (Maringer et al., 2016).

3.8 VIliv klimatické zmény na rlst a vyvoj lesnich porostu

Lesni hospodafrstvi je klimatickou zménou ovlivnéno ve dvou oblastech (Kirilenko,
Sedjo, 2007). Ovlivnény budou rastové podminky porostu a ulozisté vzdusného uhliku,
jelikoz je uhlik fixovan pfevazné v lesnich porostech (Schoene, Bernier, 2012; Pukkala,
2018). Vysledny dopad klimatické zmény na lesni hospodafstvi, je dan samotnou
intenzitou klimatické zmény a lidskou reakci na tyto zmény (Pokorny, 2013). Zména
klimatickych podminek stanovisté bude tvofit nejvyznamnéjsi vliv na lesni ekosystémy
(Lindner et al., 2010). V zavislosti konkrétniho porostu a lokalnich podminkach
stanovis$té mize zména klimatickych podminek plsobit na lesni porost jak negativné,
tak i pozitivné (Jaworski, Hilszczanski, 2013; Hisano et al., 2018). RUst dfevin mlze
byt zvySenou koncentraci COz eskalovan, tento jev mizeme fadit mezi vlivy kladné
(Urban et al., 2011). Vysledkem pusobenim zmén klimatu by tedy méla byt zména
potencialu stanovisté pro péstovani porostl lesnich dfevin a naproti tomu také zména
tolerance a naroku lesnich dfevin ke stanovistnim podminkam (Lindner et al., 2010).
Tato zména klimatu znamena posun stanoviStnich podminek pfiblizné o dva lesni
vegetacni stupné smérem k nizSim vegetacnim stupfiim (Vacek et al., 2018).
Césteéné snizeni tohoto negativniho posunu je mozné pravé diky zvy$ené koncentraci
CO2 v atmosféfe (Talhelm et al.,, 2014), a to nejvyraznéji v nizSich vegetaCnich
stupnich. Tento efekt ma za nasledek zvySeni tolerance dfevin ke stresovym
podminkam (Vacek et al., 2020b). Vysledkem téchto klimatickych zmén bude zvySeny

tlak abiotickych a biotickych Cinitelll na lesni porosty, coz v naSich podminkach
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s ohledem na kdrovcovou kalamitu Ize sledovat jiz nyni (Foster et al., 1997; Zemek,
Herman, 2001; Teshome et al., 2020). ZhorS§ené podminky pro péstovani smrku, i
s jeho nepuvodnosti ve stfednich a nizSich polohach, vylu€uji jeho existenci na téchto
stanovistich s ohledem na klimatické aspekty (Klimo et al., 2000; Klimo, Kulhavy,
2006).

OcCekava se, Zze zavazna a Castd sucha se stanou vaznym rizikem pro lesni
ekosystémy v dusledku klimatické zmény (Kolstrom et al. 2011). Ménici se klimatické
podminky zpUsobuji zmény ve struktufe lesu a lesnickych strategiich (Furst et al. 2007;
Nabuurs et al. 2007). Podstatné zvySeni teploty vzduchu doprovazené soubéznym
poklesem srazek béhem vegetacniho obdobi ve stfedni a jizni Evropé zvySuje
pravdépodobnost dlouhych a intenzivnich letnich such (EEA 2004). Z téchto divodu
by smiSené porosty, kde je buk hlavni slozkou, mély byt zakladany pouze na vhodnych
stanovistich. Nedostatek srazek a intenzivnéjSi sucha zpulsobuji posun v lesnich

vegetacnich stupnich (Lindner et al. 2014).

Rustova odezva dfevin na klimatickou zménu se nejvyraznéji projevuje v dlouhodobém
C¢asovém horizontu (Buntgen et al., 2007), zejména jiz zminénym posunem hranic
vySkovych vegetacnich stupnd (Vanoni et al., 2016). Porozuméni témto probihajicim
posunum je kliCové pro tvorbu strategii udrzitelného lesniho hospodareni v
podminkach klimatické zmény (Kulhavy, 2004). VySkové vegetacni stupné predstavu;ji
regionalni ramce klimatickych podminek, které urcuji ristové moznosti lesnich dfevin
v hospodarskych lesich, jez jsou dominantni v temperatnich oblastech Evropy
(Svobodova et al., 2009; Vacek et al. 2023). Modelovani dopadu klimatické zmény tak
poskytuje dulezité podklady pro navrhovani adaptacnich opatfeni v porostech buku
(Mindas, Skvarenina 1996) a zaroven slouZi jako védecky podloZené ekologické i
ekonomické zdlvodnéni pro uplatfiovani adaptacnich pfistupl v lesnim hospodareni
(Machar et al. 2017).

Vliv globalni klimatické zmény na lesni ekosystémy zatizené stresem je mimofadné
komplexni a dosud neni dostateCné objasnén (Kolstrdom et al., 2011). Kromé
makroklimatickych faktord hraje vyznamnou roli geneticka vybava porostl, vazba na
konkrétni ekotyp a specifické mezoklimatické podminky (Kramer et al., 2010; De
Frenne et al., 2019). Takova diferenciace musi byt podloZzena konkrétnimi udaji o

pavodnosti porostli, makroklimatu i mezoklimatu dané lokality, protoze mezi
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stresovymi faktory dochazi k synergickym efektim, které je obtizné pFesné
identifikovat (Svobodova, VozZenilek, 2009; Brang et al., 2014;). Odolnost dfevin je
vyrazné ovlivnéna také trofnosti pady, respektive vlastnostmi podlozi a kvalitou
humifikace, kterou pozitivné ovliviiuje pfimés listnacd, stejné jako pfiznivé vihkostni
poméry v zavislosti na obsahu a kvalité humusu a mineralizace (BorlGvka et al., 2005;
Leuschner et al., 2006). Obecné plati, Ze ve vysSich nadmofskych vysSkach, tedy ve
vyssSich lesnich vegetaCnich stupnich, je limitujicim faktorem pfedevsim teplota,
zatimco srazek je relativni dostatek (Dittmar et al., 2003). V nizSich polohach je naopak
hlavnim limitujicim faktorem nedostatek srazek, pfiCemz negativni vliv zvySené teploty
se zde projevuje zejména prostfednictvim vySSi evapotranspirace (Rotzer et al., 2013).
Ctvrty lesni vegetaéni stuper (bukovy) Ize obecné oznadit za pfechodovou zdénu, kde
maji teplota i srazky obdobny vyznam. Tento stupen pfedstavuje rozmezi, v némz
smeérem k vy$Sim stupfiim narUsta vyznam teploty a klesa vyznam srazek, zatimco
smérem Kk niz§im stupfilim naopak roste vyznam srazek a klesa vyznam teploty
(Machar et al., 2017).

3.8.1 RozSifeni a vyvoj buku v kontextu klimatické zmény

RozSifeni buku lesniho jako jednoho ze zakladnich druh( listnatych dfevin v Evropé
(Packham et al., 2012; Chianucci et al., 2016) hraje pfi trvale udrzitelném lesnim
hospodareni dulezitou roli (Bolte et al., 2007; Barna, BoSela 2015). Jeho vyznam
nalezneme nejen v ekologickém plsobeni (Drobyshev et al., 2014) ale, také ma velky
vyznam z ekonomického hlediska (Shahverdi et al., 2013). Jeho dominance ve stfedni
Evropé na vlhkych az mirné suchych ptdach v submontalnich nadmorskych vysSkach
muUze byt ohrozena (Ellenberg 1996). Ke zhorSeni nasledné muaze dojit i ve vitalité a
konkurenceschopnosti (Fotelli et al. 2003) pfedpokladanymi zménami klimatu (Bilela
et al. 2012; Machar et al. 2017). Za vyznamny negativni faktor je dle IPCC (2007)
stanovena snizena dostupnost vody, ktera snizuje produktivitu a vitalitu lesnich
ekosystému ve stfedni Evropé. Ve vazbé na globalni klimatickou zménu je buk,
zejména ve stfedu arealu svého rozsSifeni, pomérné vyrazné uspésnou drevinou
(Leuschner et al. 2006; Bolte et al. 2010; KraliCek et al. 2017). Gessler et al. (2007) se
zabyva protilehlymi svahy a udava, Ze svah severovychodni je relativné studeny a
vlhky, ktery nyni reprezentuje aktualné vétSinu bucin ve stfedni Evropé. Svah
jihozapadni je naproti tomu suchy a teply, ktery do budoucna bude, dle autord, tvofrit
potencionalni klima bukovych porostl ve stfedni Evropé. V navaznosti na klimatické
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zmeény jsou vice pfiznivé podminky pro rust buku lesniho nez pro rast smrku ztepilého
(Kralicek et al., 2017; Kolaf et al., 2017). Pfirodé blizky management hospodareni a
jeho strategie by mély fesit jak ekologicka, tak i ekonomicka rizika (Seidl et al. 2014;
Schelhaas et al. 2015). Kramer et al., (2010) zduraziuje Zze adaptace na klimatické
zmény muze veést ke genetickym a fenotypové strukturovanym populacim na celém
uzemi vyskytu druhu jiz béhem nékolika generaci, a to v zavislosti na pouzitém
systému lesniho hospodafreni. Dle prace Dulamsuren et al. (2017) zvySené oteplovani
a zmenSeny prisun srazek snizuje pfirdst a produkci buku lesniho v nizSich polohach.
Se snizenym obsahem vody v pudé je snizen i pfijem dusiCnanu. Vyznamna ztrata
dusiku ovliviiuje spravny rust semenacklu, a to nejCastéji na vapnitém podlozi
(Dannenmann et al., 2016). Snizena dostupnost vody a zvySeny stres ze sucha ma za
nasledek nizsi produkci biomasy a vyssi pravdépodobnost mortality (Rotzer et al.,
2013). V kontextu klimatické zmény je dulezita i slunecni aktivita. Pfi zhodnoceni
mnozstvi uhrnu srazek a sezonni teploty jsou zasadni pocCty a intenzity slunecnich
skvrn (Simanek et al., 2021).

Pfestoze je buk vniman v8eobecné za relativné odolny vuci abiotickym i biotickym
stresorlm, jeho vitalita a produkce jsou silné ovlivnény dlouhodobym suchem,
zvySenymi teplotami a extrémnimi klimatickymi vykyvy (Vacek et al., 2023b; Knutzen
et al. 2017). V nizSich a susSich polohach buk ztraci konkurenceschopnost, coz muze
vést k poklesu jeho zastoupeni (Vacek et al., 2023b). Naopak ve vysSich a vih¢ich
polohach muze jeho vyznam rust (Aertsen et al. 2014b; Vacek et al. 2019). Adaptace
buku na klimatickou zménu zahrnuje zejména vybér vhodnych provenienci, podporu
pfirozené obnovy a péstovani smisenych, strukturné diferencovanych porostu, které
zvySuji odolnost a stabilitu ekosystému (Brang et al., 2014; BoSel'a et al., 2016b; Vacek
et al., 2021a). Dulezité je také vyuzivani pfirodé blizkych péstebnich metod, pficemz
nejoptimalnéji se jevi vybérny zplsob hospodafreni, ktery umoziuje rychlou reakci na
zmény a podporuje dlouhodobou vitalitu porostti (Brang et al. 2014; Stefangik et al.,
2018b). Prfesto je nezbytné sledovat mozné posuny v aredlu rozSifeni buku a
prizplsobovat lesnické strategie aktualnim i predikovanym klimatickym podminkam,
v€etné rizika sucha, Skidcu a chorob (Knutzen et al., 2017; Vacek et al., 2023b). P¥i
radikalnim nezhorSovani klimatickych podminek ma buk potencial zustat klicovym
druhem stfedoevropskych lesu. Adaptacni opatfeni by méla zahrnovat zajisténi

diverzity stanovist i genofondu (Kramer et al. 2010; Vacek et al. 2023)
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Obr. 8. Vyvoj buku lesniho s o ohledem na vyvoj klimatu pfiznivéjSi (vlevo) a

v vivs
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3.8.2 Hospodareni s bukem béhem klimatické zmény

Jednim z nejvhodnéjSich nastroju pro rozvoj a udrzeni buku s lesnich porostech jsou
pfirodé blizké zplusoby péstovani lesa. Buk je v mnoha ohledech idealni dfevinou pro
tento typ hospodareni — je stinomilny, dobfe regeneruje pod matefskym porostem a v
optimalnich podminkach vykazuje vysokou vitalitu a produkci (Brang et al., 2014;
Stefandik et al., 2018b).

Koncept pfirodé blizkého hospodareni stavi na podpore pfirozené obnovy, strukturni
diferenciaci porostu, podpofe smisenych difevinnych skladbach a minimalizaci zasahd,
které naruSuji pidni mikroklima a kolobé&h Zzivin. Zakladem je pfechod od vékové
stejnovékych porostl k mozaikovitym, prostorové i vékové diferencovanym lesiim, kde
jednotlivé skupiny stromud ruzného véku a velikosti zvySuji odolnost vuci naruseni a
podporuji adaptabilitu na klimatické extrémy (Messier et al., 2015; BoSel'a et al.,
2016b; Saniga et al., 2022). Vyznamnou roli zde hraje vybérny zplsob hospodareni,
kdy je cilem nejen produkce kvalitniho dfeva, ale také podpora pfirozené obnovy a
dlouhodobé stability (Poleno et al., 2009; Stefanéik, 2022).

Prakticky se tento pfistup projevuje zejména pozitivni vybérem, kdy je vybirana
skupina tzv. cilovych stromu, které jsou po dosazeni pozadovaného priméru tézeny a
vzniklé mezery jsou rychle vyplfiovany pfirozenou obnovou (Stefanéik 1984;
Sumichrast et al., 2023). Pro dosazeni vy$si odolnosti a stability porostti je vhodné
péstovat buk ve smési s dalSimi dfevinami, které maji odliSné ekologické naroky a
doplfiuji se ve vyuzivani zdroji (Fuchs et al., 2023). Ve vySSich a chladnéjSich
polohach je tradi¢ni a osvédCena kombinace buku se smrkem ztepilym, protoze oba
druhy vyuzivaji rizné vrstvy ptdniho profilu a lIépe tak hospodafi s vodou a zivinami.
V nizSich a teplejSich oblastech je vhodné buk kombinovat s dubem zimnim, nebo
dubem letnim, které Iépe snaseji sucho a vysoke teploty, a pfispivaji k udrzeni stability
porostu i béhem extrémnich epizod sucha. Velmi perspektivni je také kombinace buku
a jedle bélokoré na stanovistich s dostatkem vlahy, protoze obé dreviny si nekonkuruji
v kofenovém prostoru a smési vykazuji vySSi rustovou stabilitu i po extrémnich
suchych obdobich (Vacek et al., 2021a). Na susSich a pis€itych stanovistich Ize buk
kombinovat s borovici lesni, ktera je odolngjsi vici nedostatku vody, avSak v piné
zapojenych porostech mize byt buk dlouhodobé konkurenceschopnéjsi (BoSel'a et al.,
2016a). V podhorskych a horskych oblastech se osvéd&uji smési s javorem klenem a
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mléCem, které zvySuji ekologickou stabilitu, produkéni schopnost a druhovou
rozmanitost porostl (Pretzsch et al., 2013). Velikost téZenych skupin by neméla
pfesahovat 4-5 arQ, coz umoziuje vznik mozaikové struktury a riznovékych porostu
(Schitz, 1990). Takto diferencované lesy vykazuji vysSi ekologickou stabilitu, lepsi
odolnost vuci suchu i Skidcim a zaroven vysSi produkéni kvalitu dfeva (Lapin et al.,
2008; Vacek et al., 2023a).

Pfirodé blizké hospodareni je také spojeno se zachovanim habitatovych stromu,
odumfelého dfeva a podporou pfirozené obnovy, coz pfispiva k biodiverzité a
ekologickym funkcim lesa (Brang et al., 2014). V ramci adaptaCnich opatfeni je
doporuc€ovano sledovat posuny vegetacnich stupnu, peclivé volit provenience buku a
podporovat genetickou diverzitu (Kramer et al., 2010; Vacek et al., 2023a). Vyzkumy
ukazuji, Ze mozaikova struktura bukovych lesu, vznikajici v disledku pfirodé blizkého
hospodareni, zvySuje jejich ekologickou stabilitu a schopnost adaptace na ménici se
klima (Lapin et al., 2008; Brang et al., 2014). Takové porosty jsou schopné lépe Celit
extrémnim vykyvim pocasi, suchu i biotickym hrozbam (BoSel’a et al., 2016a; Vacek
et al., 2023a).

V praxi je vhodné zacit s prfestavbou vékovych lesli na mozaikové porosty jiz ve
stfedné starych porostech, podporovat skupinovou pfirozenou obnovu a vytvaret
pestrou vékovou a prostorovou strukturu. Vybérny zplsob hospodareni na principu
skupinového vybéru je v tomto ohledu nejvhodnéjSi metodou (Poleno et al., 2009).
Vysledkem je vznik pestrych lesnich ekosystému, které jsou nejen produk&né efektivni,
ale prfedevsim odolné a adaptabilni vi&i budoucim zménam klimatu (Saniga et al.,
2022).

3.8.3 Adaptacni opatfeni proti negativnimu pUsobeni klimatické zmény na lesni

porosty

Pro zmirfiovani negativnich dopadu zmén klimatu na lesy byly vytvofeny tzv. adaptacni
opatfeni. Problematikou adaptace lesnich porostd na globalni klimatické zmény se
dlouhodobé zabyva fada autort (napf. Spittlehouse, Stewart, 2003; Millar et al., 2007;
Bolte et al., 2009; BoSela et al., 2016; EUFORGEN, 2024; ETC-CA, 2024). Napfiklad
v CR je strategie adaptaénich opatfeni na globalni klimatické zmény v lesnich

porostech souéasti Narodniho lesnického programu (UHUL, 2013), pfiéemz kli¢ova
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opatfeni zahrnuji podporu pfirozené obnovy, zvySeni druhové diverzity a upravu
managementu (FOREST EUROPE, 2020; BMEL, 2023). Zména klimatu a nasledna
adaptace je definovana jako ,oCekavani nepriznivych viivi a realizace pfiméfenych
opatreni pro vyhnuti se, nebo zmirnéni téchto vlivi, nebo vyuZiti prilezitosti, které
mohou vzniknout* (EUROPEAN COMMISSION, 2014). Tento soubor opatfeni
zohlednuje nestabilitu klimatickych podminek a sméfuje ke zvySeni flexibility
hospodareni v lesich a snizovani rizik poSkozeni nebo zni€eni lesnich porostu (Lindner
et al., 2014; Forestry Commission UK, 2025).

Autofi Spittlehouse, Stewart (2003) popisuiji tfi oblasti, na které je tfeba se pfi adaptaci
zameéfit. V kazdé oblasti vymezuiji jeji rizika a kratkodoba a dlouhodoba adaptacni
popsana jako efekt pravidelnych vin vysokych teplot a epizod sucha na pfirtst lesnich
drevin. Mezi o¢ekavana rizika miZeme zahrnout zejména redukci pfirdstu, nardst Skod
vlivem pozaru a pfemnozeni biotickych Skadcu, pokles kvality a mnozstvi vytéZzeného
dfeva, redukci pfirozené obnovy a narast vyskytu invaznich druhd (Allen et al., 2010;
Forzieri et al., 2022). Autofi uvadéji jako kratkodoba opatfeni zejména vyuziti
odolnéjSich provenienci lesnich dfevin, zavedeni efektivnéjSich technologii zpracovani
i méné kvalitniho dfeva, zavedeni klimatickych proménnych do rustovych modeld lesa
a definovani principu krajiny odolné vuci pozarim (Rajendra et al., 2014; ETC-CA,
2024). Mezi dlouhodoba opatfeni Ize zahrnout modifikace semenarskych oblasti a
transferu osiva mezi nimi, zavadéni alternativnich genotypl lesnich dfevin a novych
druhd (EUFORGEN, 2024; Forestry Commission UK, 2025). Z péstebné a
hospodarsko-upravnické oblasti se jedna o zvySeni podilu sanitarnich vychovnych a
obnovnich zasahu, dale pak zména délky obnovni doby porosti. Mezi dalSi opatfeni
|ze zafadit zmény krajiny zaméfené na minimalizaci Sifeni biotickych Skidcl (Brang et
al., 2014; BMEL, 2023).

Adaptacni opatfeni je potfeba realizovat a pfijimat s ohledem na vnitfni a vnéjsi
strukturu lesa, tak aby byl les schopen Celit novym budoucim podminkam. S ohledem
na tuto strategii je potfeba pfijimat rozhodnuti o managementu lesa, ktery je dulezitou
soucasti této adaptace. Adaptace managementu spociva ve zvysSeni flexibility
hospodareni, zejména maximalni vyuzivani pfirodnich procesu, zvySeni druhové a
genetické diverzity porostl a poctu vyuzivanych dfevin, a také snizeni dob obmyti
zranitelnych dfevin (UHUL, 2013; FOREST EUROPE, 2020). Tyto postupy zajistuji
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prubézné zhodnocovani a upravovani zpusobu hospodarfeni s ohledem na nové
poznatky, ménici se stav lesa a pfipadné zmény cile hospodareni (Vacek et al., 2020c;
Schnabel et al., 2025). Stfedni Evropa ma vyhodu ve vétsi moznosti adaptace nez
napf. oblast mediteranni, ktera je podstatné vyraznéji zasazena globalnimi

klimatickymi zmé&nami (Lindner et al., 2010; Forzieri et al., 2022).

Jak uvadi Vacek et al. (2020) cilem adaptacnich opatfeni by mélo byt dosazeni co
nejvétsi pestrosti druhové skladby, a to jak z pohledu ¢asového méfitka, tak zejména
z prostorového hlediska. Cilova vychova lesnich porosti ma dualezity vyznam (BoSela
et al., 2016), ktery Ize spatfit ve sniZeni citlivosti na sucho (Potzelsberger et al., 2015).
Ke sniZzeni a zamezeni rizika velkoploSného rozpadu lesnich porostl Ize pfistupovat
zvySenim pestrosti druhové skladby, ktera se jevi jako kliCova pfi nastavajici
dynamickych zménach rdstovych podminek (Simdnek et al., 2020; Schnabel et al.,
2025). Tradi¢ni hospodaiské dreviny, které jsou jiz nyni soucasti doporucené dfevinné
skladby, je vhodné doplnit a nasledné podporovat vyuzivanim pfipravnych dfevin, jako
jsou bfiza, jefab, osika Ci olSe (Poleno et al., 2009; ETC-CA, 2024).

Brang et al. (2014) uvadi posilovani adaptacnich schopnosti lesnich porostid zvySenim
diverzity dfevin pomoci pfemén porostu, zvySenim strukturalni diverzity pomoci
prestaveb lesa a péstovani ruznovékych porostl, udrzeni €i zvySeni genetické
variability v ramci druhd lesnich dfevin. Tyto schopnosti Ize dosahnout zejména:
dlouhodobou a bohatou pfirozenou obnovou pochazejici z mnoha stromu v porostu,
obohacenim domaci populace populacemi z teplejSich a susSich oblasti (EUFORGEN,
2024), vychovou porostu neredukujici jejich variabilitu, vyvijenim variabilniho
selektivniho tlaku prostfednictvim fluktuace podminek prostfedi (BMEL, 2023). Také
zvySenim odolnosti jednotlivych stromu k biotickym a abiotickym stresovym faktorim,
a to silnéjSimi vychovnymi (Uroviiovymi) zasahy, péstovanim dlouhych korun, vétSim
rustovym prostorem jednotlivych stromul, pfeménou (pfestavbou) vysoce rizikovych
porostu, a to zejména prfed€asnou obnovou (skupinovymi sefemi nebo naseky),
prestavbou, udrzenim relativné nizké zasoby porostu ¢asnéjSim zaCatkem obnovy
porostu a silnéjSimi vychovnymi zasahami (ETC-CA, 2024; Forestry Commission UK,
2025;).

Kritickou vyzvou pro lesy stfedni Evropy je klesajici klimaticka vhodnost plvodnich
druhu dfevin v dusledku rychle se ménicich klimatickych poméra (Chakraborty et al.
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2021). Ocekava se, ze probihajici chfadnuti a odumirani puvodnich druhd dfevin
povede ke zménam v celkové strukture lest (Menezes-Silva et al. 2019). To by mohlo
vést nejen ke ztraté ekonomicky vyznamnych druhd stromd, ale také k poklesu
soucasné biodiverzity lesti (Vacek et al. 2023a; Konic et al. 2024). Jednim ze zpUsob,
jak celit ztraté rozmanitosti, produkce dfeva a potencialu sekvestrace uhliku v
budoucich klimatickych podminkach, by mohla byt podpora introdukovanych druht
stromu pochazejici z regionu, které jiz maji podobné klimatické podminky (Brang et al.
2016).
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4 Metodika

4.1 Charakteristika zajmového uzemi

Hlavnim zgjmovym uzemim pro zhodnoceni dynamiky a managementu bukovych
porostu byly Krusné hory a KrkonoSe. Ostatni pohofi KruSnohorské a KrkonoSsko-
jesenické subprovincie byly rozebrany v reSerSnim ¢lanku — European beech (Fagus
sylvatica L.): A promising candidate for future forest ecosystems in Central Europe
amid climate change (Fuchs et al.,, 2024). Soucast zajmového uzemi bylo také
Turecko, viz ¢lanek: Growth Responses of European Beech (Fagus sylvatica L.) and
Oriental Beech (Fagus orientalis Lipsky) Along an Elevation Gradient Under Global
Climate Change (Fuchs et al., 2025). Zajmové uzemi bylo v zahranici rozSifeno také
o polskou stranu Krkono$ a némeckou ¢ast Krusnych hor. Dale radialni rast v kontextu
zmény klimatu byl srovnan se sttednimi a niz$imi polohami na izemi Lest CZU a SLP
KFtiny, viz: Impact of technical water retention on European beech (Fagus sylvatica L.)

resilience and growth dynamics (Vacek et al., 2025).

Krusné hory a KrkonoS$e jsou oblasti specifické pro studium lesnich ekosystému, nebot
se vyznacuji odliSnymi, av8ak extrémnimi klimatickymi, geologickymi a pedologickymi
podminkami, které zasadné ovliviuji rist, vitalitu a stabilitu lesnich ekosystému
(Hlasny et al., 2011; Fuchs et al., 2021). KruSné hory se rozprostiraji na severozapadé
republiky podél statni hranice s Némeckem a Caste¢né zasahuji i na némecké uzemi,
zatimco Krkono$e se nachazeji na severovychodé a tvofi nejvy3si pohofi Ceské
republiky a ¢asteCné zasahuji i na polské uzemi. Obé oblasti jsou charakteristické
vysokymi srazkovymi uhrny, chladnym klimatem a specifickou skladbou pUdnich typd,
které v kombinaci s historickymi i sou€asnymi antropogennimi vlivy urcuji ekologickou
dynamiku zdejSich lesnich ekosystému (Kandler, Innes, 1995; Podrazsky et al., 2019).
Trvalé vyzkumné plochy v ramci zajmového uzemi byly situovany v nadmoriskych
vyS8kach v rozmezi pfiblizné 510 az 1310 metrl. Primérna rocni teplota vzduchu se v
této oblasti pohybuje v rozmezi 2,6 °C az 7,5 ‘C. Tyto hodnoty odpovidaji

charakteristice horského klimatu s vyraznymi sezénnimi vykyvy (CHMU, 2022).

Obé zkoumané oblasti vykazuji vyrazné rozdily v geologickém podlozi, reliéfu,

mikroklimatickych pomérech i v historii vyuzivani krajiny (Machova et al., 2018).
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Krusné hory jsou typické dlouhodobou antropogenni zatézi, zejména v souvislosti s
prumyslovou &innosti a imisni kalamitou druhé poloviny 20. stoleti, ktera zasadné
ovlivnila sloZeni a vitalitu zdejSich lest (Kandler, Innes, 1995). Krkono$e oproti tomu
predstavuji uzemi s vyraznymi pfirodnimi gradienty, od submontannich lest az po
alpinska bezlesi, a jsou vyznamné ovlivnény extrémnimi klimatickymi jevy, jako jsou
silné vétry, inverze Ci vysoké srazky (Hlasny et al.,, 2011). Obé oblasti jsou proto
idealnimi modelovymi lokalitami pro studium lesnich ekosystému pod vlivem biotickych
i abiotickych C¢initeld (Fuchs et al., 2021). Prehled zakladnich stanovistnich a
porostnich parametri 42 trvalych vyzkumnych ploch v Ceské republice, Némecku,

Polsku a Turecku je uveden v Tab. 1.
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Tab. 1: Pfehled zakladnich stanovistnich a porostnich parametr vyzkumnych ploch.

Reference TVP GPS Stat '\'(er’: nv’r':k)a EZ’;CP;" S'(‘!?” Lesni typ (fnisr?:-?) vk Zi';':le -
Fuchs et al. (2021) 1 50°38'37"N, 13°39'44"E ~ CR 804 E 23 6S 280 170 7
Fuchs et al. (2021) 2 50°38'34"N, 13°39'45'E ~ CR 800 E 20 6S 280 170 7
Fuchs et al. (2021) 3 50°35'50"N, 13°30'01"E ~ CR 682 SW 12 6S 337 170 7
Fuchs et al. (2021) 4 50°35'50"N, 13°30'02'E ~ CR 679 w 10 6S 337 170 7
Fuchs et al. (2021) 5 50°21'31"N, 13°0255'E ~ CR 672 SW 5 4C 64 130 3
Fuchs et al. (2021) 6 50°21'31"N, 13°0254"E ~ CR 668 SW 5 4C 64 130 3
Fuchs et al. (2021) 7 50°35'19"N, 13°30'12'E ~ CR 633 NW 8 5S 396 170 8
Fuchs et al. (2021) 8 50°3521"N, 13°30'16"E ~ CR 637 NW 5 58 396 170 8
Fuchs et al. (2021) 9 50°39'03"N, 13°17'46"E ~ DE 662 SW 7 4S 247 150 7
Fuchs et al. (2021) 10  50°39'03'N, 13°17'45"E ~ DE 665 6 4S 247 150 7

Fuchs etal. (in review) 11 50°30'08"N, 13°19'30"E ~ CR 523 17 5F 260 134 8
Fuchs et al. (in review) 12 50°21'40'N, 13°0305"E ~ CR 738 SwW 11 5B 485 121 7
Fuchs etal. (in review) 13 50°21'30"N, 13°0252'E ~ CR 655 sSwW 19 5A 486 130 5
Fuchsetal. (inreview) 14  50°30'02'N, 13°1901"E ~ CR 651 S 15 5K 493 123 10
Fuchs etal. (in review) 15 50°34'49"N, 13°30'00"E ~ CR 730 S 15 5K 368 172 9
Fuchsetal. (inreview) 16  50°36'37'N, 13°3556"E ~ CR 462 w 12 3K 269 221 5
Fuchs etal. (in review) 47 50°21'45"N, 13°0320"E ~ CR 731 NE 17 5A 449 131 7
Fuchsetal. (inreview) 18  50°21'42'N, 13°0325"E ~ CR 725 E 19 5A 449 131 6
Fuchs etal. (in review) 19 50°31'01"N, 13°1823'E ~ CR 594 S 18 5B 441 130 5
Fuchsetal. (inreview) 20  50°31'37'N, 13°1741"E ~ CR 751 SwW 9 6K 326 157 7
Fuchs etal. (in review) 21 50°3549'N, 13°30'04"E ~ CR 680 S 10 6S 387 184 6
Fuchs et al. (in review) 22 50°37'38'N, 13°40'12E CR 523 E 25 4F 310 174 4
Fuchs etal. (in review) 23 50°21'34"N, 13°0247'E ~ CR 672 SwW 12 5A 429 177 8
Fuchsetal. (inreview) 24  50°30'51"N, 13°24'42"E ~ CR 501 w 17 3S 159 175 4
Fuchs etal. (in review) 25 50°3048"N, 13°24'43'E ~ CR 504 W 22 3S 159 175 4
Fuchsetal. (inreview) 26  50°31'40'N, 13°25'38"E ~ CR 556 N 12 3K 179 145 5
Fuchs etal. (in review) 27 50°31'22'N, 13°18'32'E ~ CR 752 E 31 6S 224 221 5
Fuchsetal. (inreview) 28  50°31'25'N, 13°18'32"E ~ CR 735 E 31 6S 224 221 5
Fuchs et al. (2025a) 29  50°50"1"N, 15°38'32"E  PL 510 NW 15 4B 822 193 6
Fuchs et al. (2025a) 30  50°44'21"N, 15°25'15"E CR 620 SW 22 5y 656 195 8
Fuchs et al. (2025a) 31 50°39'57"N, 15°53'05"E ~ CR 760 NE 35 5B 375 162 8
Fuchs et al. (2025a) 32 50°44'06"N, 15°3221"E  CR 940 E 24 6S 619 245 8
Fuchs et al. (2025a) 33 50°44'42'N, 15°32'46"'E = CR 1170 SW 17 7K 362 208 7
Fuchs et al. (2025a) 34  50°44'46"N, 15°32'58"'E  CR 1310 SW 21 9K 88 146 3
Fuchs et al. (2025a) 35  40°54'43"N, 31°1227"E TR 360 NW 23 303 119 5
Fuchs et al. (2025a) 36 40°5142"N, 31°18'"10"E TR 570 N 30 589 189 8
Fuchs et al. (2025a) 37  40°57'15"N, 31°1428"E TR 740 SE 5 418 124 8
Fuchs et al. (2025a) 38 40°49'37"N, 31°2505"E TR 950 w 21 359 180 5
Fuchs et al. (2025a) 39 40°46'52"N, 31°28'00"E TR 1150 S 13 225 189 4
Fuchs et al. (2025a) 40  40°47'41"N, 31°28'16"E TR 1430 NW 16 215 239 4
Fuchsetal. (2025b) 41  49°57'49'N, 14°4737"E ~ CR 440 SE 12 4K 305 69 9
Fuchs et al. (2025b) 42 49°1829'N, 16°4155"E  CR 430 S 10 3K 284 68 9
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4.1.1 Krusné hory

Krusné hory predstavuji vyrazny geomorfologicky celek severozapadni ¢asti Ceské
republiky, ktery tvofi pfirozenou hranici s Némeckou republikou. Z hlediska reliéfu se
jedna o rozsahlou nahorni ploSinu s nadmorskymi vySkami mezi 700 a 1 000 m, ktera
je na Ceské strané ostfe ohraniCena zlomovym svahem spadajicim do
podkrusnohorskych panvi (Podrazsky et al., 2019). NejvysSim bodem je Klinovec (1
244 m n. m.). Reliéf Krusnych hor je vysledkem slozitého geologického vyvoje,
zahrnujiciho kadomske, variské i alpinské vrasnéni, coz vedlo ke vzniku pestrého
horninového sloZeni s pfevahou krystalickych bfidlic, Zul, rul a ryolitd. Tyto horniny jsou
vyznamnym faktorem ovliviiujicim pudni pokryv, hydrologii i vegetacni charakteristiku
oblasti (Machova et al., 2018; Fuchs et al., 2021).

Klimatické poméry KruSnych hor jsou urCovany prfevazné chladnym a vlhkym
klimatem, kdy zejména nahorni ploSina a hifebenové partie patfi k nejchladnéjSim
oblastem Ceské republiky (Hlasny et al., 2011). Pramé&rna ro¢ni teplota se zde
pohybuje v rozmezi 4—6 °C, v nejvysSich partiich klesa i pod tuto hodnotu. Ro¢ni uhrn
srazek je znacné variabilni v zavislosti na nadmofské vySce a expozici, v hfebenovych
oblastech a na nahorni ploSiné bézné pfesahuje 1 000 mm, v nékterych exponovanych
lokalitach muze dosahovat az 1 200 mm, zatimco v podhufi, ve srazkovém stinu se
srazky pohybuji kolem 650-800 mm (Kandler, Innes, 1995). Srazkovy rezim je
charakteristicky sezénnimi vykyvy s minimem v zimnich mésicich (zejména unor) a
maximem v letnim obdobi (Cerven—Cervenec). Vyznamnou ¢€ast ro¢nich srazek tvofi
snéhoveé srazky, které v horskych partiich zajistuji dlouhodobou zimni zasobu vody a
pfispivaji ke stabilité mistnich hydrologickych pomérl. Vegetacni obdobi je zde kratke,
&asto nedosahuje ani 140 dni v roce (Ramsar, 2018; CHMU, 2022).

Puadni pokryv KruSnych hor je podminén jednak geologickym podlozim, jednak
dlouhodobym plsobenim klimatu a také historickymi disturbancemi (Machova et al.,
2018; Podrazsky et al., 2019) Pfevladaji zde kambizemé, kryptopodzoly, které v
nejvysSich polohach prechazeji do podzoll, v zamokifenych oblastech a v nivach
vodnich tokU se vyskytuji gleje a organozemé& s mocnym organickym horizontem
(Wagner et al., 2010; Vacek et al., 2017). Pady jsou obecné kyselé, s nizkou zasobou

Zivin a omezenou pufracni kapacitou, coz je dusledkem jak pfirodnich podminek, tak i
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historické antropogenni zatéze, zejména imisni kalamity druhé poloviny 20. stoleti. V
nejvyssich partiich a na nahornich ploSinach se nachazeji rozsahla horska raselinisté
postglacialniho stafi, ktera patfi k nejvyznamnéjsim biotoptim v ramci Ceské republiky

a dosahuji mocnosti az 14 m (Vacek et al. 2019; Vacek et al. 2020).

Vegetace Krusnych hor je vysledkem dlouhodobého vyvoje od konce posledni doby
ledové a odrazi jak pfirozené podminky, tak zasahy C€lovéka. Dominantnim typem
pfirozené lesni vegetace jsou mezotrofni buciny (Fagetum mesotrophicum),
jedlobuciny (Abieto-Fagetum) a smrkobuciny (Piceeto-Fagetum), které se vyskytuji na
stanovistich s dostatkem vlahy a zivin. V suSSich a teplejSich polohach se objevuji
subxerotermni buciny (Fagetum subxerothermicum), adaptované na nizsi dostupnost
vody a vySSi teploty. Ve vySSich nadmorskych vySkach a na extrémnich stanovistich
prechazi vegetace do bukosmrkovych a smrkovych lesu, pficemz nad 950 m n. m. je
jiz pfevaha smrku absolutni. Vyznamnou soucasti bioty jsou také sutové lesy na
strmych svazich (Tilio-Acerion), olSiny v nivach vodnich tokd (Carici remotae-

Fraxinetum) a rozsahla vrchovisté s unikatni raselinistni flérou.

Z hlediska biodiverzity patfi Krusné hory k uzemim s vysokym podilem pfirodé blizkych
biotopU, pficemz nejcennéjSimi jsou horska raselinisté, fragmenty puvodnich bucin a
sutovych lest a nékteré reliktni druhy rostlin i zivo€ichu. Vyznamna je také mozaika
otevienych ploch s jezirky, Slenky a bulty na raSeliniStich, které vytvareji unikatni
mikroreliéf a poskytuji utoCisté fadé specializovanych druh (Ramsar, 2018; Fuchs et
al., 2021).
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Obr. 9. Lokalizace porostd buku lesniho na vyzkumnych plochach v KruSnych horach
a prumeérné mésicni klimatické hodnoty (1960-2020); mapa byla vytvofena v softwaru
ArcGIS 10 (Esri).

4.1.2 KrkonoSe

KrkonoSe predstavuji nejvyssi pohofi Ceské republiky, jehoZz geologicky zaklad
tvorfi krkonoSsko-jizerské krystalinikum. Tento komplex je budovan prevazné
metamorfovanymi horninami starohorniho az prvohorniho stafi, v€etné svora, fylitd,
ortorul a krystalickych vapencu, které vznikly béhem kadomského a variského
vrasnéni (Geologicka encyklopedie, 2025). V obdobi karbonu proniklo do téchto
struktur mohutné téleso krkonossko-jizerského plutonu, tvofeného biotitickymi granity,
jez ur€uji morfologii hfebenovych partii, v€etné ikonického tvaru Snézky (1603 m n.
m.) — (Jungova et al., 2023).

Reliéf Krkono$§ byl vyrazné modelovan béhem ¢&tvrtohornich glacialnich a
periglacialnich procesl. Ledovcova eroze vytvorila charakteristické tvary, jako jsou
kary (napf. Labsky a Obfi ddl), trogy a morénové valy, zatimco mrazové zvétravani
formovalo kryoplanacni terasy, kamenna mofe a soliflukéni valy, které nemaji obdoby
v jinych stfedoevropskych pohofich (Sheposh, 2024).

Pohoti se vyznacuje oceanskym klimatem s primérnou ro¢ni teplotou v hfebenovych

oblastech kolem 0-2 °C a srazkovymi uhrny pfesahujicimi 1200 mm/rok (CHMU,
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2022). V zimé zde snéhova pokryvka dosahuje az 300 cm a pretrvava 150—180 dni,
coz vytvafi idealni podminky pro perzistenci periglacialnich jevl (Sheposh, 2024).
Letni teploty v nizSich polohach (napf. v udoli Labe) se pohybuji kolem 14-16 °C,
zatimco inverzni situace v zimé& mohou vést k teplotnim rozdiliim az 20 °C mezi udolimi
a hiebeny (Hlasny et al., 2011). Extrémni mikroklimatické podminky, jako jsou silné
vétry (az 55 m/s na Snézce) a Casté mlhy silné ovliviiuji distribuci vegetace a pudni

procesy.

Pudni pokryv Krkono$ je silné ovlivnén kyselym geologickym podloZim a drsnym
klimatem. V nizSich polohach pfevazuji kambizemé, které ve stfednich polohach
pfechazeji v kryptopodzoly a ve vysSich polohach pfechazeji v podzoly a rankery s
vysokym podilem skeletu (Kfizek, Uxa, 2013). V raSelinistich a zamokfrenych oblastech
se vyskytuji organozemé a gleje, jejichz mocnost nepfesahuje 2—3 m (Kocianova et
al., 2020). Imisni zatéz v 80. letech 20. stoleti zpUsobila acidifikaci pad (pH < 4,0) a
ubytek Zzivin, coz vedlo k rozsahlému odumirani smrkovych porostl (Vacek et al.,
2021a).

Hydrologicka sit Krkono$ je tvofena fekami Labe, Upa a Mumlava, které odvadsji vodu
do Severniho a Baltského mofe. Specifickym rysem jsou horské pramenisté s vysokou
koncentraci rozpusténého organického uhliku (DOC), ktera jsou kliCova pro

zasobovani podhufi kvalitni vodou (KFizek, Uxa, 2013).
Vegetace Krkono$ je rozvrstvena do tfi vySkovych pasem:

1. Submontanni stupen (do 800 m n. m.): Dominuji smiSené lesy s bukem lesnim,

jedli bélokorou a javorem klenem na kambizemich (Vacek et al., 2021a).

2. Montanni stupen (800-1200 m n. m.): Pfevladaji smrkové lesy s virousenym
jefabem ptacim, které jsou na kyselych podzolech nachylné k disturbancim

(vichfice, kGirovec) — (Kocianova et al., 2020).

3. Alpinsky stupen (nad 1200 m n. m.): Tvofen kleCovymi porosty, smilkovymi
holemi a liSejnikovymi tundrami s reliktnimi druhy, jako je jestfabnik krkonoSsky

(Hieracium nigrescens) — (Kocianova et al., 2020).

Unikatnim ekosystémem jsou horska raselinisté, ktera hosti endemity jako ostruZinik

krkono8sky (Rubus chamaemorus) a masozravou rosnatku okrouhlolistou (Drosera
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rotundifolia). Studie genetické variability invazniho stoviku alpského (Rumex alpinus)
prokazala, Zze populace v KrkonoSich maiji niz8i diverzitu oproti alpskym, coz naznacuje

omezeny genovy tok a adaptaci na extrémni podminky (Jungova et al., 2023).

Krkonose byly po staleti ovliviiovany tézbou dfeva pro sklarsky primysl, pastvou a
turismem. V 19. stoleti zde vznikla sit' horskych bud, které slouzily jako zakladna pro
pruzkum hor, ale také pfispély k fragmentaci lesnich porostu (Kocianova et al., 2020).
Imisni kalamita v 80. letech 20. stoleti zasahla az 50 % lesni plochy, coz vedlo k
zalesfiovani i neplvodnimi dfevinami, jako je smrk pichlavy a borovice pokroucena
(Vacek et al., 2021b).

Krkonossky narodni park (KRNAP), vyhlaseny v roce 1963, se zaméfuje na obnovu
pfirozenych ekosystému. Mezi kliCova opatfeni patfi reintrodukce jedle bélokoré,
redukce sparkaté zvéfe a vyuziti dalkového prizkumu Zemé pro monitoring

zdravotniho stavu lesu (Vacek et al., 2021b).
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Obr. 10. Lokalizace trvalych vyzkumnych ploch s bukovymi porosty a prumérné
mésicni klimatické hodnoty (1962-2020) pro Krkonoskou a Tureckou oblast; mapa byla

vytvofena v softwaru ArcGIS 10.8 (Esri).
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4.1.3 Lokality nizSich poloh

Jedna ze studijnich lokalit nizSich poloh se nachazi v lesich Ceské zemédélské
univerzity v nadmorské vySce 440 m n. m. Primérna rocni teplota je 7,8 °C a ro¢ni
uhrn srazek je 623 mm; v prabéhu obdobi od dubna do zafi je primérna teplota 14 °C.
Délka vegetaCniho obdobi je pfiblizné 158 dni (Bilek et al., 2009). Tato lokalita je
charakteristicka  vyraznou pudni  heterogenitou s vyskytem  vyhradné
semihydromorfnich a hydromorfnich padnich typu (pseudoglej, stagnoglej, glej a jejich
subtypy). Geologické podlozi tvofi moldanubicky granit s obsahem polygenetickych
jila, pfiemz povrch pudy je vyrazné pokryt balvany. V arealu se nachazeji dva
prameny — dochazi zde k vyraznému nasyceni pudy vodou. To vede k vlhkostem
prekraCujicim retenCni kapacitu pady, s pohybem gravitacni vody, avSak bez
povrchového odtoku, coz vede k oglejeni (Fuchs et al., 2025). Z typologického hlediska
se jedna o stanovisté Zivinové stfedné bohaté buciny (Fagetum oligo-mesotrophicum)
(Viewegh et al. 2003).

Druha lokalita se nachazi na Skolnim lesnim podniku Mendelovy univerzity a lezi v
nadmorské vysce 430 m n. m. Primérna ro¢ni teplota je 10,3 °C a ro¢ni uhrn srazek
je 473 mm; v prubéhu obdobi od dubna do zafi je primérna teplota 17,3 °C. Typickou
charakteristikou této lokality je vyrazna pudni homogenita s jedinym pudnim typem —
modalni kambizemi. Geologicka stavba je tvofena prfedevsim silikatovymi sedimenty
rudickych vrstev s pfimési sprasSovych jild, v kontaktu s vapencovym podlozim
Moravského krasu, které vystupuje do rlizné hloubky, av§ak vzdy mimo pudni profil.
Lokalita vykazuje trvale nizké hodnoty pudni vihkosti po celé vegetacni obdobi, zvlasté
bé&hem rastové sezony. Typologicky je toto stanovisté zarfazeno do Zivinové stfedné
bohaté dubovébuciny (Querceto-Fagetum oligo-mesotrophicum) — (Viewegh et al.,
2003).

414 Turecko

Jedna z vyzkumnych lokalit se nachazela v Turecku. Vyzkum byl realizovan podél
vySkového gradientu v rozmezi 360 az 1430 m n. m. v lesnich porostech Cernomofské
oblasti (Black Sea Region, BSR) na uzemi provincie Duzce v Turecku. Tato provincie

se nachazi v zapadni ¢asti BSR a spada do Euro-sibifské floristické oblasti. (Ayan et
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al., 2022). Klimatické podminky lokality charakterizuje primérna ro¢ni teplota 13,4 °C

a rocni uhrn srazek pfesahujici 820 mm (Vacek et al., 2020d).

Padni poméry jsou znacné variabilni, pfiCemz textura pud kolisa od jilovité pres
jilovitohlinitou az po hlinitojilovitou. Svrchni vrstva pudniho profilu (hrabanka) dosahuje
mocnosti 3—5 cm, horizont A je vyvinut do hloubky pfiblizné 10 cm, zatimco horizont B
ma tloustku 40-60 cm (Yilmaz, 2019). Kamenitost pudy se pohybuje ve stfednich
hodnotach, konkrétné mezi 10 a 30 % objemu. Celkova hloubka pudniho profilu &ini
110 cm. Z hlediska pUdni klasifikace se jedna prevazné o pudy typu Inceptisols,
konkrétné o subtyp Haplumbrepts. Jedna se tedy o pudy kambisoll. Podle klimatické
klasifikace Kdppena spada studovana oblast do dvou klimatickych typa: Cfb (mirné

oceanické klima) a Dfb (vihké kontinentalni klima s teplym létem) — (Peel et al., 2007).

4.2 Sbér dat
4.2.1 Stromové patro

Pro urCeni struktury a produkce matefského porostu probéhlo méfeni na vyzkumnych
plochach o rozmérech: 25 x 25 m (625 m?) — viz trvalé vyzkumné plochy v Krusnych
horach. Pfi zjiStovani rustové reakce buku lesniho a buku vychodniho bylo zalozeno
celkem 12 TVP o rozmérech 40 x 40 m (1600 m?) — viz trvalé vyzkumné plochy
v Turecku. K mé&feni bylo vyuzito technologie FieldMap (IFER, Ceska republika), ktera
zaznamenava polohy vSech jednotlivych stromu s vyCetni tloustkou (dbh) = 4 cm,
v€etné mérfeni korunové projekce ve Ctyfech smérech. Tato technologie se vyuziva
k pfesnému a rychlému sbéru dat z terénu. Vyhodnoceni dat a jejich zpracovani je pak
provedeno pomoci programl v pocitaci (viz Analyza dat). U v8ech stromu byla
zméfena vyéetni tloustka posuvnym méfidlem Mantax Blue (Haglof, Svédsko) s
presnosti 1 mm, dale pak vyska strom0( a vySka nasazeni koruny. VySky byly zméreny
laserovym vyskomérem Vertex (Hagloéf, Svédsko) s pfesnosti 0,1 m. Za nasazeni
zelené koruny u jehliénatych dfevin je povazovan pfeslen s nejméné se dvéma Zivymi
vétvemi. Za nasezeni koruny u listnatych dfevin se pak jedna o prvni rozdvojeni kmene
(Sharma et al., 2016). VysSky nasazeni koruny byly téZ zméfeny pomoci vySkoméru
laser Vertex Blue (Haglof Sweden) s pfesnosti na 0,1 m a poté byly zapsany do Field-
mapu. Korunové projekce byly méreny ve 4 smérech na sebe kolmych. Stromy byly
rozdéleny dle Kraftovi klasifikace (Kraft, 1884) do péti tfid: prfedristavé, uroviové, z
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¢asti uroviiové, poduroviiové — vrustavé, poduroviiové — ¢asteCné zastinéné,

potlacené — Zivotaschopné, potlacené — odumirajici a odumfrelé.
4.2.2 Prfirozena obnova

Pfi zjiStovani pfirozené obnovy (viz. Effect of game browsing on natural regeneration
of European beech (Fagus sylvatica L.) forests in the Krusné hory Mts. (Czech
Republic and Germany) byly zvoleny trvalé vyzkumné plochy v podobé transektu
(celkem 10 ploch) o velikosti 3 x 30 m (90 m?) smérem do po svahu pomoci lesnického
ocelového pasma. Vyzkumné plochy byly nahodné vybrany dle soufadnice pomoci
RNG funkce. Hranice plochy byla vyty¢eny minimalné 10 m od okraje porostu. VSechny
rohy plochy byly stabilizovany. Nasledné plochy byly jednotlivé transekty rozdéleny na

10 Ctvercovych ploch (3 x 3 m).

PFi zjisStovani struktury a produkce lesnich porostd (Clanek zhodnoceni ruznych
zpusobl hospodareni z hlediska udrzitelnosti bukovych lest pod tlakem zvéfe v
Ceskych horach) bylo pro ureni kvantitativnich a kvalitativnich parametrt pfirozené
obnovy, zaloZeno 5 zkusnych &tvercovych ploch o velikosti 3 x 3 m (celkem 45 m?) na
jedné trvalé vyzkumné plose. Vyzkumnych ploch bylo 18, bylo tedy hodnoceno celkem

90 zkusnych ¢tvercovych ploch.

Na kazdé zkusné Ctvercové plose byly zméfeny jednotlivé semenacky od 10 cm vysky
az po DBH =< 7 cm. Navic byly u kazdého jedince zaznamenany nasledujici udaje:
pocet jedinct pfirozené obnovy, druh dfeviny, vyska, péstebni kvalita (hodnocena
pouze u jedincu vySSich nez 1 m na Skale 1—4), stav okusu (stary, novy, opakovany,
bez poskozeni) a typ posSkozeni (terminalni, bo¢ni, kombinovany, bez poskozeni).

Vyska byla méfena lati s pfesnosti na 1 cm.
Hodnoceni péstebni kvality jednotlivych jedincl probéhlo podle nasledujici Skaly:

1. kvalita — rovny pfimy vitalni jedinec bez rozvétveni vykazujici dobry vySkovy

prirast a tvofici budouci zaklad porostu,

2. kvalita — lehce kfivy jedinec Ci jedinec s mirnym rozvétvenim, ktery v pfipadé

nutnosti mize jesté nahradit jedince s kvalitou jedna, opét dobry pfirast (Obr. 11),
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Obr. 11. Semenacek buku lesniho s péstebni kvalitou 2 (foto: autor prace).

3. kvalita — kfivy rozvétveny jedinec z péstebniho hlediska nevhodny pro budouci
porost, vykazuje nepravidelny ¢i maly pfirast,

4. kvalita — silné deformovany ¢i velmi rozvétveny jedinec vykazujici minimalni az

nulovy pfirast ¢i odumirajici jedinec s typickym kefovitym vzhledem (Obr. 12).
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Obr. 12. Semenacek buku lesniho s péstebni kvalitou 4 (foto: autor prace).
4.2.3 Dendrochronologie

Pro analyzu radialniho rastu byly z bukl odebrany vyvrty pomoci Presslerova
nebozezu (Hagléf, Svédsko) ve vysce 1,3 m nad zemi ve sméru po svahu. Vybér
strom0 probihal nahodné (RNG funkce) a zaméroval se na predristavé a dominantni
jedince podle Kraftovy klasifikace (Kraft, 1884), které reprezentuji horni stromové patro
s prumérem ve vycCetni vySce (DBH) nad 30 cm.

Pfi zjiStovani a zhodnoceni vlivu hospodareni na lesni porosty (Clanek zhodnoceni
riznych zplsobU hospodareni z hlediska udrzitelnosti bukovych lest pod tlakem zvére
v Ceskych horach) bylo u kazdé varianty lesniho hospodareni (3 varianty) odebrano 36
vyvrtl, coz predstavovalo celkem 108 vyvrtu.

PFi zjiStovani rlstové reakce buku lesniho a buku vychodniho podél gradientu

nadmorské vySky bylo odebrano na kazdé ploSe 30 vzorkd buku z urovriovych i
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nadurovnovych stromU, klasifikovanych pomoci Kraftovy klasifikace (Kraft, 1884),
celkem bylo odebrano 360 ks vyvrtl. Ro¢ni pfirtsty letokruht byly méfeny s pfesnosti
0,01 mm pomoci binokularniho mikroskopu Olympus na méficim stole LINTAB a

zaznamenavany v softwaru TsapWin (Rinntech).

4.3 Analyza dat

Zakladni parametry struktury, biodiverzity a produkce stromového patra byly
vyhodnoceny v softwaru SIBYLA Triquetra 10 (Fabrika, 2005) na zakladé prostorové
explicitnich dat z terénnich méfeni. Vstupni data zahrnovala vSechny naméfené
dendrometrické charakteristiky jednotlivych stromd, tedy druh, soufadnice, vysku,
vyCetni tloustku (DBH), Sitku koruny odvozenou z korunové projekce, vysSku nasazeni
zivé koruny a vék. Objem stromu byl vypoéten pomoci objemovych rovnic
publikovanych PetraSsem a Pajtikem (1991). Pro hodnoceni hustoty porostu bylo
vyuzity stupné zapoje podle metodiky Crookstona a Stage (1999) a relativni index
hustoty porostu (SDI) (Reineke, 1933), ktery byl stanoven jako pomér aktualniho
hustoty k jeho maximalni hodnotég, pfi€emz maximalni hustota pro buk (1 050 stroma

na hektar) vychazel z ristovych tabulek Halaje (1987).

Pro kazdou trvalou vyzkumnou plochu byly pro stromové patro i pfirozenou obnovu
vypocteny indexy druhové bohatosti podle Margalefa (1958), druhové heterogenity
podle Shannona (1948) a druhové vyrovnanosti podle Pielou (1975). Vertikalni
struktura byla hodnocena indexem Arten-profilu podle Pretzscha (1992), vertikalni
diverzitou dle Jaehneho a Dohrenbusche (1997) a Giniho indexem (1921). Horizontalni
struktura byla analyzovana indexem agregace podle Clarka a Evanse (1954), kde
hodnoty pod 1 znaci shlukovitost a nad 1 pravidelnost rozmisténi. Strukturalni
diferenciace zahrnovala vySkovou a tloustkovou diferenciaci podle Fuldnera (1995) a
korunovou diferenciaci dle Jaehneho a Dohrenbusche (1997). Komplexni diverzita
porostu byla posuzovana jako kombinace druhové diverzity, vertikalni struktury,
prostorového rozloZeni a korunové diferenciace. V Tab. 2. je uveden zakladni pfehled

indexu diverzity porostu a jejich interpretace.
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Tab. 2. Pfehled indext diverzity porostu a jejich interpretace.

Kritérium Kvantifikator ~ Zkratka  Reference Interpretace
Druhova Bohatost D (Mi) Margalef (1958) minimalni D = 0, vys$si hodnoty = vy$si bohatost
diverzita
Heterogenita H" (i) Shannon (1948) minimalni H" = 0, vy$si hodnoty = vys$si heterogenita
Vyrovnanost E (Pii) Pielou (1975) rozsah 0—1; minimalni E = 0, maximaln{ E = 1
Horizontalni Index agregace R (C&Ei)  Clark a Evans (1954)  pramérna hodnota R = 1; agregace R < 1, regularita
struktura R>1
Vertikalni Arten-profil A (Pri) Pretzsch (1992) rozsah 0—1; vyvazena vertikdln{ struktura A < 0,3;
struktura index vybérny les A > 0,9
Vertikalni S (J&Di) Jachne a nizka § < 0,3, stfedni S = 0,3-0,5, vysoka S = 0,5—
diverzita Dohrenbusch (1997) 0,7, velmi vysoka diverzita S > 0,7
Giniho index G (Gi) Gini (1921) rozsah 0—1; nizkd diferenciace G < 0,3, velmi vysoka
G>07
S‘truktur-élm' Tloust’kova dif. 'TMd (Fl) Fuldner (1 995) rozsah 0_1; nizkd TM < 0)3’ velmi VySOké
diferenciace V}’r@kOVé dif. TMh (Fl) diferenciace TM > 0,7
Korunova dif. K (J&Di) Jachnea nizka K < 1,0, sttednf K = 1,0-1,5, vysokd K = 1,5—
Dohrenbusch (1997) 2,0, velmi vysokd diferenciace K > 2,0
Komplexnf Diverzita B (J&Di)  Jachnea monoténni struktura B < 4; nerovnomérna struktura
diverzita porostu Dohrenbusch (1997) B = 6-8; velmi diverzifikovana struktura B > 9

Data letokruhu byla zpracovana v programu R s vyuzitim bali¢ku dpIR (Team R Core,
2018; Bunn, 2010).

exponencialni detrendace s vlozenym splinem o délce tfetiny véku stromu. Kvalita

Pro odstranéni vékového trendu byla pouzita negativni

chronologii byla ovéfena hodnotou signalu populace EPS (expressed population
signal), pfiCemz za pouzitelnou byla povazovana EPS vy$Si nez 0,85 (Bunn et al.,
2018). Dale byl sledovan pomér signalu k Sumu SNR (signal to noise ratio),
mezifadové korelace (R-bar) a autokorelace (AR1) (Fritts, 1976; Wigley et al., 1984).
signifikatné negativni roky byly identifikovany jako pfirastky mensi nez 40 % praméru

za predchozi Ctyfi roky u alespon 20 % stromu( na ploSe (Desplanque et al., 1999).

Pro vizualizaci druhové skladby a distribuce priméra a vySek byly vytvoreny grafy v
Excelu. Statistické testy zahrnovaly Shapiro-WilkGv test normality, Bartlettiv test
homogenity rozptylu a pro srovnani parametra byla pouzita analyza rozptylu (ANOVA)
s naslednym Tukeyho HSD testem, pfipadné neparametricky Kruskal-Wallisiv test v
pfipadé nesplnéni predpokladld normality a homogenity. Periodicita rastu byla

analyzovana pomoci spektralni analyzy ve Statistica 13 (Tibco, 2017).
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Vztahy mezi produkénimi parametry, strukturou porostu, poSkozenim okusem a
managementem byly hodnoceny pomoci analyzy hlavnich komponent v programu
CANOCO 5 (Smilauer, Lep$, 2014). Pfed analyzou byla data standardizovana a
logaritmovana. Vysledky byly prezentovany formou ordina¢nich diagramu a prostorové
rozlozeni ploch bylo zpracovano v ArcGIS 10 (Esri, 2011). Tato metodika umoznila
komplexni hodnoceni vlivu hospodafskych opatfeni a environmentalnich faktort na

stabilitu bukovych ekosystém.

94



5 Vysledky — prehled publikovanych praci

Pfehled publikovanych praci zahrnuje Ctyfi tematické okruhy, které jsou spolu
provazané s durazem na klimatické zmény. Prvni tematicky okruh tvofi review o buku
lesnim (Clanek 1), druhy tematicky okruh je zaméfen na Skody zvéfi (Clanek 2), treti
tematicky okruh se zabyva ristovymi procesy (Clanky 3 a 4) a ¢tvrty tematicky okruh
je orientovan na zplisoby péstovani (€lanek 5). Ctyfi &lanky byly publikované (2krat
Central European Forestry Journal, 1krat Journal of Forest Science, 1krat Forests),
jeden (Clanek 5) byl zaslan do redakce European Journal of Forest Research.
Jednotlivé €lanky na sebe tematicky uUzce navazuji a snazi se podchytit danou
problematiku struktury, vyvoje a managementu bukovych porostua v SirSich
souvislostech nejen ve stfedni Evropé (Ceska republika, Némecko, Polsko), ale i ve

vazbé na buk vychodni v Turecku.
Tematicky okruh 1: review o buku lesnim (Clanek 1):

Fuchs, Z., Vacek, Z., Vacek, S., Cukor, J., Simtinek, V., Stefanéik, |., ... & Kralicek, I.
(2024): European beech (Fagus sylvatica L.): A promising candidate for future forest
ecosystems in Central Europe amid climate change. Central European Forestry
Journal, 70(2): 62-76.

Tematicky okruh 2: Skody zvéfi v bukovych porostech (Clanek 2):

Fuchs, Z., Vacek, Z., Vacek, S., & Gallo, J. (2021): Effect of game browsing on natural
regeneration of European beech (Fagus sylvatica L.) forests in the Krusné hory Mts.

(Czech Republic and Germany). Central European Forestry Journal, 67(3): 166-180.

Tematicky okruh 3: Rustové procesy buku v riznych stanovistnich a porostnich

pomérech (Clanek 3 a 4):

Fuchs, Z., Vacek, Z., Vacek, S., Cerny, J., Cukor, J., Simlnek, V., ... & Hajek, V.
(2025a): Growth Responses of European Beech (Fagus sylvatica L.) and Oriental
Beech (Fagus orientalis Lipsky) Along an Elevation Gradient Under Global Climate
Change. Forests, 16(4): 655.
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Vacek, Z., Tomaskova, |., Fuchs, Z., Simtnek, V., Vacek, S., Cukor, J., ... & Duchan,
M. (2025b): Impact of technical water retention on European beech (Fagus sylvatica

L.) resilience and growth dynamics. Journal of Forest Science, 71(3): 124-137.
Tematicky okruh 4: Péstovani bukovych porostd (Clanek 5):

Fuchs, Z., Vacek, Z., Vacek, S., Cukor, J., Simanek, V., Gallo, J. (2025c): Different
Management Strategies for Sustainability of European Beech Forests under Game
Pressure and Climate Change in Czechia Mountains. Europena Journal of Forest

Research, in review.
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5.1 European beech (Fagus sylvatica L.): A promising candidate for
future forest ecosystems in Central Europe amid climate

change.

1. Fuchs, Z., Vacek, Z., Vacek, S., Cukor, J., Simanek, V., Stefangik, |., Kraligek,
l. (2024). European beech (Fagus sylvatica L.): A promising candidate for future
forest ecosystems in Central Europe amid climate change. Central European
Forestry Journal, 70(2): 62—76.

Abstrakt

Buk lesni predstavuje strom budoucnosti s ohledem na probihajicich klimatickou
zménu, avsak je dulezité zhodnoceni jeho rozSifeni a hospodarského vyuziti jako
nahrady za ubyvajici dfeviny, které jsou v soucasné dobé na ustupu. Publikace se
zabyva rozborem 140 literarni reSersi, kde bylo zhodnoceno postaveni a perspektiva
buku lesniho v kontextu klimatické zmény jako kliCového druhu pro budouci lesni
ekosystémy stfedni Evropy. Bylo zjiSténo, Ze buk je klimaxovou, stinomilnou dfevinou
s vysokou ekologickou plasticitou, ktera umoznuje jeho uspésné uplatnéni v Sirokém
spektru stanovist, zejména ve stfednich a vysSich polohach. V minulosti doslo v
disledku zmén hospodareni a preferenci jehlichant k vyraznému poklesu jeho
zastoupeni, presto je v souCasnosti opétovné povazovan za perspektivni drevinu,

zejména jako nahrada za ustupujici smrk ztepily ve stfednich polohach.

Bylo potvrzeno, Ze buk je schopen pfirozené obnovy pod matefskym porostem, avdak
uspésnost této obnovy je ovliviovana nepravidelnosti semennych let, klimatickymi
extrémy, pozdnimi mrazy, suchem a také vysokou popula¢ni hustotou sparkaté zvére,

ktera zpusobuje intenzivni poSkozeni semenacku okusem.

V optimalnich podminkach, charakterizovanych dostatkem vlahy a zivin, buk vykazuje
intenzivni rist a schopnost vytlaCovat konkurenéni dfeviny. Naopak za podminek
dlouhodobého sucha a vysokych teplot dochazi ke ztraté jeho vitality, poklesu
produkce i konkuren¢ni schopnosti. Pro praxi bylo doporu¢eno upfednostriovat vhodny
sadebni material, podporovat pfirozenou obnovu a uplatfiovat pfirodé blizké zpusoby
hospodareni, zejména vybérny a podrostni zplsob, které nejlépe odpovidaji

ekologickym narokim buku a zvy3uji jeho stabilitu i biodiverzitu.
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Z hlediska ohrozeni bylo konstatovano, ze buk je relativné odolny vici vétSiné
biotickych i abiotickych stresortl, avSak je citlivy na dlouhodobé pusobeni sucha,
extrémni vykyvy teplot a nékteré choroby (napf. nekréza kury, houbové patogeny rodu
Phytophthora). Vyznamnym rizikem je také narustajici tlak sparkaté zvére, ktera
omezuje pfirozenou obnovu a snizuje kvalitu mladych porostl. V souvislosti s
klimatickou zménou bylo zjisténo, Zze buk expanduje do vysSich poloh a severngjSich
oblasti, zatimco v nizSich a susSich lokalitdich midze byt jeho vitalita a produkce
vyrazné ohrozena. Modelové studie potvrzuji, ze v optimalnich stanovistich lze
oCekavat i nadale jeho vysokou produkci a ekologickou stabilitu, zatimco v

marginalnich podminkach je nutné pocitat s poklesem rustu a rizikem odumirani.

Pro adaptaci lesnich ekosystému bylo doporu¢eno diverzifikovat druhovou skladbu,
podporovat mozaikovitost a strukturalné diferencovanou vystavbu porostu a vyuzivat
pozitivni vybér horniho stromového patra. KliCové je také sledovat posuny lesnich
vegetaCnich stupnu a pfizplisobovat hospodarska opatfeni aktualnim klimatickym
trendim. Celkové bylo konstatovano, ze buk lesni pfedstavuje perspektivni dfevinu
pro budouci lesnictvi stfedni Evropy, avSak jeho uspésné péstovani bude podminéno
respektovanim ekologickych narokud, ochranou pfed zvéfi a pruznou adaptaci na

klimatické zmény.

Klicova slova: pfirodé blizké lesni hospodareni; pfirozena obnova; produkce;

ekologické naroky; hrozby
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Abstract

On the one hand, the European beech (Fagus sylvatica L.) is the tree of the future due to ongoing climate changes,
on the other hand, there are questions about its expansion and economic use as a replacement for the declining
Norway spruce (Picea abies [L.] Karst.). This literature review examines 140 studies summarizing basic research
on beech in the context of climate change. As a climax tree species, beech is becoming dominant again in parts of
its original range at the middle and higher altitudes of Central Europe, following spruce. It is a shade-loving species
that can thrive in various types of mixed forest stands. To cultivate beech, close-to-nature methods, shelterwood, or
selection management are optimal. The occurrence of the beech seed year is influenced by factors such as precipita-
tion, temperature, drought, and air pollution. Although beech is generally considered resistant to abiotic and biotic
factors, it often needs protection against hoofed game browsing in the earliest stages of development. As climate
change progresses, it is essential to cultivate beech in areas rich in precipitation and nutrients where it can thrive
even under more extreme conditions. In optimal conditions, beech has shown intensive regeneration in recent years,
aggressively displacing other tree species. However, with insufficient precipitation and prolonged periods of drought,
beech loses its vigor, production, and ability to compete. For adaptation to climate change, it is recommended to
select appropriate beech provenance, promote natural regeneration, and cultivate structurally differentiated stands
through positive-selection thinning from above.

Key words: close-to-nature silviculture; natural regeneration; production; ecological requirements; threats

Editor: Bohdan Kondpka

1. Introduction

European beech is a tree species typical of oceanic and
suboceanic climates. Itis susceptible to drought and late
frosts (Ningre & Colin 2007; Gazol et al. 2019). Beech
forests form Central Europe’s most important forest
ecosystems, primarily at altitudes between 100 and 900
meters above sea level (von Oheimb et al. 2005). Beech
is profoundly sciophilous, i.e., tolerates permanent
shade, and therefore, is suitable for shelterwood and
selection silvicultural systems (Barna 2011; Barna et
al. 2011). Beech stands also endure thinning well, even
at an older age, because their crowns respond well to
release (Stefanéik 2015; Stefancik et al. 2018a). Beech

isadominant tree species in alarge spectrum of habitats,
except for waterlogged soil, and is classified as a climax
tree species (Slezak etal. 2016). Its representation in the
Czech Republic, as well as in Central Europe, decreased
significantly in the past. Its natural representation in
the Czech Republic is 40.2%. Currently, it is only 9.3%,
while the recommended share is 18.0% (MZE 2022). The
shade-loving beech has the prerequisites for spontane-
ousnatural regeneration in old stands with reduced stand
density (Barna & Bosela 2015). However, on sites lack-
ing the protection of the parent stand, its natural regen-
eration often suffers from late frosts and excessive weeds.
To obtain high-quality wood, we need high-density and
healthy young growth onsuitable sites (Stefan¢ik 2015).

*Corresponding author. Zdenék Vacek, e-mail: vacekz@fld.czu.cz
© 2023 Authors. This is an open access article under the CC BY 4.0 license.
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The ability of beech to regenerate naturally is reduced as
a consequence of a significant decrease in the quantity
and quality of fructification due to air pollution (Vacek
1988). Additionally, the high fructification irregularity
causes problematic and unreliable natural regeneration
(Vacek & Mare$ 1985). When beech is reintroduced,
underplanting appears to be a suitable implementation
method. In clearings, it should be planted using the eco-
logical shelter of mature stands (Podrazsky et al. 2019).
Currently, beech is threatened by climate change, caus-
ing higher average temperatures and more frequent
long-term droughts, affecting the growth, competitive-
ness, and shifts in distribution ranges of this tree species
(Knutzen et al. 2017; Vacek et al. 2023).

The radial increment of European beech is better
adapted to climatic fluctuations at lower and middle alti-
tudes and in nutrient-rich habitats (Aertsen et al. 2014;
Vacek et al. 2019). At lower altitudes, beech is more
susceptible to fluctuations such as drought or summer
heat. At higher altitudes, however, beech is limited by
low temperatures and spring frosts, which can signifi-
cantly damage it, especially during shooting (Kralicek
etal. 2017; Simdnek et al. 2019; Vanéura et al. 2022).
The limitation of growth by drought is also evident in
the southernrange of this tree species —in the Mediterra-
nean mountains (Tegel et al. 2014; Tognettietal. 2019),
whereas in the northern range, the growth is limited by
low temperatures (Dittmar et al. 2003; Dorado-Lifian
et al. 2019). During the ongoing climate change, the
European beech expands northwards in Europe even at
lower altitudes, while contrastingly, it is the high moun-
tain areas in the southern part of the distribution. Beech
alsohasthe potential for afforestation of agricultural land
(Penuelas & Boada 2003; Bolte et al. 2010; Kramer et al.
2010; Cukor et al. 2022; Vacek et al. 2023).

Beech stands are also affected by cyclical events dur-
ing climate change, which subsequently are reflected in
their increment. One commonly recurring cyclical influ-
ence is the solar cycle, which has been confirmed in the
tree-ring growth of beech stands across Europe (Simiinek
etal. 2020, 2021; Komitov 2021). However, the most
important cycles include the temperature (7-year and
3-year cycles) and precipitation (3.3-year and 2.4-year
cycles). Climatic cycles are also indirectly linked to more
frequent beech stand fructification. According to a study
from Sweden, fruiting has been more frequent in the last
few decades, at an interval of three to four years (Droby-
shev et al. 2014). Seed years directly depend on summer
temperatures, which influence fructification. Positive
temperature anomalies affect the seed year one to two
vegetation seasons before a massive seed year. Recently,
beech stands have become more prolific, contributing
to their intensified expansion in Central and Northern
Europe, where they have also been shifting to higher alti-
tudes (Saltré et al. 2013; Pavlovié¢ et al. 2019). Due toits
plasticity, European beech appears to be one of the most
promising tree species for tolerating higher mean annual
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temperatures caused by climate change, which hashad a
positive effect on this species in recent years.

This literature review of 140 studies aims to assess
the role, opportunities, and risks of European beech
in European forestry. Specifically, the aim is to focus
on a detailed review of (i) the species’ description and
distribution, (ii) ecological requirements, (iii) threats
and diseases, (iv) habitat and stand conditions, and (v)
close-to-nature silvicultural management, all in the face
of ongoing climate change.

2. Description and distribution

European beech is a large deciduous tree growing 35 to
40 mtall (von Wuehlisch 2008). The root system is heart-
shaped or sometimes taproot-like, strongly branched
with strong lateral roots (Kodrik & Kodrik 1999). The
trunk is slender and cylindrical, and may occasionally
show longitudinal callus tissue, and can be twisted or
transversely corrugated. It reaches a diameter of up to
1 m. The bark is smooth, grey to white-grey, rarely fis-
sured, with various bark forms (von Wuehlisch 2008).
The crown s set high and spherical, richly branched, and
variable in shape, with strong branches usually angled
away from the trunk (Wagner et al. 2010). The branch-
ing of beech is variable, determined by environmental
—especially light — conditions and interspecific competi-
tion (Bayer et al. 2013). The crown morphology is char-
acterized by forks, negatively influencing the distribution
of wood mass (Vacek 1987). Annual shoots are reddish-
brown, initially whitish-hairy, and later glabrous. Buds
are zigzag, slenderly spindle-shaped, 10-25 mm long,
and cinnamon brown. Scales are whitish at the tip. Leaves
are short-petiolate, the blade is elliptic to ovate-elliptic,
5-7 cm long and 3—6 cm width (leaf area 12-26 cm?),
entire or slightly serrated, wavy on the edge, glabrous
and shiny on the face, paler on the underside, retaining
long, white-silk hairs in the leaf axils and on larger veins
(Hladka & Catiova 2005). Lateral veins are in five to nine
pairs. The petiole is 5-10 mm long and hairy. Stipules
are narrowly lanceolate, light brown, and shiny. They
drop soon. The male flowers are in long-stalked clusters
in the leaf axils, the female flowers are in 2—3 clusters in
areddish calyx with hairy apophyses. Fruits are about
1 cm large, brown, glossy triangular, winged on the
edges, achenes — beech nuts. They are enclosed by 2-3
ina brown, woody, spiny calyx, pedunculate about 2 cm
large, opening by four flaps. Autumn leaf color ranges
from yellow to reddish to dark brown (von Wiihlisch
2008). Beech tress can reach an age up to400-550 years
(Moning & Miiller 2009; Trotsiuk et al. 2012).

Natural beech stands are characterized by lower
stocking and high age diversity and are only affected
by small-scale disintegration, preventing the large ones
(Vacek et al. 2010b). Beech forests naturally develop in

63



Z. Fuchs et al. / Cent. Eur. For. J. 70 (2024) 62-76

cycleslasting approximately 250 years, going through all
phases of their small-scale development cycle (Vacek et
al. 2010a; Simtnek et al. 2019). Beech trees form up to
three-story stands, and independent development takes
place over an area of 25-30 hectares, with beech trees
naturally reproducing under the parent stand, benefiting
its shade-tolerant growth at a younger age (Vacek et al.
1988; Vacek et al. 2010a).

Beech began to spread to Europe from its Balkan
refugium in the central Danube region. Within our ter-
ritory, it occurred sporadically at lower altitudes in the
Atlantic period, with the most extensive distribution of
beechrecorded from the Epi-Atlantic to the Sub-Atlantic,
where its range stabilizes and its share in forest stands
is the highest (Giesecke et al. 2007). The current distri-
bution of beech is shown in Fig. 1. Concerning climatic
conditions, beech has a lower limit of occurrence in
the warm climatic region with dry, slightly wet to cold
winters. The upper climatic boundary is established as
amoderately cool/cool mountain precinct in the cool cli-
maticregion. Considering the various natural conditions
in which European beech can thrive, its occurrences are
determined by the length of the growing season, which
ranges from 90 to 175 days, with an average daily tem-
perature above 10 °C (Dittmar et al. 2003).

3. Ecological requirements

Beech is indifferent to the soil and its subsoil. It grows
in most soil types but does not thrive in heavy clay soils,

swamps, or sandy, dry soil. However, it has very good
growing ability on nutrient-rich sandy soils with a higher
water table. Beech growth is strongly influenced by the
soil’s nutrient content. On richer soils (especially in Ca),
beech grows taller and more directly. Outside the area of
the growth optimum, beech demands more from the soil.
In cooler alpine areas, beech prefers warmer limestone
and dolomite soils. [n warmer locations, it favors clayish
soil with high water content (Leuschner et al. 2006). In
the Czech Republic, the best soil conditions for beech
growth and development are in the Carpathian flysch
zone. Deeper mineral soils with good physical structure
are more suitable for beech. Through its root system, it
can accumulate and distribute nutrients and water from
deep layers. Among other things, beech can efficiently
use soil moisture through its root system. Leaf fall from
the beech tree has a positive effect on the humus layer;
the leaves decompose within three years. The favorable
litterfall and mitigation of acidification classify beech
as a soil-improving tree species (Bortvka et al. 2005;
Podrazsky & Remes 2007; Remes 2007).

Beech does not require a high intensity of solar radia-
tion for photosynthesis. Its minimum light requirement,
expressed asarelativelight minimum, is 1/60 to 1/80 (the
ratio of the light intensity of the leaves in the darkest part
of the canopy to that of the fully illuminated leaves). Even
alow diffuse light intensity is sufficient for beech to grow
and establish natural regeneration. This assumption is
considered in the managementand regeneration of beech
stands. Thelight intensity also influences the development
of older stands. Opening-up thinning improves the vol-
umeincrement in older stands (Minotta & Pinzauti 1996).

Fig. 1. Distribution area of European beech (green — European beech, pink— Oriental beech, triangle and cross —introduced and

natural occurrence; Caudullo et al. 2017).
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Heat, or rather, thermal extremes, affect the natural dis-
tribution limit of the species (Durrantetal. 2016). Beech
favors average monthly temperatures of 15-25 °Cin the
growing season and around 0 °C in the coldest month
of the year. Optimal beech habitats in Central Europe
have an average annual temperature of approximately
10°C. Beech needs at least 26 summer days with a maxi-
mum temperature of over 20.5 °C and can tolerate no
more than 120 winter days with a maximum below 5 °C.
Frost basins are the limit of beech regeneration, even
at mid-altitudes. The amount of beech fructification is
related to the temperature in July of the previous year
and the duration of sunshine. Late frosts and short-term
droughts reduce beech flowering and seed set (Latte et
al. 2016). During the peak air pollution calamity years,
beech reproduction was largely restricted to layering in
mountainous areas. In recent years, however, the inci-
dence of seed years hasincreased considerably following
the air pollution abatement and climate change (Vacek
& Hejeman 2012; Vacek et al. 2022).

Beech requires a humid atmosphere with precipita-
tion well distributed throughout the year (Durrant et
al. 2016). In optimal positions, precipitation is around
1,000 mm per year. In colder areas, beech only needs
500 mm per year. Compared to other tree species, beech
is a medium-water-demanding species. Beech stands
let a considerable amount of precipitation into the for-
est’s ground layers, which allows natural regeneration
to develop. Of the total summer rainfall, beech stands
receive about 80%, whereas spruce stands receive only
59%. The precipitation release in beech stands is deter-
mined by the position of the branches and the overall
morphology of the tree. Water runs down the smooth
trunk towards the ground in large quantities, which is
different from the coarse bark in spruce, where it tends
to run down the needles and branches (Michelot et al.
2012).

4. Threats and diseases

Among abiotic factors, beech is currently threatened by
long-term drought and significant temperature fluctua-
tions (Vaceketal. 2023). Itis also threatened by extreme
climatic events, in particular, glaze ice and intensive
snow falls which can cause branch breakage damages
under the weight of the wet snow (Jarzyna 2021). The
root system protects beech from strong-wind calamities
(Durrant et al. 2016).

From the biotic point of view, beech is a tree species
with a relatively low threat of insect pests. During the
last century, beech forests have suffered from repeated
outbreaks of pests such as the pale tussock (Calliteara
pudibunda L.), the beech scale (Cryptococcus fagisuga
Lindinger) and the lobster moth (Stauropus fagi L.; Gora
etal. 1996; Mazzoglio et al. 2005). Among the more fre-
quent beech insect pests belongs also gall insect Mikiola
fagi Hartig and Hartigiola annulipes Hartig (Fig. 2).
Nowadays, however, when the climate is changing life
cycle of beech gall insect seems to be strongly affected
(Pilichowski et al. 2017). Another potential threat to
older beech stands in the future is the beech bark beetle
(Taphrorychus bicolor Herbst) and the green jewel beetle
(Agrilus viridis L.). While currently sporadic and rela-
tively insignificant, climate change could exacerbate its
impact because of increasing number of weakened trees,
ideal places for mass reproduction of this two beetle
species (Lakatos & Molnar 2009). Beech bark necrosis,
especially Nectria spp., is a dangerous disease, and trees
whose bark has been afflicted wither and die. Affected
wood loses quality and can usually be used only for fuel,
which causes significant economic losses, especially
in young stands (Fig. 2). The main silviculture recom-
mendation is to avoid the injury of the trees during the
harvesting process (Mititeluetal. 2021). A severe decline
and dieback of beech stands in Europe have been caused

Fig. 2. Significant harmful agents of European beech — leaf gall midge (Mikiola fagi Hartig) in Southern Poland (left) and bark
necrosis due to Nectria spp. in Central Slovakia (right) (Photo: Zdenék Vacek).
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also by Phytophthora spp. presence, which may become
a more serious problem in the future due to changing
climate conditions (Corcobado et al. 2020). Old beech
trees can also develop false heartwood, which is caused
by a lack of calcium in the soil, dampening of the inner
part of the trunk, or by frost. False heartwood does not
have the typical physical and mechanical properties of
woodwithout heartwood and is often subject to rot which
reduces stability and timber value (Durrant et al. 2016).

The earliest stage of beech growth is the most critical
period. In recent years, cloven-hoofed game appears to
be one of the most significant limiting factors for natu-
ral regeneration (Vacek 2017). The majority of fallen
beech nuts do not germinate, as they are consumed by
wildlife during autumn and winter. This is particularly
relevant for sites with high population densities of wild
boar (Sus scrofa L.), whose reproduction depends on
the availability of food, i.e., seed years of fruit-bearing
trees, including beech (Frauendorf et al. 2016; Drimaj
et al. 2020). Wild boar populations across Europe are
gradually increasing (Massei et al. 2015), significantly
reducing the number of seeds available for massive natu-
ral regeneration, which would subsequentlyresist further
negative impacts as it grows. The wild boar population
is unlikely to decrease through hunting management,
which is ineffective in the long term, but through the
spread of African swine fever throughout Central Europe
(Cukor et al. 2020, 2021). Beech nuts also provide food
for pigeons (Columba palumbus L.), finches (Fringilla
coelebs L.), yellow-necked mice (Apodemus flavicollis
Melchior), bank voles (Clethrionomys glareolus Schre-
ber), and other wildlife species. Beech nuts are threat-
ened by fungi (Phytophthora cactorum [Leb. and Cohn]
Schroeter, etc.) and other fungal diseases (Rhizoctonia
solani Kiihn) (Prochazkova 2009). If seedlings develop,
theyare often very intensively damaged by cloven-hoofed
animals from browsing on the terminal and lateral shoots
(Clasenetal.2011; Hejeletal. 2016). Damaged seedlings
have reduced vigor and increment and become dwarfed
individuals of bonsai habitus. Protection of seedlings and
entire cultures isimplemented by economically costly site
fencing, repellents, or individual protection (Durrant et
al. 2016) as the numbers of cloven-hoofed game increase
(Valente et al. 2020; Carpio et al. 2021).

5. Site and stand conditions under climate
change

Severe and frequent droughts are expected to become
aserious risk for forest ecosystems under climate change
(Kolstrom et al. 2011). Changing climatic conditions
are causing changes in forest structure and silvicultural
strategies (Fiirst et al. 2007; Nabuurs et al. 2007). It is
evident that coniferous monocultures, prevalent in the
current forest management in Central Europe, will not be
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sustainable in the future (Seidl etal. 2011). A substantial
increase in air temperature accompanied by a concomi-
tant decrease in precipitation during the growing season
in Central and Southern Europe will increase the like-
lihood of lengthy and intense summer droughts (EEA
2004). For these reasons, mixed stands should only be
established in suitable habitats (Lindner et al. 2014).
Coniferous forests are gradually becoming converted to
mixed stands more adapted to drought (Temperli et al.
2012). European beech is the dominant tree species in
these mixtures from the lowland to montane vegetation
zones in Central Europe, playing a critical role in the tran-
sition and adaptation of forests to climate change (Tarp et
al. 2000). The combinations of beech together with Nor-
way spruce, oaks, Scots pine or maples form a perspec-
tive mixture, enhancing overproduction and resistance to
drought periods (Pretzsch et al. 2013, 2021; Vacek et al.
2021). Inlight of climate change and its associated phe-
nomena, advantage of beech mixture is that high incre-
ment and shoot development in beech occur earlier and
are particularly compressed within the growing season.
Consequently, the potential occurrence of drought dur-
ing the currentyear, which frequentlyarises in the middle
part of the growing season, is less likely to hinder these
developmentsin beech as compared to spruce (Kondpka
etal. 2014).

On the flip side, transitioning from spruce stands to
beech stands has the potential to alter specific produc-
tion-ecological processes, particularly those related to the
carbon regime, within forest ecosystems. The alteration
of the carbon cycle impacts forest ecosystem function-
ing by influencing the scale and timing of various car-
bon fluxes. It is imperative to thoroughly investigate
these ecosystem changes before undertaking significant
shifts in species composition toward beech dominance
(Konopka et al. 2013). In the future, beech may occupy
alarger coverage in the lower hills and lower mountains,
while its area in the lowlands and uplands may be reduced
due to increased competitive pressure from oak (Silva
etal. 2012).

The annual gross production of beech is primarily
influenced by spring temperatures and, irregularly, by
summer water stress (Chiesi et al. 2016). The growth
response to climate change mainly shows in the long term
(Biintgen et al. 2007) and through shifting in altitudi-
nal vegetation zones (Vanoni et al. 2016). Understand-
ing the ongoing shifts in vegetation zones is essential
for the development of sustainable forest management
strategies in the face of climate change (Kulhavy 2004).
Altitudinal vegetation zones represent regional frame-
works of climatic conditions characterizing the growth
of forest tree species in commercial forests (Svobodova et
al. 2009), which dominate temperate forests in Europe.
Modeling climate change can provide support for the
development of adaptation strategies for European beech
(Mind4§ & Skvarenina 1996) in forest stands (Fig. 3).
[t also provides a scientifically sound ecological and eco-
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Fig. 3. Climatic conditions for growing European beech in the Czech Republic in 2050 (according to Machar et al. 2017), purple
—unsuitable conditions, ochre — partially suitable conditions, light green — suitable conditions, dark green — optimal conditions.

nomic justification for forest management based on an
adaptive approach to forest ecosystems (Machar et al.
2017).

6. Close-to-nature silvicultural management
in the context of climate change

The survival and prosperity of European beech play
a critical role in sustainable forest management, which
not only includes its ecological performance but also
its commercial significance (Shahverdi et al. 2013). In
relation to global climate change, beech, especially in
the center of its range, has been a highly successful tree
species (Machar et al. 2017). Gessler et al. (2007) dis-
cuss opposite slopes and indicate that the northeastern
slope is comparatively cold and wet, and this is where
most current beech forests in Central Europe are. The
southwestern slope is dry and warm, representing the
potential climate for beech stands in Central Europe in
the future (Kolat et al. 2017).

Close-to-nature management and its strategies
should address both ecological and economic risks.
Adaptation to climate change can lead to genetically
and phenotypically structured populations throughout
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the species’ range within just a few generations, depend-
ing on the forest management system used (Brank et al.
2014). Increased warming and reduced precipitation
diminish the increment and production of beech, espe-
cially at lower altitudes. With lower soil water content,
nitrate uptake is also reduced. Significant nitrogen loss
affects proper seedling growth, most often on calcareous
substrates (Dannenmann et al. 2016). Reduced water
availability and increased drought stress result in lower
biomass productionand higher mortality. Solar activity is
also a substantial factor given climate change. The num-
ber and intensity of sunspots are crucial when assessing
precipitation and seasonal temperature (Rétzer et al.
2013). From a silvicultural perspective, it is essential to
exploit the natural environment for beech forest growth
or to monitor the possible shift of altitudinal vegetation
zones and adjust adaptive management accordingly: in
particular, by using careful forest management strate-
gies, promoting natural regeneration, and maximizing
species mixing and differentiation of beech stands (spe-
cies richness, balance, and diversity) in terms of higher
production potential, resistance, and adaptation to cli-
matechange (BoSelaetal. 2016; Vaceketal. 2021,2023;
Parhizkar et al. 2022).

If we want to apply the principles of close-to-nature
management in beech stands, the first step is to change

67



Z. Fuchs et al. / Cent. Eur. For. J. 70 (2024) 62-76

the structure of the forest from age classes to diameter
classes, which can primarily be achieved by systematic
tending from the earliest stages (Stefancik et al. 2018b).
Former methods of stand tending led to the less favora-
ble (height-leveled) structure of beech stands. There-
fore, it is necessary to build differentiated height struc-
tures through positive selection from above (Stefanéik
2022). Moreover, this thinning method has a positive
effect not only on increasing the value production but
also mitigating the impact of climate change (Remes
et al. 2015). Specifically, Stefanéik’s free crown thin-
ning (Stefanéik 1984), aimed at cultivating so-called
target trees (Stefancik 1984), has proven to be a suit-
able method (Fig. 4; Stefanéik et al. 2014). After reach-
ing their target diameter, gradual felling creates space
and conditions for subsequent natural regeneration,
which responds relatively quickly to gaps in the canopy
(Sumichrast et al. 2023).

Therefore, in terms of progressive climate change,
it is advisable to gradually shift from age-class forests
to structurally differentiated, mosaic-structured forests
with greateradaptability (Puettmann 2011; Messier etal.
2015; Puettmann et al. 2015; Bosela et al. 2016; Saniga
etal. 2022). The shelterwood management method using
selection principles best suits this purpose (Fig. 5; Poleno
et al. 2009). The gradual reconstruction of these forests
into amosaic structure must start inamiddle-aged stand,
favoring local group-based natural regeneration within
lengthier regeneration periods. This process will resultin
the formation of an abundance of regeneration elements
at different stages of development, establishing struc-
tural differentiation of stands — both spatial (horizontal
andvertical) and in age (Poleno et al. 2009). This cyclical
pattern is characterized by the continuous dynamics of
natural regeneration and spatial differentiation of stands
(Schiitz 1990; Saniga et al. 2022). As a shade-loving
tree species, European beech is well-suited to form this
mosaic stand structure (Saniga 2019). The small devel-
opmental cycle of close-to-nature beech forests often

creates amosaic structure after small-scale disturbances
(Mataji & Vahedi 2021). This is evident, for example,
in the Jizera Mountains Beech Forest National Nature
Reserve (Vacek et al. 2007), in Bazinky — Zone I of the
Krkonose National Park (Vacek et al. 1987;2019), orin
beech forests in Slovakia (Korpel 1985). Stand gaps and
subsequent natural regeneration occur through the death
of one or a few trees. For example, Kucbel et al. (2012)
and Jaloviar et al. (2020) report that these gaps form
a fairly even temporal pattern, which is the basis for the
structural differentiation of these stands. Therefore, the
silvicultural system of mosaic formation through group-
selection management is based on these natural small-
scale cyclical dynamics of close-to-nature beech stands.
This involves a local group selection of trees in differ-
ent diameter classes, especially those that have reached
roughly the target diameter. After harvesting these trees,
the conditions are created for natural regeneration in
an area of a clump or group, at the most (Schiitz 1990;
Polenoetal. 2009; Vaceket al. 2015). Inbeech stands, the
harvested area should not exceed 4-5 ares in size (Schiitz
1990). According to Schiitz (1990), European beech is
asympodial-branching tree, and therefore, requires indi-
viduals of the same height side by sidein a clump to group
arrangement in the youngest growth stages. In the upper
layer, beech tends to enlarge its crown and form wolf
trees, which reduces height growth (Poleno et al. 2009).

According to Hessenmoller et al. (2018), the stand
volume of group-selected or mosaic beech stands should
be in the range of 296-388 m’ ha™' at a target diame-
ter of 66—70 cm, with a current annual increment of
6.7-7.8 m* ha™'. In selection forests on production-rich
sites, Saniga (1996) considers an optimum stand volume
of 340 m* ha'with atarget diameter of 54 cm. According
to Schaeffer & Schaeffer (1951), this is a stand volume
of 200 to 250 m* ha™!, which is 30% lower than in age-
class beech stands, but the production quality is generally
higher. For comparison, Table 1 shows the basic produc-
tion parameters of mature beech stands across Europe,

Fig. 4. Target beech at the age of 80 years with dbh =47 c¢m after 40 years of Stefan¢ik’s free crown thinning in Central Slovakia

(Photo: Igor Stefanéik).
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Fig. 5. Basic methods of beech cultivation, including the diameter structure of the stand (homogeneous forest — clear-cutting
method, two-story forest — shelterwood method, fully differentiated forest — selection method).

with the average stand volume reaching 591 m*ha*and
tree density of 317 trees ha~'. Maximum stand volume
was observed in the relic virgin beech forest Uholka in
Ukrainian Carpathians — 1,271 m® ha™! (Trotsiuk et al.
2012). The magnitude of the production quantity is deter-
mined by the required crown size in a group selection or
mosaic forest, which is considerably larger (wider and
longer) than in an age-class forest. Thus, larger crowns
produce more biomass in the same period of time, i.e.,
they need less time to reach the target girth (Knoke 2002).
Moreover, Rackoetal. (2011) indicate thatin beech trees
with crown lengths greater than half the height of trees
in the upper layer of the selection forest, the incidence of
false heartwood isvery low, i.e.,a high production quality
is expected.

The mosaic structure of broadleaved stands, espe-
cially beech, is a result of the concept of close-to-nature
silviculture with significant adaptability to advancing cli-
mate change (Brang etal. 2014). Under ongoing climate
change, mosaic beech stands achieve greater ecological
stability and adaptability when compared to age-class
forests (Lapin et al. 2008). This is due not only to their
free thinning from above (Stefan¢ik 1984, 2015), fol-
lowed by spatial differentiation (Bosela et al. 2016) but
also to a larger assimilative apparatus more resistant to
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climate change consequences (Vacek 1987, 1988; Vacek
et al. 2023). This is not a formation of selection forests,
for which soil and climatic conditions are often unsuit-
able, but mosaic beech stands with a clump to group size,
largely of up to 2 ares in size.

7. Conclusion

European beech, due to its relative resistance to abiotic
and biotic factors, can play in future a major role in the
tree species composition of Central European forests
compared to dying stands of Norway spruce. Due to its
character and shade-loving and euryvalent nature, this
tree species has great potential to fulfill both produc-
tion and non-production forest functions. In relation to
climate change, the spread of beech to higher altitudes
in suitable habitats should be approached with caution.
Adaptive management favors creating structurally dif-
ferentiated mosaic stands with European beech. In the
context of close-to-nature silviculture, it is essential to
promote structural differentiation of stands and the
cultivation of mixed forests to achieve not only higher
production potential but also to increase the resistance
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Table 1. Overview of selected publications of dominant European beech forests related to production parameters in Europe.

Study Country Altitude Age DBH Height Basalarea Volume Density
[ma.s.l] [years] [cm] [m] [m*ha'] [m*ha'] [treesha']
Ambrozetal. 2015 Czechia 432-451 175-188 57.5-59.0 30.4-39.0 39.2-50.3 732-975 152-184
Bilek etal. 2011 Czechia 345-501 159-189 35.9-61.7 26.4-41.2 27.2-40.3 506-864 93-272
Commarmot et al. 2005 Ukraine 700-800 48.0 38.5 770 219
Commarmot et al. 2005 Switzerland 600-700 150 41.6 30.7 524 259
Dréssler & Liipke 2007 Slovakia 500-820 35.4-38.8 32.5-35.0 451-716 290-320
Fuchs etal. 2021 Czechia 633-804 130-171 41-58 26-28 64-396
Fuchsetal. 2021 Germany 662-665 149 43 27 247
Hajek etal. 2021 Czechia 590-700 105-151 36.0-49.6 21.8-33.1 41.4-50.5 557-814 260-480
Jaworski & Kotodziej 2002 Poland 720-810 33.0-35.0 577610 158-288
Kucbeletal. 2012 Slovakia 575-1,180 42.5-43.5 33.4-46.9 452-744 226-401
Matovié etal. 2018 Serbia 400-1,175 max. 400 30.2-61.1 28.0-39.2 21.5-39.3 290-760 123-301
Petrianetal. 2012 Romania 350-620 50.3-52.2 33.1-34.2 373-383 650-676 487-499
Simiinek et al. 2019 Czechia 740-790 149-182 41-49 26-31 34.3-36.5 347-458 154-256
Siminek etal. 2021 Poland 510 90-123 39 23 380
Siminek etal. 2021 Italy 1,275-1,340 94-247 52-60 29-33 560-720
Stefanciketal. 2018 Slovakia 510-700 83-105 37.7-443 32.4-34.1 36.9-46.8 561-706 375-770
Trotsiuketal. 2012 Ukraine 660-730 max. 451 40.8-36.5 524-1,237 270-590
Vaceket al. 2019a Czechia 420-440 104-158 35.0-44.2 16.8-26.8 36.7-47.0 591-699 240-488
Vaceketal. 2019b Czechia 810 168 43.7 30.0 48.0 710 320
Vaceketal. 2021 Czechia 980-1,065 234 41.2-44.7 21.9-24.6 30.5-41.0 365-445 236-261
Vancuraetal. 2022 Czechia 412 99 377 279 414 590 372
von Oheimb et al. 2005 Germany 100 29 327 605 263
Note: DBH —diameter at breast height.
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Abstrakt

Pfirozena obnova je zakladni pfedpokladem vzniku nové generace lesniho porostu.
V nechranénych porostech je Casto decimovana okusem sparkaté zvére, ktery ma
negativni vliv na kvalitu, vyvoj Ci existenci obnovy. Vliv sparkaté zvéfre na pfirozenou
obnovu buku lesniho v Krusnych horach byl zjiStovan na deseti trvalych vyzkumnych
plochach v centralni ¢asti, konkrétné v nadmorskych vyskach 633-804 m, na uzemi
Ceské republiky i N&mecka. Plochy byly situovany v porostech s dominantnim
zastoupenim buku lesniho, jehoz podil v hornim stromovém patfe pfesahoval 75 %.
Vyzkumné plochy reprezentovaly ruzné typy stanovist, pfevazovali kambizemé, s
mirnym az strmym sklonem. Cilem bylo posouzeni vliv okusu sparkaté zvéfi na
pfirozenou obnovu bukovych lesu zejména v kontextu slozeni druhové skladby,
hustoty, rastu a kvality pfirozené obnovy. Zavérem byla zformulovana doporuceni pro

lesnickou praxi.

Z vysledku vyplyva, Ze pfirozena obnova bukovych porostl v Krusnych horach
vykazuje vysoky potencial, pficemz hustota obnovy dosahovala v priméru 72 600
jedincu na hektar, s rozmezim od 23 300 do 114 100 jedincl na hektar. Druhové
slozeni pfirozené obnovy odpovidalo charakteru matefského porostu — na vSech
trvalych vyzkumnych plochach z hlediska obnovy dominoval buk lesni s podilem 88 %,
zatimco v dospélém stromovém patie Cinil podil buku 90 %. V pfirozené obnové byl
zaznamenan vysSi podil pionyrskych dfevin, zejména bfizy bélokoré a jefabu ptaciho
které se do porostu dostaly zejména ze semen z okolnich porostll v ramci Sifeni,

vétrem, zvéri a ptactvem.
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Bylo zjisténo, ze az 78 % jedincl pfirozené obnovy bylo poSkozeno okusem zvéfi.
NejCastéji byly posSkozovany roztroudené listnaCe, konkrétné javor klen (98 %
poskozenych jedincu), olSe lepkava (97 %) a jefab ptaci (94 %). Naopak nejméné byl
okusem poskozen smrk ztepily (31 %) a dub zimni (50 %). PoSkozenych jedincd buku
bylo celkem 79 %. Okus mél vyznamny negativni vliv na vysku pfirozené obnovy —
terminalni okus snizil primérnou vysku jedincd az o 40 % ve srovnani s
neposkozenymi jedinci. Nejvy$Si prumérna vysSka byla zjiSténa u jedinct bez
poskozeni (v priméru 119 cm), zatimco nové a opakované okusovani jedinci
dosahovali pouze 63 cm, respektive 79 cm. PoSkozeni terminalniho pupenu vedlo k
vyraznému omezeni vySkového pfirtstu a vitality jednotlivych jedincu, coz se promitlo

i do celkové kvality pfirozené obnovy.

Z hlediska druhové diverzity byla pfirozena obnova charakterizovana nizkou druhovou
bohatosti a heterogenitou, avdak vétSinou vysokou druhovou vyrovnanosti v plochach
s vice zastoupenymi druhy. Prostorova struktura pfirozené obnovy byla pfevazné

agregovana.

Na zakladé vysledkd byla doporu¢ena opatfeni ke snizovani Skod zpusobovanych
zvéfi. V praxi by mélo byt prioritou snizeni stavll sparkaté zvére na ekologicky unosnou
uroven a optimalizace vékové a pohlavni struktury populace. Dale bylo doporuceno
zvysit pocCet zimovist a krmnych poliCek pro zvér, pfipadné vyuzit individualnich Ci
ploSnych mechanickych ochran pro pfirozenou obnovu zejména pak cennych
primiSenych dfevin. Podpora pfirozenych predatorli, zejména vlka, byla mohla mit
pozitivni pfinos pro regulaci zvéfe v budoucnu. KliCové je vSak sladéni mysliveckého
a lesnického hospodareni s dirazem na podporu pfimiSenych dfevin a tvorbu druhové
pestrych lesu, které vykazuji vysSi stabilitu a udrzitelnou produkci v podminkach
probihajici klimatické zmény. Celkové bylo konstatovano, Ze bez uc€inné ochrany
pfirozené obnovy pfed okusem zvéfi neni mozné zajistit uspéSnou obnovu druhové

bohatych a stabilnich lesnich ekosystémU v dlouhodobém horizontu.

Klicova slova: poskozeni stromu; struktura lesa; biodiverzita; ochrana lesa; stfedni

Evropa
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Abstract

Tree damage by game browsing is one of the biggest threats to forest ecosystems at the time of climate change and
large-scale forest disturbances. The aim of the paper was to determine the effect of browsing by ungulates on the
diversity, abundance and species composition of natural regeneration in forest stands dominated by European beech
(Fagus sylvatica L.). The research was conducted on 10 permanent research plots in the Kru$né hory Mts. in the Czech
Republic and Germany. The density of natural regeneration was in the range of 23,300-114,100 recruits ha™'. A higher
proportion of silver birch (Betula pendula Roth.) and rowan (Sorbus aucuparia L.) was found in the regeneration
compared to the mature stands. A total of 78% of recruits was damaged by browsing. The most frequently damaged
tree species were sycamore (Acer pseudoplatanus L.; 98%) and black alder (Alnus glutinosa [L.] Gaertn.; 97%),
while Norway spruce (Picea abies [L.] Karst; 31%) and sessile oak (Quercus petraea [Matt.] Liebl.; 50%) were the
least affected. Seventy-nine percent of European beech recruits were damaged. The game significantly reduced the
height of regeneration by up to 40%, especially by terminal browsing. Browsing also negatively affected the quality
and abundance of regeneration. For successful dynamics of species-rich natural forest ecosystems, it is necessary to
minimize tree damage by game browsing. These main measures include the reduction of ungulate population levels
and the optimization of their age structure and sex ratio, an increase in the number of overwintering enclosures and
food fields for game and a change in the political approach to game management with sufficient consideration of
forestry interests.

Key words: tree damage; forest structure; biodiversity; forest protection; Central Europe

Editor: Bohdan Kondpka

1992; Vacek et al. 2010; Wagner et al. 2010). One uses
this element and transforms it according to current and
local needs (Paluch 2005; Collet & Chénost 2006; Col-
let et al. 2008). Through its intervention in this system,
additional energy is created, without which the current
concept of forest establishment could not exist (Korpel
1995; Pretzsch 2009; Trotsiuk 2012). In addition to dis-
advantages such as the specificity of the time of seed-
ing of the mature stand (Ambroz et al. 2015; Vacek et
al. 2017a), inequality of seedling density (Kantor 2001;
Wagner etal. 2010) and the restoration of only such spe-
cies composition thatis already in the stand (Polenoetal.
2009), natural regeneration has also its advantages. Typi-

1. Introduction

Central European forest stands are characterized in
the climax stage by occasional disturbances (Glon¢ak
2009), which can be described by the gap disturbance
regime (Korpel 1995; Jaworski & Kotodziej 2002). From
this point of view, natural disturbances contribute posi-
tively to the dynamics of climax stands (Yamamoto 2000;
Franklin et al. 2002; Sage et al. 2003; Manning 2007).
Disturbance in the form of the death of a small number
of trees contributes to the release of production space for
new individuals of the tree layer that will occupy these
newly opened niches in future (Kneeshaw & Gauthier

2003; Angelstam & Kuuluvainen 2004; Kucbel et al.
2010; Rugani et al. 2013). Natural regeneration, as a
basicand essential element of forest dynamics, forms and
ensures the continuity of the forest ecosystem (Veblen

cal advantages include, for example, ensuring the natu-
ral occurrence of genetically native tree species (Korpel
et al. 1991; Gomory et al. 2011; Gallo et al. 2020a) that
can make use of the local microrelief in an outstanding

*Corresponding author. Zdenék Vacek, e-mail: Vacekz@fld.czu.cz
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way (Barna 2004; Polenoet al. 2009; Vacek et al. 2015b).
‘With its high adaptability, non-deformed root system
(Mauer 2005) and, last but not least, its high number of
individuals (Reininger 1992; Hajek et al. 2020), natural
regeneration is a prerequisite for seed, shelterwood and
selection silvicultural systems (Slanat et al. 2017; Vacek
et al. 2019b). The specifics of natural regeneration are
based on the precisely timed moment of intersection of
individual assumptions that ensure its origin (Jarcuska
2009; Barna 2011; Jar¢uska 2011). These assumptions
include the occurrence of the seed year of the tree spe-
cies present, optimum temperature, condition of the seed
germination bed, light conditions and also soil moisture
(Bellemare et al. 2002; Fischer & Lindner 2002; Bolte
& Villanueva 2006). If these assumptions are not syn-
chronized at the appropriate moment, full seeding does
notoccur, and the effect of natural regeneration loses its
significance. This phenomenon is also exacerbated by
the occurrence of the herbaceous and moss layer, which
significantly reduces or eliminates the survival of seed-
lings on strongly infested soils (Kiihne & Bartsch 2003;
Jaloviar 2005; Collt & Chenost 2006; Provendier & Bal-
andier 2008). The microreliefalso plays animportantrole
if the successful growth of natural regeneration, affect-
ing water retention and the amount of available nutrients
(Vacek et al. 2015b, 2017b).

In the area of interest, the Kru$né hory Mts., Euro-
pean beech (Fagus sylvatica L.) forms the main part
of forest stands on the mid- and lower elevation sites,
whereithasits production optimum (Pliva & Prisa 1969;
Neuhiuslova et al. 1998; Burda 2016). This tree species
accounts for 5.3% in the Czech part and for 4.2% in the
German part of Kru$né hory Mts., however natural tree
species composition was significantly higher (UHUL
2019; SEKUL 2020). In the Czech Republic, the natural
species compositionreached 40. %, while the current tree
species composition is only 8.8% (Ministry of Agricul-
ture 2020). Both ecologically and economically, it is the
mostimportant and widespread deciduous tree in Europe
(Bolte et al. 2007, Stefan¢ik et al. 2018; Sharma et al.
2019a; Simaneket al. 2021). Due to its ecological plastic-
ity, itis able to grow even inrelatively heavily shaded and
weed-infested places, and subsequently respond well to
therelease of canopy (Ellenbergetal. 1992; Bulusek et al.
2016). This predisposition predestines it to be the ideal
tree species for regeneration by border felling, shelter-
wood system, or selection system (Kantor 2001; Poleno et
al. 2009; Podrazsky et al. 2019). These methods are suit-
able for optimal beech growth in conditions where there
isnorisk of damage by drought, sun exposure orlate frost
(Ningre & Colin 2007; Gallo et al. 2014), to which beech
shows high vulnerability (Gallo et al. 2017; Simiinek et
al. 2019). The highest amounts of natural beech regen-
eration can be found on lush, mineral-rich soils (Musil
& Mollerova 2005). Beech can form ideal vegetation
mixtures with various deciduous trees (ash, maple, horn-
beam, birch, rowan, cherry, linden), or conifers (spruce,

larch, fir, Douglas fir, pine) (Dittmaret al. 2003; Wagner
etal. 2003, 2010; Podrazsky et al. 2014; Krali¢ek et al.
2017; Vacek et al. 2019a). In addition, in mixed stands,
beech can achieve higher production potential, stability
and resistance to extreme weather fluctuations, drought
and climate change (Schifer et al. 2017; Pretzsch et
al. 2021; Vacek et al. 2021). In later stages of growth,
tending has a great importance from the silvicultural
point of view (Remes et al. 2015; Stefanéik 2017, 2019;
Sharma et al. 2019b). In the submontane and mountain
areas forest regeneration is often damaged by ungulates
— browsing, bark stripping and fraying (Rooney 2001;
Vacek et al. 2018; Cukor et al. 2019; Gallo et al. 2020b;
Prokipkova et al. 2020; Vacek et al. 2020a). Growth is
strongly negatively affected mainly by the browsing of
terminal buds (Schulze et al. 2014). This damage limits
terminal bud growth, individual height, vitality, and abil-
ity to survive in subsequent years (Ammer 1996; Vacek et
al. 2014). This preference of ungulates for the tree spe-
cies mainly results in a change of species composition,
especially to the detriment of interspersed and admixed
deciduous trees and firs attractive to game (Motta 2003;
Konodpka & Pajtik 2015; Vacek et al. 2015a; Slanat et
al. 2017). Suppression of species diversity by game or
humans leads to unification of the tree layer (Poleno
et al. 2009). This reduction in species diversity in turn
brings about a change in the stability and vitality of the
forest ecosystem. Heterogeneous ecosystems have higher
productivity at a later stage of development compared to
monocultures (Pretzsch et al. 2010; Dénescu et al. 2016;
Zeller & Pretzsch 2019; Gallo et al. 2020c¢). In addition,
mixed and largely structured forests are more resilient
to ongoing climate change that is manifested by higher
mean annual temperatures, uneven precipitation distri-
bution and more frequent climatic extremes (Pretzsch et
al. 2013; Seidl 2017; Ammer 2019; Vacek et al. 2020b).

Successful growth of natural aswell as artificial regen-
erationrequires individual or areal protection, most often
in the form of deerenclosure fencing (Svestkaet al. 1996;
Jurasek 1998; Sage et al. 2003; Baumhauer et al. 2005;
Olesen & Madsen 2008; Hanophy 2009). Maintaining
the regulated numbers of game individuals as biologi-
cal protection seems to be a difficult task in the long run
(Svarc 1981; Poleno et al. 2009). The use of repellents
in the form of chemical protection is not very effective
(Cislerova 2001). Regular reinstatement of repellents
is laborious and the efficiency does not achieve lasting
effects (Vosatka 2007).

Theaim of this research was to determine the effect of
game on the natural regeneration of beech stands in the
German and Czech part of the Kru$né hory Mts. and the
subsequent proposal of appropriate silvicultural meas-
ures to reduce damage by game to natural regeneration.
The specific objectives were toi) evaluate the quantity, sil-
vicultural quality and structure of natural regenerationin
10 permanentresearch plots (PRPs), ii) compare species
composition and diversity of natural regeneration and
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treelayer, i) determine the effect of browsing damage on
dynamics and species composition of natural regenera-
tion and iv) to assess interactions between natural regen-
eration, tree layer, habitat and the influence of wildlife.

2. Material and methods
2.1. Study area

The area of interest, located in the central part of the
Kru$né hory Mts. at an altitude of 635-804 m a.s.l., was
composed of 5 forest stands, and 2 PRPs were established
in each stand. Four stands were located in the Czech
Republic and 1 stand in Germany (Fig. 1). The average
monthly temperature was around 5.9 °C and the total
annual precipitation reached 780 mm. The temperature
reached a maximum in July (15.2 °C), while the lowest
temperaturewas inJanuary (—3.4 °C). The minimumand
maximum precipitation was in February (49 mm) and
June (87 mm) (1961-2019 CHMI). The study area was

12°E 13°E 15" E

qualified as a humid continental climate zone, character-
izedbywarm to hot, humid summers and cold to severely
cold winters (Dfb) as defined by the Kdppen climate clas-
sification (Koppen 1931). The predominant soil type was
modal Cambisol and the bedrock was mainly formed by
crystalline shales (schists) and granites. The slope ranged
from 5 to 23 degrees.

Data collection was performed in 5 stands with domi-
nant European beech (its share was over 75%) aged over
120 yearsand stocking lessthan 0.8 (Table 1). Other tree
species occurring in the upper storey included Norway
spruce (Picea abies [L.] Karst), silver birch (Betula pen-
dula Roth.), sycamore maple (Acer pseudoplatanus L.)
and sessile oak (Quercus petraea [Matt.] Liebl.). From
a typological point of view, it was a habitat of the series
trophicum, specifically categoria mesotrophica (Fage-
tum mesotrophicum, Abieto-Fagetum mesotrophicum,
Piceeto-Fagetum mesotrophicum) and categoria subx-
erothermica (Fagetum subxerothermicum) (Viewegh et
al. 2003).
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Fig. 1. Localization of European beech stands on permanent research plots in the Krugné hory Mts. and mean monthly climatic
values (1960-2020); the map was created in ArcGIS 10 software (Esri).

Table 1. Overview of basic site and stand parameters of permanent research plots 1-10 in the Krudné hory Mts. according to

Forest Management Plan.

. Altitude Slope Forestsite  Stand volume Age .
PRP GPS coordinates Country [masi] Exposure %] ype [mha”] ] Stocking
1 50°38'37.1"N, 13°39°44.0”E Czechia 804 E 23 68 280 171 0.7
2 50°38'34.3"N, 13°39°45.5”E Czechia 800 E 20 68 280 166 0.7
3 50°35°50.5"N, 13°30°01.6"E Czechia 682 sw 12 68 337 166 0.7
4 50°35'50.2"N, 13°30°02.2"E Czechia 679 w 10 68 337 166 0.7
5 50°21’31.7"N, 13°02’55.3”E Czechia 672 Sw 5 4C 64 130 03
6 50°21'31.4"N, 13°02'544”E Czechia 668 SwW 5 4C 64 168 0.3
7 50°35'19.3"N, 13°30°'12.2"E Czechia 633 NW 8 58 396 168 0.8
8 50°35'21.2"N, 13°30’'16.1”E Czechia 637 NW 5 58 396 149 0.8
9 50°39'03.3"N, 13°17°46.6"E Germany 662 sw 7 48 247 149 0.7
10 50°39'03.6”N, 13°17°45.0"E Germany 665 N 6 48 247 149 0.7
Notes: 48 —nutrient-medium beech site (Fagetum 4C- deficient beech site (Fagetum 58 —nutrient-medium fir-beech site (Abieto-Fagetum mesotrophi-

cum), 6S - nutrient-medil

h (Piceeto-Faget
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2.2. Data collection

A total of 10 PRPs of 3 x 30 m in size were established

along the slope using a steel diameter tape. The PRPs

were randomly selected by the coordinates using the

RNG function. The boundaries of the area were marked

at least 10 m from the edge of the stand. All corners of

the PRPs were stabilized. Subsequently, the PRPs were
delineated and divided into 10 square transects (3 x 3m).

Naturalregenerationwasrecordedin each of the squares,

i.e. individual seedlings (recruits) from 10 cm in height

up to 4 cm of diameter at breast height (DBH) were

measured. In addition, the following data were recorded
for each individual: identification numbers of transects

(1-10), numbers of recruits, tree species, height, silvi-

cultural quality (evaluated only in individuals over 1 m

in height on a scale of 1-4), browsing status (old, new,

repeated, no damage) and type of damage (terminal, lat-

eral, both, no damage). The height was measured with a

lath to the nearest 1 cm.

The evaluation of the silvicultural quality of recruits
was performed according to the following scale:

1. astraight vital individual without forking showing
good height growth and representing the future basic
element of the stand,

2. aslightly curved individual or individual with slight
branching, which, if necessary, can still replace an
individual with quality 1, good growth again,

3. acrooked branched individual unsuitable for future
growth from the silvicultural point of view, shows
irregular or poor growth,

4. aseverely deformed or highly forked individual show-
ing minimal to zero growth or dying individual with
the typical “bonsai appearance”.

2.3. Data analysis

In terms of species diversity, indices of species richness
(Margalef 1958; Menhinick 1964), species heterogeneity
(Shannon 1948; Simpson 1949) and species evenness
(Hill 1973; Pielou 1975) were calculated for individual
PRPs (Table 2). The vertical structure was evaluated
according to the Gini index (Gini 1921) and the spatial
distribution according to the index of cluster size (David
& Moore 1954). The equations of diversity indices are
given in Vacek et al. (2020c).

Microsoft Excel was used for basic data analysis and
creation of graphs, especially species composition and
height distribution. Statistica 13 (StatSoft, Tulsa) was
used for statistical analyses. The nonparametric Kruskal-
Wallis test was used to evaluate the differences between
heights in relation to tree species and tree damage by
game browsing, because the data did not meet the nor-
mality according to the Shapiro-Wilks test. In the graphi-
cal outputs, the error bars show the standard error.

Principal component analysis (PCA) was performed
inCANOCO 5 (Ter Braak, Smilauer 2012) to evaluate the
relationships between stand structure (stocking, stand
volume, height, diameter, age), natural regeneration
(density, height), tree damage by game browsing and
habitat conditions (slope, altitude). Data were logarith-
mized and standardized prior to analysis. The results of
multidimensional PCA analysis were visualized in the
form of an ordination diagram. The overview map was
created in ArcGIS 10 (Esri).

3. Results

3.1. Density and tree species of natural
regeneration

Sufficient potential of natural regeneration was found on
the PRPs, ranging from 23,300 recruits ha™* (on PRP 2)
to 114,100 recruits ha™! (on PRP 9; Fig. 2). Euro-
pean beech was dominant on all PRPs, accounting for
75-100%. On most PRPs (1, 2 and 5 to 10) mixed spe-
cies composition of sycamore, black alder, silver birch,
rowan, sessile oak and Norway spruce was recorded,
always up to 10%. The exclusive occurrence of natural
beechregenerationwasrecorded ontwo PRPs (3 and 4).
The average number of beech recruits was around 63,900
recruits ha"'. The most numerous admixtures included
silver birch (on average 3,600 recruits ha™) and rowan
(1,700 recruits ha'). The maximum number of recruits
was observedin Europeanbeech on PRP8and9 (93,200
recruitsha'and 92,700 recruits ha™, respectively). The
minimum number of beech recruits was recorded on PRP
2 (19,300 recruits ha™'). The highest number of species
was found on PRP 8 and 9, where, in addition to Euro-
pean beech (84%), also Norway spruce (10%), sessile
oak (1%) and silver birch (5%) were present.

Table 2. Overview of indices describing the stand diversity and their common interpretation.

Criterion Quantifiers Label Reference Evaluation
Species richness B; %23 mg;ﬁiﬁfc}(ﬁ% minimum D =0, higher D = higher values
T . . A (Sii) Simpson 1949 range 0—1; minimum A =0, maximum =1
Speciesdiversity  Species heterogenelty (g Shannon 1948 minimum H' =0, higher H’ = higher values
. E:(Pi)  Pielou1975 o _ . _
Species evenness Ea (H) Hill 1973 range 0-1; minimum E = 0, maximum E=1
Vertical diversity Gini index G (Gi) Gini 1921 range 0-1; low G < 0.3, very high differentiation G > 0.7
Horizontal structure _Index of clustersize  CS (D&Mi) David & Moore 1954 mean value CS =0, aggregation CS >0, regularity CS <0
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Fig. 2. Density of natural regeneration on permanent research
plots 1-10 differentiated according to tree species composi-
tion of European beech and other tree species in 2020.

The proportion of European beech in natural regen-
eration was by 2% lower (88%) in comparison with the
tree layer (90%; Fig. 3). In the mature stand, European
beechreached 100% representationon six PRPs (3t0 8),
while in the regeneration it was only on two PRPs (3 and
4).0n PRP 1 and 2, there was an admixture of sycamore
in the mature stand (up to 5%). In addition to European
beech, PRP 9 also included rowans and Norway spruce
(upto 10%). Inaddition to beech, sessile oakand Norway
spruce were present on PRP 10, both up to 5%. The aver-
age stand volume of the mature stand was around 300 m?
ha™! (269 m® ha™ for beech).

3.2. Height structure and quality of natural
regeneration

The highest mean height of natural regeneration was reg-
istered on PRP 9 (144 cm), on the contrary, the lowest
mean height was found on PRP 3 (43 cm). The deter-

a) birch;

3,600 recruits ha™* (5%) others;

5,100 recruits ha™*(7%)

beech;
63,900 recruits ha™! (88%)

mined heights of natural regeneration were divided into
individual height classes using a 20-cm interval (Fig.
4). On all PRPs, beech was most common in the height
class of 40 to 60 cm (11,800 recruits ha™), then in the
height class of 60 to 80 cm (11,700 recruits ha™') and
subsequently in the height class of 80 to 100 cm (9,500
recruits ha™'). The height of the beech was significantly
greater than that of the other tree species, individuals
with a height over 300 cm were recorded. At higher
heights, the number of beech recruits gradually
decreases. The smallest representation of beech was in
the height class up to 20 cm (1,500 recruits ha™). The
height competition consists mainly of silver birch in
the height class of 80 to 100 cm (700 recruits ha™) and
also of rowan in the height class of 60 to 80 cm (400
recruits ha™). The greatest frequency of admixed tree
species in natural regeneration was in the height class
from 60 to 80 cm (14,900 recruits ha™!). On the contrary,
it was the smallest in the height class from 0 to 20 cm
(1,700 recruits ha™).

The significant difference between tree species was
found in the mean height of recruits (Kruskal-Wallis test,
Chi-square = 166.0, df = 6, p <0.001; Fig. 5). Sessile
oak (113 cm), Norway spruce (108 cm) and silver birch
(103 cm) had significantly (p <0.05) higher mean height.
On the other hand, significantly (p < 0.05) lower height
was observed inmaple (48 cm), alder (49 cm) and rowan
(69 cm). European beech reached the mean height of
88 cm across all PRPs.

For silvicultural quality of natural regeneration,
quality 2 was the most frequent with 49% (35,600
recruits ha™). It was followed by quality 1 with 32%
(23,200 recruits ha™!) and quality 3 with 18% (13,100
recruits ha™). The worst quality 4 was represented by
1% (700 recruits ha™).

b) spruce; others;
12 m3ha™ (4%) 10 m3 ha-1 (3%)
sycamore;
9Im3ha(3%)

beech;
269 m3ha1(90%)

Fig. 3. Tree species composition of a) natural regeneration (according to numbers) and b) mature stand (according to stand

volume) for all permanent research plots in 2020.
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Fig. 4. Height structure of natural regeneration on permanent
research plots differentiated according to tree species compo-
sition of European beech and other tree species in 2020.
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Fig. 5. Mean height of natural regeneration on permanent re-
search plots differentiated according to tree species in 2020;
error bars indicate standard error; significantly (Kruskal-Wal-
lis test, p < 0.05) different values are designated by different
letters.

3.3. Diversity of natural regeneration

Inview of species diversity, natural regeneration showed
low speciesrichness, similarly like species heterogeneity
(Table 3). Onlyon PRP 1 and 9 the heterogeneity reached
higher values (medium diversity). Higher variability
between PRPswas in species evenness. According to the
E, index, the evenness on all PRPs was high, except for
PRPs 2and 3, where there was only natural regeneration
of beech. The species evenness was the highest on PRP
1, in the plot with the lowest share of beech (75%) of all
monitored PRPs.

As for the structure of natural regeneration, the
height diversity reached medium values except for PRPs
9 and 10, where the diversity was high due to the high
number of advanced individuals. The horizontal struc-
ture was significantly (p <0.05) aggregated on all PRPs,
only PRP 2 showed the random distribution of recruits.
The highest aggregation of recruits was in stands with
the highest stocking (PRPs 7 and 8).

3.4. Effect of browsing on natural
regeneration

Out of the total number of recruits, on average 78% of
individuals were damaged by browsing. Thus, 22% of
recorded individuals were without damage. The type of
browsing showed that out of the total number of recruits
onall PRPs, most individuals were damaged by both ter-
minal and lateral browsing (33,400 recruits ha™', 51%),
fewer individuals suffered from lateral browsing only
(12,900 recruits ha™', 17%), and similarly from termi-
nalbrowsing only (5,900 recruits ha™!, 10%). The degree
of damage indicated that natural regeneration was most
frequently damaged by repeated browsing (41,800
recruits ha™, 58%), followed by old browsing (7,900
recruitsha™!, 11%) and newbrowsing (6,900 recruitsha™,
9%).

The species preference of ungulates with respect to
damage to natural regeneration is depicted in Fig. 6. The
most frequently damaged individuals were sycamore
maple (98%), black alder (97%) and rowan (94%). The
least damage was recorded for sessile oak (50%) and
Norway spruce (31%). Seventy-nine percent of Euro-

Table 3. Diversity of natural regeneration on permanent research plots 1-10 in 2020; the highest values are in bold and the low-

est in italics.

PRP D, (Mai) D, (Mei) A (Sii) H' (Shi) Ey (Pii) E, (Hi) G (Gi) CS (D&Mi
1 0.195 0.018 0.402 0.727 0.662 0.628 0.466 0.817*
2 0.199 0.020 0.289 0.235 0.493 0.564 0427 0.639
3 0.000 0.000 0.000 0.000 0.000 0.000 0.399 1.720*
4 0.000 0.000 0.000 0.000 0.000 0.000 0.397 1.477*
5 0.088 0.007 0.205 0.156 0.517 0.597 0.405 2.414*
6 0.089 0.007 0.271 0.192 0.637 0.668 0.415 2.474*
7 0,088 0,007 0.168 0.134 0.445 0.559 0.460 3.310*
8 0.087 0.006 0.164 0.131 0.437 0.555 0.451 2.698*
9 0.258 0.012 0328 0.295 0.490 0.501 0.506 1.690*

10 0.263 0.013 0.277 0.244 0.405 0.509 0.570 0.855*

Notes: D, and D, - indexes of species richness, 2 and H' ~ indexes of species heterogeneity, E, and E, - indexes of species evenness; G - Gini index of vertical structure, CS ~ index of cluster size;

0.95 interval) horizontal structure (CS indexes).
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peanbeech recruits were damaged, similarly like in silver
birch (78%).
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Fig. 6. Proportion of tree damage caused by game browsing
(terminal, lateral, both) of natural regeneration on permanent
research plots differentiated according to tree species in 2020.

The game also had a significant (Kruskal-Wallis test,
Chi-square=576.0df=3,p<0.001) effect on the height
of natural regeneration in relation to the browsing sta-
tus (Fig. 7). The significantly (p <0.05) highest mean
height was observed in natural regeneration without
browsing damage (119 cm). In contrast, the significantly
(p <0.05) lowest recruits were those damaged by new
(63 cm) and repeated browsing (79 cm). Individuals of
natural regeneration damaged by old browsing reached a
height of 95 cm. The mean height of natural regeneration
significantly (Kruskal-Wallis test, Chi-square = 710.8,
df =3, p <0.001) corresponded to the type of brows-
ing. Terminal and combined browsing significantly (p <
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c
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L 80
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I 95
40 79
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20
0
new repeated old  nodamage

Status of browsing

0.05) limited the height of natural regeneration (71 cm
and 73 cm, respectively). In contrast, individuals with
lateral browsing and those without browsing damage
reached the significantly (p<0.05) highest mean heights
(104 cm and 119 cm).

3.5. Interactions between natural
regeneration, stand parameters, sites and tree
damage

The results of the PCA expressing the interactions
between natural regeneration, tree damage by game
browsing, tree layer and habitat on 10 PRPs in the Krugné
hory Mts. are presented in the form of an ordination dia-
gramin Fig. 8. The first ordination axis explains 40.3% of
data variability, the first two axes explain 72.8% and the
four axes together explain 94.8% of data variability. The
x—axis represents the height of natural regeneration and
its species evenness. The y—axis represents the altitude
and horizontal structure of natural regeneration. The
quality of natural regeneration was negatively correlated
with damage by game. The density of natural regenera-
tion was negatively correlated with stand stocking, which
was positively correlated withmean DBH, age and stand
volume. The frequency of regeneration was also influ-
enced by the slope and elevation. With increasing eleva-
tion, the number of recruits decreased and the horizontal
structure tended more towards a regular spatial pattern
(aggregated distribution decreased). The lowest explana-
tory parameter in the ordination diagram was the vertical
structure. In terms of typology and forest types, habitats
in a lower forest vegetation zone had a higher number
and quality of recruits, while stands in higher vegeta-
tion zones were characterized by higher tree damage by
game browsing. The lowest variability within the stands
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Fig. 7. The status a) and type b) of game browsing in relation to the height of natural regeneration on all permanent research
plots in 2020; error bars indicate standard error; significantly (Kruskal-Wallis test, p < 0.05) different values are designated by

different letters.
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was found in the stand where only European beech was
present in species composition (PRPs 3 and 4).

1O Aitude P

D2 (Mei)
H' (Shi) hge
D1 (Mai) Height Stand volume
A (Si) AMAGE
E1 (Pi)
E2 (Hi)

CS (D&Mi)
DENSITY

-1.3 1.0

-1.0

Fig. 8. Ordination diagram showing the results of PCA of
the relationships between mature stand (stocking, stand vol-
ume, height, diameter, age), natural regeneration (DENSITY,
HEIGHT), tree damage by game browsing (DAMAGE), di-
versity of natural regeneration (see Table 2) and habitat char-
acteristics (slope, altitude); ® symbols indicate the permanent
research plots (1-10), A the group of forest site types (see
Table 1).

4. Discussion

4.1. Density and tree species of natural
regeneration

The representation of different tree species was mainly
based on the present mature stand, altitude, soil composi-
tion and precipitation total (Pretzsch et al. 2014; Vacek
etal. 2017b). Because individual PRPs were located in
beech stands, the share of European beech was domi-
nant, ranging from 75% (PRP 1) to 100% (PRPs 3 and
4). Admixed individuals of sycamore, black alder, silver
birch, rowan, sessile oak and Norway spruce always
accounted forup to 10%. The average number of recruits
inthe central part of the Krusné hory Mts. reached 72,600
recruits ha™, i.e. it ranged from 23,300 to 114,100
recruits ha*. A high abundance of natural regeneration
was documented in the beech-dominated stands also in
other localities in the Czech Republic and in other coun-
tries, e.g. in the Orlické hory Mts. the natural regenera-
tion reached 37,200 recruits ha™ (Vacek et al. 2014),
41,700 recruitsha™ in the Jizerské hory Mts. (Slanar et al.
2017),76,700 recruits ha ' in the Krkono8e Mts. (Vacek
etal.2017b), 100,200 recruits ha ' in the Broumov region
(H4jek et al. 2020) or 27,300 recruits ha™ in Tworylc-
zykin Poland (Jaworski et al. 2002). Substantially lower
numbers (3,200 recruits ha™') of recruits were reported

by Oheimb et al. (2005) from close-to-nature beech for-
ests in north-eastern Germany. The admixture of silver
birch and rowan recruits (3,600 and 1,700 recruits ha™?,
respectively) corresponds to their usual number in simi-
lar stand and habitat conditions (Van Hees et al. 1996;
Zywiec & Ledwori 2008). The number of recruits was in
negative correlation with altitude, stand stocking and tree
damage by game browsing. Canopy of the mature stand
significantly affects the density of natural regeneration in
beech stands (Vacek et al. 2017b). Ambroz et al. (2015)
and Turczanski et al. (2021) reported the high intensity
of game pressure as a limiting factor for the occurrence
and frequency of natural regeneration.

The representation of European beech in natural
regeneration (88%) corresponds to its proportion in the
parent stand (90%). Admixture of other tree species is
based on dispersal of the seed material by wind from the
surrounding stands (Suchockas 2002) and also on the
introduction by game and birds (Karlsson 2001; Dobro-
volny & Tesar 2010). In our case, these are tree species
with scattered occurrence, such assilver birch (PRPs 5, 6)
and rowan (PRPs 7, 8), which donotoccurin the mature
stand on PRPs. The increased share of these two pioneer
tree speciesin natural regeneration was also documented
forexample by Slanat etal. (2017) from the Jizerské hory
Mts. The average stand volume of the mature stand was
around 300 m* ha™* (269 m?® ha™ for beech), which cor-
responds to stands withreduced stocking (Condés 2013).

4.2. Height structure and quality of natural
regeneration

The height of recruits ranged from 43 cm (PRP 3) to
144 cm (PRP 9), similarly like in the Krkono3e Mts.
(Prokiapkova et al. 2020). As for height structure,
most beech recruits were in the height class from 40 to
60 cm (11,700 recruits ha™), on the contrary, the small-
est number of recruits was in the height class up to 20 cm
(1,700 recruits ha™). The dominance of Europeanbeech
is partly competed by silver birch with 700 recruits ha™
in the height class of 80 to 100 ¢cm or rowan in the height
class of 60 to 80 cm (400 recruits ha™'). In beech forests
in the Broumovské stény National Nature Reserve, the
average height of regeneration, depending on the micro-
habitat, ranged from 74 cm on theridgesto 121 cmin the
depressions (Vaceketal. 2015). According tospecies, the
largest mean height of recruits was found in sessile oak
(113 cm), while the lowest mean height was recorded
for sycamore (49 cm) in our study. Beech reached the
mean height of 88 cm. Qualitatively, silvicultural quality
2 (49%) and quality 1 (32%) predominate on all PRPs.
Quality 4 is represented by 1% only. Browsing of any
type has a strong impact on quality, as documented by
Olesen & Madsen (2008) and Madsen & Hahn (2008).
The silvicultural quality of natural regeneration can also
bessignificantlyinfluenced by management methods and
by the edge effect of the stand (Bilek et al. 2018).

173

123



Z. Fuchs et al. / Cent. Eur. For. J. 67 (2021) 166 180

4.3. Diversity of natural regeneration

Considering the species diversity, natural regeneration
showed low species richness and species heterogeneity.
Similarly, low values of diversity were documented by
Vacek et al. (2015b) in beech stands in the Broumovsko
Protected Landscape Area, while significantly higherspe-
cies diversity was found in mixed beech stands (Slanar et
al. 2017; Hajek et al. 2021). On the contrary, the species
evenness was mostly high on all PRPs, where there were
more tree species. The species evenness was the highest
onPRP1,intheareawiththe lowest share of beech (75%)
of allmonitored PRPs. The largest number of species was
found on PRPs 8 and 9, where, in addition to European
beech (84%), there was also Norway spruce (10%), silver
birch (5%) and sessile oak (1%). The spatial distribution
of regeneration was strongly aggregated in most cases.
The clustered horizontal structure of regeneration was
alsoreported by other researchers from dominantbeech
stands from other parts of the Czech Republic (Vacek et
al.2014; Ambroz et al. 2015; Slanat et al. 2017), and also
from Slovenia (Nagel et al. 2006) and Poland (Paluch
2007). The aggregation of recruits increased with the
increasing number of individuals. This positive correla-
tion was also found in the mature stand in beech forests
(Vacek et al. 2015¢; Bulu3ek et al. 2016).

4.4, Effect of browsing on natural
regeneration

Out of the total natural regeneration, 78% of recruits
were damaged by browsing. Similarly, the negative
influence of browsing on species composition and the
future dynamics of forest in the Czech Republic was doc-
umented by Vacek (2017) from the Orlické hory Mts.,
Slanat et al. (2017) from the Jizerské hory Mts., Vacek
et al. (2019) from Broumovsko and Proktipkova et al.
(2020) from the Krkonose Mts. The extremely high game
damageis caused by its disproportionately large popula-
tioninrelation to forest stands or agricultural land, which
is constantly rapidly increasing in the Czech Republic.
Deer game has increased by 146% and wild boar even by
8,526% in the last 53 years (Hunting records of UHUL).

In the area of interest, sycamore (98%) and black
alder (97%) were the tree species most affected by game
browsing. On the other hand, the least frequent damage
wasrecorded in Norway spruce (31%). Seventy-nine per-
centof Europeanbeechrecruits were damage. In contrast
to the study of Baran (2015), the species preference is
different in the Orlické hory Mts.; the browsing of rowan
prevails amounting to 44%, spruce 37% and only then
beech 20% with a similar representation of beech in the
species composition. Similarly, Vacek (2017) described
the preference of some tree species in the Orlické hory
Mts., where the highest level of damage occurred on
fir (100%), rowan (94%), beech (56%) and the lowest
damagewas observed onspruce (18%). The preference of
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some tree species, especiallyless represented broadleaves
or firs, was also mentioned by foreign researchers from
Germany (Ammer 1996), Italy (Motta 1996; D’Aprile et
al. 2021), Slovakia (Kondpka & Pajtik 2015) and France
(Bernard et al. 2017).

Damage by game not only affected the abundance,
growing quality and species composition, but also the
mean height and growth of natural regeneration. The
mean height significantly corresponds to browsing
(Ammer 1996; Vacek et al. 2014). Natural regeneration
without damage had a significantly higher mean height
(119 cm). On the contrary, individuals damaged by new
browsing reached half the mean height (63 cm), due to
severe damage of young and low-height regeneration.
This was followed by repeated browsing with the recruit
height of 79 cm. Recruits suffering from old browsing
reached an average value of 95 cm and showed then vital-
ity of natural regeneration and its subsequent growth,
similarly like it was reported by Rozas (2003). Repeated
browsing was registered as the most common damage to
natural regeneration (58%). Taking into account the type
of browsing, lateral browsing did not distinctly affect the
height of recruits (height reduction by 12%, 104 cm). Ter-
minal and combined browsing reduced the mean height
(71and 73 cm) of natural regeneration by 40% compared
to regeneration without damage. Natural regeneration
was most often damaged by the combined browsing
of terminal and lateral buds (52%). The destruction of
terminal buds causes a significant reduction in height
increment (Dittmar 2003). This fact is also confirmed
by repeated browsing, which not only reduces the incre-
ment, but also the vitality of individuals (Reimoser &
Gossow 1996).

5. Conclusion

In the area of interest of the Kru$né hory Mts., natural
regeneration in European beech stands shows a high
potential (72,600 recruits ha™). The species composition
of naturalregeneration, like other parameters, islinked to
the character of the tree layer. On all permanent research
plots, in the mature stands there was a dominant propor-
tion of beech (90%) with a minimum admixture of other
tree species. The natural regeneration of beech accounted
for 88% with an admixture of other species, especially
silver birch and rowan. This expansion of pioneer trees,
which do not occur in the mature stand, is mainly due
to seeding from the surrounding stands. Among the
most damaged tree species by browsing were scattered
broadleaves such as sycamore (98%), black alder (97%)
and rowan (94%). Norway spruce (31%) and sessile oak
(50%) were the least frequently damaged tree species.
In total, 79% of beech recruits were damaged. In addi-
tion to the change in species composition, game had a
significant negative effect on the silvicultural quality and
extentof regeneration. The largest damage was caused by
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terminal browsing (height reduction by 40%). Due to the
high number of damaged individuals, it is necessary to
protect the young stands with fences and reduce the high
numbers of ungulates to an ecologically acceptable level.
Inview of hunting management, in addition to regulating
the ungulate population levels, itisimportant to optimize
the sex ratio and age structure of the population. As an
alternative, it is possible to include individual mechani-
cal fencing of valuable admixed tree species and support
the natural predators of ungulates. The ever-increasing
numbers of wolves (Canis lupus) could also contribute
to limiting the number of ungulates in future. Another
possible way to reduce the ungulate damage to stands
is to increase the number of overwintering game enclo-
sures and food fields for game. Overall, however, there
is a need to harmonize hunting management and forest
management with emphasis on silvicultural practices
to support admixed trees and the creation of diversified
forests. These mixed forests are characterized by high
stability and sustainable productivity in the time of ongo-
ing climate change.
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5.3 Growth Responses of European Beech (Fagus sylvatica L.) and
Oriental Beech (Fagus orientalis Lipsky) Along an Elevation
Gradient Under Global Climate Change.

3. Fuchs, Z., Vacek, Z., Vacek, S., Cerny, J., Cukor, J., Simunek, V., Hajek, V.
(2025). Growth Responses of European Beech (Fagus sylvatica L.) and Oriental
Beech (Fagus orientalis Lipsky) Along an Elevation Gradient Under Global
Climate Change. Forests, 16(4): 655.

Abstrakt

S ohledem na klimatickou zménu, respektive zvySeni teplot, |ze pfedpokladat posun
pfirozeného vyskytu buku do vysSich pahorkatinnych az horskych poloh. V této
publikaci byla analyzovana rastova reakce a produkéni potencial buku lesniho a buku
vychodniho podél vySkového gradientu v podminkach probihajici globalni klimatické
zmény. Byla vyuZita data z 12 trvalych vyzkumnych ploch v Ceské republice, Polsku a
Turecku, pokryvajicich nadmorské vySsky od 360 do 1430 m. Pomoci
dendrochronologickych metod bylo zjisténo, Ze rdst buku lesniho je vyznamné
ovliviiovan jak teplotou vzduchu, tak srazkami, pficemz nejvétsi citlivost byla
zaznamenana ve stfednich polohach (740-950 m n. m.). U buku vychodniho byla
rustova odezva vice vazana na aktualni klimatické podminky daného roku. V nize
polozenych oblastech byl v poslednich 20 letech zaznamenan pokles radialniho ristu
0 13-19 %, zatimco v horskych oblastech doslo naopak k nartistu 0 6-10 %. Hlavnim
limitujicim faktorem rUstu v nizinach byl nedostatek srazek b&éhem vegetacni sezony,
zatimco v horach byly rlstové limity spojeny s nizkymi teplotami. V poslednich letech
byla pozorovana zvySena frekvence tzv. negativnich let s extrémné nizkym pfiristem,

coz odrazi rostouci vyskyt klimatickych extrému.

Produkéni potencial byl u buku lesniho vysSi nez u buku vychodniho, coZ se u buku
lesniho projevilo v priméru o tfetinu vy8§Si akumulaci uhliku v biomase. S rostouci
nadmofrskou vySkou byl pozorovan pokles zasoby, pramérné vysky i pfiristu, zatimco
variabilita rastu se zvySovala. Bylo prokazano, ze buk lesni je citlivéjsi na klimatické
proménné nez buk vychodni, coz ma zasadni vyznam pro planovani adaptacnich
opatfeni v lesnim hospodafstvi. Z vysledkl vyplyva, ze v podminkach pokradujici

klimatické zmény lze oCekavat ustup buku z nizSich a susSich stanovist’' a jeho pfesun
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do vysSich poloh, kde bude naopak rustova dynamika urychlovana zvySujicimi se
teplotami. Pro udrzitelny management bukovych lest bylo doporu€eno diverzifikovat
druhovou skladbu, podporovat strukturalni pestrost porostli a vyuzivat adaptacni
opatfeni, jako je vybér vhodnych provenienci, fizena obnova a sniZzovani konkurence
v porostech. Zaroven bylo zdlraznéno, Ze zvySena pozornost by méla byt vénovana i
buku vychodnimu, ktery muze v nékterych regionech pfedstavovat perspektivni
alternativu v kontextu klimatickych zmén. Vysledky zduUrazhuji nutnost adaptivniho
lesnického planovani s cilem zvysit stabilitu, produkéni schopnost a sekvestraci uhliku

v bukovych lesich stfedni Evropy a Turecka v ménicich se klimatickych podminkach.

Kli¢ova slova: dendrochronologie; sekvestrace uhliku; teplota; srazky; Cesko; Polsko;

Turecko
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Abstract: European beech (Fagus sylvatica L.) and Oriental beech (Fagus orientalis Lipsky)
are ecologically and economically important tree species in European and western Asian
forests, which are currently significantly affected by global climate change. To assess their
response to climate variability, tree-ring data from 12 permanent research plots (PRPs)
were analyzed in Central Europe and Turkey, covering an elevational gradient from 360 to
1430 m above sea level (a.s.l.). Using 360 tree cores, the relation between air temperature,
precipitation, and climate-related stress on radial growth was investigated, alongside
production potential and carbon sequestration. The results show that European beech
is more sensitive to both air temperature and precipitation than Oriental beech. Carbon
sequestration of forest stands ranged from 37 to 361 t-ha~! depending on the elevational
gradient, with European beech storing, on average, 33.1% more carbon than Oriental beech
stands. Radial growth was related to both air temperature and precipitation, with the
strongest effects observed at mid-elevations (740-950 m a.s.l.). In European beech, both
current and previous year temperatures significantly related to growth, whereas in Oriental
beech, only the current year was critical. July was the most influential month for tree
growth in both species. On PRPs located at lower elevations, radial growth over the past
20 years decreased by 13.1%-19.3% compared to the previous 20-year period, whereas
in mountainous areas, it increased by 5.6%-9.8%. Low precipitation during the growing
season was the main limiting factor for growth in lowland areas, whereas low temperatures
were the primary constraint in mountainous regions, and vice versa. In recent years, the
frequency of negative pointer years with extremely low radial growth has been increasing,
reflecting a rising occurrence of climate extremes. These findings highlight species-specific
climate sensitivities, emphasizing the importance of adaptive forest management strategies
for mitigating global climate change impacts and increasing carbon sequestration.
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1. Introduction

Forest ecosystems are a key component of the global carbon cycle, serving as sig-
nificant reservoirs of atmospheric carbon, especially under the conditions of ongoing
global climate change (GCC) [1,2]. The GCC is characterized by rising air temperatures,
shifts in precipitation patterns, and increased frequency of extreme weather events [3,4].
This phenomenon not only heightens forests” vulnerability to abiotic and biotic stressors
and affects their productive capacities, including carbon sequestration, but also causes
significant shifts in the distribution ranges of tree species [5,6]. Among the tree species
that have been suggested to potentially adapt to changing conditions are European beech
(Fagus sylvatica L.) and Oriental beech (Fagus orientalis Lipsky) [7,8]. Both species rank
among the most important broadleaved trees in Europe and Southwest Asia [9], possessing
significant economic [10-12] and ecological functions [13-15], and playing a pivotal role in
long-term sustainable forest management [16-19].

In the context of GCC, which induces substantial changes in the structure and stability
of forests [20-23], shifts in the elevational gradients of tree species distribution deserve
particular attention. These gradients are sensitive indicators of the impact of climatic
factors and changes on the growth and stability of forest ecosystems [24-26]. Research
on elevational gradients is essential for understanding tree species’ long-term adaptive
strategies, which are crucial for designing sustainable forms of forest management [27]. For
this reason, species such as European and Oriental beech require increased attention, as
they enable detailed studies of adaptive strategies in response to progressing GCC [6].

European beech predominantly occurs in regions with oceanic and sub-oceanic cli-
mates, but it also extends into areas with a more continental climate, provided that moisture
availability is sufficient [28]. It is sensitive to drought and late frosts [29,30]. European
beech stands form one of the most significant forest ecosystems of Central Europe, par-
ticularly at elevations between 100 and 900 m above sea level (a.s.l.) [31], where it is the
most widespread and abundant species in natural forest vegetation [9,32]. It is rarely
found in warm and dry conditions [33], as it is highly susceptible to prolonged drought
periods [34-37]. In mountainous regions, the upper limit of its occurrence is primarily
determined by the frequency and intensity of late spring frosts [38], as European beech
is highly frost-sensitive during bud break [39,40]. In contrast, Oriental beech originates
from warmer and drier areas, particularly regions surrounding the Black, Caspian, and
Marmara Seas [41]. At the overlap of their distribution ranges, in the Balkans and north-
western Turkey, Oriental and European beeches often co-occur and hybridize, forming
Fagus x taurica [42]. In these areas, Oriental beech prefers valley sites, while European
beech occupies higher slopes due to its greater frost sensitivity [42—44]. Even in higher
elevations, Oriental beech can form pure stands [15].

Regarding radial growth, European beech is better adapted to climatic fluctuations
at lower and mid-elevations on nutrient-rich sites [45,46]. In lower elevations, it is more
vulnerable to drought or heat during the growing season. At higher elevations, its growth is
limited by low air temperatures and late frosts, which can cause significant damage during
bud break [47,48]. Growth limitation due to drought is also evident in the southern range
of its distribution, such as in the Mediterranean mountains [49-53], while in the northern
range, growth is constrained by low air temperatures [40]. Under ongoing GCC, European
beech in Europe is expanding northward in lower elevations and into mountainous regions
in southern areas [54], with a similar trend observed for Oriental beech [55,56]. Beech
stands are also related to cyclic phenomena under GCC, which subsequently impact their
growth. One such recurring cyclic influence is the solar cycle, confirmed through tree-ring
analyses in beech stands across Europe [57,58].
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The marked rise in air temperature, coupled with reduced or uneven precipitation dur-
ing the growing season in Central Europe and Southwest Asia, will increase the likelihood
of more frequent summer droughts, significantly affecting vegetation in natural and man-
aged forest ecosystems [6,59-61]. Many current forest management practices, particularly
those relying on even-aged monocultures, inappropriate thinning methods, and low species
diversity, in many parts of Europe and Asia may become unsustainable due to their reduced
resilience to drought, pests, and other climate-induced stressors in the future [4,6,55,62-64].
For this reason, it is essential to understand the types of forest stands and their elevational
optima that will be most suitable under future climatic conditions—those with the greatest
adaptability—while ensuring the preservation of their key functions [6,65,66]. The study
thus aimed to comprehensively evaluate (i) the production potential, including carbon se-
questration, and (ii) the dynamics of radial growth, including the effects of climatic factors,
of European beech in Central Europe (an elevational gradient in Czechia and Poland) and
Oriental beech in Southwest Asia (an elevational gradient in Turkey) under the conditions
of progressing GCC, as a basis for creating beech stands with greater adaptability and
for developing sustainable forest management practices. We hypothesize that (a) with
increasing elevation, both production and carbon sequestration change, and the positive
relationship between precipitation and growth shifts to negative, while the impact of tem-
perature reverses; (b) European beech is more sensitive to weather variables and climate
change than Oriental beech; (c) precipitation patterns, particularly long-term droughts,
have a greater impact on beech radial growth than air temperature; and (d) the frequency of
years with significantly reduced growth, driven by climatic extremes, continues to increase
in the context of ongoing climate change and forest productivity.

2. Material and Methods
2.1. Study Site

The study area focusing on European beech was located along an elevational gradient
(510-1310 m) within the Krkonose Mountains National Parks, spanning both the Czech Re-
public and Poland, specifically within the Krkonose/Karkonosze Transboundary Biosphere
Reserve (Figure 1). The average annual air temperature in this area ranges between 2.6
and 7.5 °C, with 590-1260 mm of annual precipitation depending on elevation [67]. Over
44 years (1975-2019), there has been an increase in temperature by 1.4 °C and an increase
in precipitation by 30 mm [68]. According to Képpen'’s climatic classification [69], the area
of interest falls within three climate zones: Cfb—temperate oceanic climate, Dfb—warm-
summer humid continental climate, and Dfc—boreal continental climate. The predominant
soil types are Cambisols, Leptosols, and Cryptopodsols. The bedrock is highly diverse
and consists of biotite granite, schist, phyllite, and gneiss. The research plots in Krkonose
were established and selected in 1980 for long-term studies. The growing season lasts from
130 days in Poland to 65 days in mountainous areas in Czechia. All plots were chosen
based on the significant representation of European beech, with admixed species including
Norway spruce (Picea abies [L.] Karst), sycamore maple (Acer pseudoplatanus L.), mountain
pine (Pinus mugo Turra), and rowan (Sorbus aucuparia L.). Table 1 provides basic data about
the study site.
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Figure 1. Localization of permanent research plots with beech stands and the mean monthly climatic
values (1962-2020) for both study areas; the map was made in ArcGIS 10.8 software (Esri).
Table 1. Overview of basic stand and site characteristics of permanent research plots (age was
derived from forest management documentation for 2025; the name of the plots is derived from the
abbreviation of the Latin name of the tree species and the elevation).
PRP Name of PRP Latitude (N) Longitude (E) Species Stand Age (Years) Elevation (m) Aspect Slope (°) CCll;:;'
Fagus sylvatica

1 FagSyl510 50°50'11.8" 15°38'32.5" FS 193 510 NW 15 Cfb

2 FagSyl620 50°44'21.8" 15°25'15.1" FS,PA 195 620 SW 22 Cfb

3 FagSyl760 50°39'57.7" 15°53'05.2" ES, AP 162 760 NE 35 Dfb

4 FagSyl940 50°44'06.1" 15°32/21.0" FS, PA 245 940 E 24 Dfb

5 FagSyl1170 50°44'42.7" 15°32'46.9"" FS, PA 208 1170 SW 17 Dfb

6 FagSyl1310 50°44'46.4" 15°32'58.9" FS,PM, SA 146 1310 SW 21 Dfc

Fagus orientalis

7 FagOri360 40°54'43.9" 31°1227.6” FO,QF, CB 119 360 NW 23 Cfb

8 FagOri570 40°51'42.5" 31°18'10.8" FO,QP, 189 570 N 30 Cfb

9 FagOri740 40°57'15.0" 31°14'28.5" FO, QP 124 740 SE 5 Cfb

10 FagOri950 40°49'37.7" 31°25'05.6"" FO 180 950 W 21 Cfb

11 FagOril150 40°46'52.8"" 31°28'00.3" FO, AN, CB 198 1150 SW 13 Dfb

12 FagOri1430 40°47'41.8" 31°28'16.2" FO, AN 239 1430 NW 16 Dfb

Notes: PRP—permanent research plot, Cfb—temperate oceanic climate, Dfb—warm-summer humid continental
climate, and Dfc—boreal continental climate; FS—Fagus sylvatica, PA—Picea abies, AP—Acer pseudoplatanus,
PM—Pinus mugo, SA—Sorbus aucuparia, FO—Fagus orientalis, QP—Quercus petraea, CB—Carpinus betulus,
AN—Abies nordmanniana.

The study of Oriental beech was initially carried out across an elevational gradient
(360-1430 m a.s.l.) in the forest stands of the Black Sea Region (BSR) in Turkey, specifically
in Diizce Province. This province is located in the western part of the BSR, within the
Euro-Siberian Floristic Region. The average annual temperature in this area is 13.4 °C, with
more than 820 mm of precipitation annually [70]. Soil texture varies, ranging from clay
and clay loam to loamy clay. The forest floor has a depth of 3-5 cm, while the A horizon
reaches around 10 cm, and the B horizon is between 40 and 60 cm thick. The stoning of the
soil is moderate, ranging from 10% to 30% by volume. The total soil profile depth is 110 cm,
although rooting can extend deeper in rocky areas. The soils in this region are classified as
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Inceptisols, specifically Typic Haplumbrepts [71]. The measurements were conducted in
mixed oak-beech forests, pure beech stands, and mixed fir-beech stands. In the dominant
beech forests, the admixed tree species (comprising up to 9%) include sessile oak (Quercuis
petraea [Matt.] Liebl.), common hornbeam (Carpinus betulus L.), and Nordamann fir (Abies
nordmanniana Spach). According to Képpen’s climate classification [69], the area falls
within two climate zones: Cfb—temperate oceanic climate, and Dfb—warm-summer
humid continental climate.

2.2. Data Collection

To determine the structure and production parameters of the tree layer, FieldMap
technology, version 21 (IFER, CR) was used during the establishment of 12 permanent
research plots (PRPs), each measuring 40 x 40 m (0.16 ha). Six plots were established
for the analysis of European beech and six for Oriental beech. The selected PRPs were
established as part of long-term monitoring programs, with some in the Czechia dating
back to 1980 (see, e.g., [72]). The plots were chosen to encompass the widest possible
elevational gradient while maintaining comparable elevation ranges and an equal number
of plots on both sides of the gradient.

Using this FieldMap system, version 21 (IFER, CR), the positions of all individuals
in the tree layer with a diameter at the breast height > 4 cm, along with their crown
projections, were mapped in at least four perpendicular directions. Breast-height diameters,
tree heights, and heights to the live crown base were measured within the tree layer. Breast-
height diameters were measured to the nearest 1 mm using a Matax Blue metal caliper
(Haglof, Langsele, Sweden), and tree heights were measured to the nearest 0.1 m using a
Vertex laser hypsometer (Haglof Sweden). The accuracy or minimum DBH threshold for
target trees measurement was set according to standardized forest inventory protocols to
ensure consistency with previous studies and long-term monitoring frameworks (see, e.g.,
Vacek et al. [70]).

To analyze the relationship between climatic factors and the radial growth of beech,
increment cores were extracted from each PRP using a Pressler borer (Haglof, Langsele, Swe-
den) at breast height (130 cm), perpendicular to the trunk axis, both downslope and upslope.
The sample collection for Oriental beech was conducted in the spring of 2015, while the
sampling for European beech took place in 2021 during the most recent data inventory.
At each plot, the 30 samples of beech were randomly selected (using the RNG function in
Excel) from dominant and co-dominant trees, as classified by [73], due to their significant
growth responses compared to sub-dominant and suppressed trees [74]. Tree-ring width
was measured on all the increment cores using a LINTAB 5 (Rinntech, Heidelberg, Ger-
many) measuring table equipped with an Olympus microscope. The measuring table has
a precision of 0.01 mm, and the TSAP-Win 4.6 software (Rinntech, Heidelberg, Germany)
was utilized to record the chronologies of each tree-ring width. Subsequent cross-dating of
the measured tree-ring cores was carried out using Cdendro 9.6 software (Cybis Elektronik
& Data AB, Saltsjobaden, Sweden). The cross-correlation index (CCi), which measures the
degree of similarity between the tree-ring samples, for the measured tree-ring sample was
greater than CCi > 25 compared to the other samples, setting the threshold for inclusion of
the sample in the analyses [48].

Climate behavior related to air temperature and precipitation conditions was evaluated
based on data from the meteorological station in Pec pod SnéZkou (815 m a.s.l.; period
1962-2020) for Krkonose Mts., respectively, from the station Bolu (750 m a.s.l; period
1962-2014). The analysis of air temperature and precipitation trends was based on data
for mean annual air temperature, air temperature during the growing season, monthly air
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temperatures, total annual precipitation, total precipitation during the growing season, and
monthly precipitation totals.

2.3. Data Analyses

The basic production parameters of the tree layer of beech forest stands were evaluated
by the SIBYLA Triquetra 10 software [75]. The volume of European beech was calculated
according to Petras and Pajtik [76], and, respectively, Carus [77] and Vacek et al. [70]
for Oriental beech. Based on the measured stand parameters, crown closure (CC) [78]
and the relative stand density index (SDI) were determined. The relative SDI expresses
the proportion of the actual stand density index to its theoretical maximum. The SDI
itself represents the estimated number of trees per hectare assuming a mean quadratic
diameter of 25 cm [79]. The maximum SDI value was derived from the model of yield
tables (for beech 1050 trees per ha [80]). The slenderness quotient, as an indicator of stand
stability, was calculated as the ratio of tree height to its diameter at breast height [81].
The above-ground and below-ground biomass of beech trees was estimated using species-
specific allometric models. Foliage biomass was determined using the model proposed
by [76,82-84]. Branch biomass was derived according to the model by [76,82-84], while
stem biomass was estimated following the approach of [76,82-84]. The conversion of
biomass to dry mass was performed using the dry wood and bark density values provided
by Speight [85]. The biomass of tree roots was calculated using a model by Drexhage and
Colin [86]. The content of carbon (C) in beech trees was calculated according to Bublinec [87]
using the unit content of elements in 10 mg kg ! of dry matter. The carbon sequestration
varies across different tree components, including roots and stump, stem wood, stem bark,
branches, and assimilatory organs.

Beech dendrochronological data were analyzed in R software 4.4 (Team R Core, Vienna,
Austria) using the “dpIR” package [88]. To enhance climate-growth analysis, the ring width
index (RWI) was computed by standardizing the raw tree-ring measurements, allowing for
the removal of non-climatic influences while preserving interannual variability in growth
patterns. Each tree-ring series was detrended by fitting a negative exponential curve with
a 0.67n spline, which removed age-related trends and preserved low-frequency climate
signals [89]. An expressed population signal (EPS) of >0.85 was set as a threshold to ensure
reliability in climate analyses [90]. The analysis of negative pointer years (NPYs) was ac-
complished by [91]. For each tree, a pointer year was identified as an extremely narrow tree
ring that does not reach 40% of the increment average from the four preceding years. The
occurrence of the negative year was proved if a strong reduction in increment occurred in at
least 20% of trees on the plot. To quantify the statistical relationship between climate char-
acteristics (monthly average air temperatures and sum of precipitation in particular years
in the period 1962-2014 for F. orientalis, respectively, 1962-2020 for F. sylvatica) and radial
growth, the DendroClim 2002 software (Tree-Ring Laboratory, University of Nevada-Reno,
USA) was used. Bootstrapped confidence intervals were applied to assess the significance
(p < 0.05) of the linear correlation, based on the Pearson correlation coefficient [92].

Differences in radial growth across PRPs along the elevation gradient for individual
beech species were assessed using Statistica 13.4 software (TIBCO Software Inc., Palo
Alto, USA). The normality of the data was first tested using the Shapiro-Wilk test. If the
normality assumption was confirmed, the homogeneity of variances was subsequently
tested using Bartlett’s test. In cases where the assumption of equal variances was not met,
the non-parametric Kruskal-Wallis test was applied, and differences between tree species
were compared using multiple comparisons of mean ranks. If the assumptions of normality
and homogeneity of variances were satisfied, a one-way analysis of variance (ANOVA) was
used to identify differences between variants. In cases of statistically significant differences,
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Tukey’s HSD test was performed for post-hoc comparisons between groups. Statistically
significant differences between groups (plots) were indicated by different letters. The
relationships between elevation, productivity, and growth parameters were evaluated
using Pearson correlation also in this software.

Principal component analysis (PCA) was performed in the CANOCO 5 program (Mi-
crocomputer Power, Clover Lane, USA) to evaluate the relations between radial growth, cli-
matic factors, site conditions, and stand parameters of individual research plots. Before the
analysis, the data were standardized and centralized. The results of PCA were illustrated
by unconstrained ordination diagrams of species and environmental variables projected.

3. Results
3.1. Production and Structire

In European beech, the stand volume (V) ranges from 362 to 822 m-’“ha’l, while in
Oriental beech, it reaches values between 215 and 589 m3-ha—! (Table 2). With increasing el-
evation, a general decrease in stand volume is observed, which is evident in both European
beech (PRP 1-6) and Oriental beech (PRP 7-12). The highest stand volume was recorded at
PRP 1 and PRP 8, which are located in lower elevations for the respective species. A similar
trend can be observed in other parameters, such as basal area (BA), which ranges from 17.9
to 482 m%ha~1in European beech and from 18.9 to 46.1 mZ2-ha~! in Oriental beech, and
especially as periodic annual increment (PAI 0.62—4.37 m3-ha~!.y~! for European beech
and 0.93-3.67 m®-ha~1-y ! for Oriental beech). Trees at higher elevations also exhibit lower
values of the slenderness ratio (HDR), indicating their adaptation to more challenging
growth conditions, such as the increased occurrence of extreme meteorological events.
Carbon sequestration (Cpjo) across both tree species ranges from 37 t-ha~! in lowland areas
to 361 t-ha~! in mountainous regions. When comparing both species, European beech
(217.0 t-ha~1 carbon stored in biomass) exhibits, on average, a 33.1% higher potential for
GCC mitigation compared to Oriental beech (145.2 t-ha~1). On the other hand, the number
of trees (N) did not correlate (r = —0.14; p = 0.67) with elevation, and a higher average num-
ber (by 166 trees/ha) was recorded for Oriental beech, which also reproduced vegetatively
on the permanent research plots. The average tree height significantly (r = —0.67; p = 0.02)
decreased with elevation, whereas the relationship between dbh and elevation was weaker
(r=-0.33;p=029).

Table 2. Structural and production characteristics of live trees on PRPs in 2020 for European beech
and in 2015 for Oriental beech.

PRP dbh h v HDR N BA \Y% PAI ccC SDI BIO Csio
cm m m? Trees-ha—1 m?-ha-1 m*-ha! m*haly 1% tha=!  thal
Fagus sylvatica
1 47.6 2494 3.021 52.4 272 482 822 4.37 91.1 0.61 695 361
2 522 33.37 3.153 63.9 208 442 656 3.45 92.9 0.83 539 280
3 41.3 21.21 1.502 51.4 256 343 375 2.39 85.5 0.81 340 177
4 37.5 20.40 1.566 54.4 656 44.4 619 2.58 91.4 0.75 524 273
5 46.6 22.89 1.996 49.1 184 313 362 1.78 97.1 0.66 333 173
6 240 7.93 0.223 33.0 396 179 88 0.62 66.0 0.30 72 37
Fagus orientalis
7 27.2 21.36 0.626 78.5 484 28.0 303 2.78 86.0 0.53 242 126
8 39.3 24.06 1.550 61.2 381 46.1 589 3.29 98.8 0.75 469 241
9 21.5 18.86 0.387 87.7 1080 392 418 3.67 94.6 0.81 318 166
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Table 2. Cont.
PRP dbh h v HDR N BA v PAI cc SDI BIO Crio
cm m m® trees-ha~1 m?ha-1 m3ha-1 mha1ly-1% thal tha!
10 35.5 1931 1.302 54.4 276 272 359 211 787 0.46 306 160
11 292 19.05 0.793 65.3 284 189 225 1.20 797 0.35 173 91
12 269 14.04 0.596 52.1 360 205 215 093 843 0.40 168 87
Notes: PRP—permanent research plot, dbh—mean quadratic breast-height diameter, h—mean height, v—mean
tree volume, HDR—slenderness ratio, N—number of trees per hectare, BA—basal area, V—stand volume,
PAl—periedic annual increment; CC—canopy closure, SDI—relative stand density index, BIO—biomass in dry
matter, Cgjp—carbon sequestration in biomass.
3.2. Dynamics of Radial Growth
The maximum core age, according to dendrochronological analyses, was 260 years for
European beech and 234 years for Oriental beech on PRPs (Table 3). The average annual
ring width in European beech (1.236 mm) across the PRPs was comparable to Oriental beech
(1.269 mm). In both beech species, the variability of radial growth (expressed by standard
deviation—SD) significantly (r = 0.72; p < 0.01) increased with elevation. Significant
differences (Kruskal-Wallis test, p < 0.001) in ring width were found for both beech species
across plots concerning the elevation gradient. The significantly (p < 0.05) highest diameter
increment was found on the lowest-elevation (PRP 1 and 2) (1.993-1.960 mm), while the
lowest values were recorded on PRP 6 (0.637 mm) located at the upper forest boundary for
European beech. Similar differences were also found in Oriental beech. On research plots
located at lower elevations (PRPs 1-3), radial growth over the past 20 years decreased by
13.1% compared to the previous 20-year period, whereas in mountainous areas (PRPs 4-6),
it increased by 5.6%. A similar trend was observed in Oriental beech (lowland —19.3%,
mountains +9.8%).
Table 3. Characteristics of basic tree-ring chronologies of European beech (PRPs 1-6) and Oriental
beech (PRPs 7-12) dominant trees on permanent research plots; significant differences (p < 0.05) in
radial growth (RW), tested using the Kruskal-Wallis test, are indicated by different letters.
PRP Cores Age Min-Max RW Mean RWI SD EPS Negative Pointer Years
(n) (Years) (mm)
1 29 82-124 1.993 ¢ 0.174 0.94 2003, 2011, 2016, 2018, 2020
2 24 73-167 1.960 ¢ 0.194 0.88 2011, 2020
3 30 128-249 1.018 b 0.221 0.92 1978, 2004, 2011, 2020
4 28 177-216 0.863 ab 0.278 0.89 1948, 1952, 1956, 1981, 1984, 1985, 1996, 2020
5 30 161-260 0.946 ab 0.286 093 1952, 1953, 1981, 1985, 1996, 2000
6 29 52-102 0.637 a 0.251 091 1981, 2018, 2020
7 28 62-104 1.796 ¢ 0.198 092 1994, 2014
8 25 109-188 1.625¢ 0.279 0.85 1993, 2008
9 25 66-104 1.067 b 0.288 0.88 1948, 1994, 2014
10 24 93-170 1.413 be 0.291 0.85 1955, 1977, 1993, 1994
11 26 79-140 1.034b 0.393 0.88 1963, 1993, 1994
12 23 155-234 0.679 a 0.371 0.86 1947, 1993, 2007

Notes: PRP—permanent research plot, Cores—number of analyzed core samples, Age—minimum and maximum
age of cores, RW mean—mean tree-ring width, RWI SD—standard deviation of ring width index, EPS—expressed
population signal, negative pointer years—years with significantly extreme low radial growth.

In terms of growth variability dynamics between 1940 and 2014/2020, Oriental beech
exhibited greater fluctuations in the ring width index (RWI) compared to European beech
(Figure 2). On the other hand, European beech showed a higher number of narrow pointer
years (NPYs), characterized by significantly reduced radial growth. When dividing the
study period into two halves, a markedly higher RWI was observed in both species in the
second half of the period, which can be attributed to extreme weather fluctuations driven
by GCC.
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Figure 2. Standardized mean chronology of European beech (FagSyl) and Oriental beech (FagOri)
in 1940-2014 /2020 after removing the age trend expressed by the tree-ring width index (RWT) and
significant low radial growth expressed by negative pointer years (arrows); the plot code indicates
beech species and elevation (more information in Table 1).
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For European beech, the highest number of NPYs was recorded at PRP 4 (940 m a.s.1.),
while for Oriental beech, the highest number of NPYs was also found at a mid-elevation
site, PRP 4 (950 m a.s.1.). In European beech, the most frequent NPY in 2020 was caused
by extremely low precipitation during the growing season, particularly in July, which
was historically the driest on record (27 mm, an average of 132 mm). Similarly, 2018 was
characterized by low precipitation and its uneven distribution, with August receiving only
37 mm (an average of 121 mm), the lowest recorded for this month in the study period.
Furthermore, 2018 recorded historically the warmest April (7.8 °C, an average of 3.5 °C)
and May (12.7 °C, an average of 8.8 °C). Conversely, the NPY recorded in 1981 at the three
highest-elevation PRPs coincided with the highest annual precipitation on record (1852 mm,
an average of 1268 mm) and an exceptionally high snowpack.

A similar trend was observed in Oriental beech; for example, in the NPY year of 1993,
when June and July received only 3.3% (0.5 mm) of the average monthly precipitation
(15.1 mm), combined with an extreme heatwave event. The following year, 1994, was also
exceptionally unfavorable in terms of precipitation during the growing season, with total
rainfall reaching only 28.6% of the long-term average.

3.3. Effect of Climate Factors

Mean monthly air temperatures were more strongly related to radial growth than
monthly precipitation for both beech species across PRPs (six more significant months for
F. sylvatica and two for F. orientalis) (Figure 3). In terms of temperature sensitivity, European
beech exhibited a higher number of statistically significant (p < 0.05) months compared
to Oriental beech (32 vs. 23 months). For European beech, air temperatures in both the
previous and the current years were equally important for radial growth, whereas for
Oriental beech, growth was more strongly related to air temperatures in the current year.
Specifically, July was identified as the most influential month in terms of air temperature
impact on tree growth in both the previous and current years.
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Figure 3. Cont.
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Figure 3. Coefficients of correlation (r) of the regional residual index tree-ring chronology of European
beech (FagSyl) and Oriental beech (FagOri) with monthly air temperatures from April of the previous
year (capital letters) to September of the current year (lower-case letters) in the period 1962-2014/2020;
only statistically significant (p < 0.05) values are shown; the plot code indicates beech species and
elevation (more information in Table 1).

Figure 3 also illustrates how the effect of air temperature on radial growth changes
over an elevational gradient for both species. At lower elevations, high air tempera-
tures, particularly during the growing season, act as a limiting factor for growth. In
contrast, in mountainous areas, temperature has a significantly positive effect on growth.
Both tree species were most sensitive to air temperature fluctuations at mid-elevations
(740-950 m a.s.1.), whereas the relationship between temperature and radial growth was
weakest at the highest-elevation sites (1310-1430 m a.s.L.).

Similar to air temperature, European beech was more sensitive to the relationship
of monthly precipitation with radial growth compared to Oriental beech (Figure 4). In
European beech, precipitation from the previous year had a stronger association with
growth; whereas, in Oriental beech, the dominant relationship came from the current year.
For Oriental beech, the most important months in terms of precipitation effect were June
and July of the current year, whereas for European beech, the response was less consistent.

PRECIPITATION
05 1 FagSyl510 05 1 FagSyl 620 05 ) FagSyl760
03 03 03
o] L =]
o] o N V—G1 R -01 '
-03 -03 -03

Figure 4. Cont.

143



Forests 2025, 16, 655

12 0f 23

05 1 FagSyl940 05 4 FagSyl1170 05 1 FagSyl1310

[T

5 v zorko08 550D
0 <-"2705%%383&‘<—’.2
Month Month Month
05 1 FagOri 360 05 1 FagOri 570 05 - FagOri 740
03 03 03
01 01 H (]
-01 -01 -01
-03 -03 -03
Xz okro0O42 5 c O E zZ 0k O 8 5 5 D xzokrko0o 2 5 €5 D
k32888233 E388E33 E32388232
Month Moenth Month
05 1 FagOri 950 051 FagOri 1150 05+ FagOri 1430
03 03 03
(] HH HH 01 H (]
-01 01 H -01 HH
-03 -03 -03
Xz ok oO0O4L 5 c O E zZ 0K O 2 5 5 D rz ok o0o2 5 c 0
_Osgggggm%-’.i_Uﬁaggggﬁé“ﬁiinsggggg{%ii
Month Month Month

Figure 4. Coefficients of correlation (r) of the regional residual index tree-ring chronology of European
beech (FagSyl) and Oriental beech (FagOri) with monthly precipitation from April of the previous
year (capital letters) to September of the current year (lower-case letters) in the period 1962-2014/2020;
only statistically significant (p < 0.05) values are shown; the plot code indicates beech species and

elevation (more information in Table 1).

Regarding elevation, the relationship of precipitation with radial growth followed a
similar pattern to air temperature, transitioning from a positive association at lower eleva-
tions to a negative relationship in mountainous areas. This trend was more pronounced
in European beech. Likewise, mid-elevation sites were the most sensitive to variations in
monthly precipitation sums. However, unlike air temperature, the weakest relationship of
monthly precipitation with radial growth was observed not at the highest-elevation sites
but rather at the lowest-elevation plots.

3.4. Relationships Between Radial Growth, Climate, Site, and Stand Parameters

The complex relationships between radial growth, climatic factors, site conditions, and
stand parameters of individual research plots can be visualized using principal component
analysis (PCA). The PCA ordination diagram is shown in Figure 5. The first PCA ordination
axis explains 39.7% of the data variability, the first two axes together explain 62.9%, and the
first four axes account for 88.8%. The total variation is 168.0, with supplementary variables
contributing 75.7% (adjusted explained variation: 46.5%). The horizontal axis represents
stand volume and mean height, while the vertical axis reflects stand age and the NPY
dataset. Radial growth variability increased with elevation, whereas radial growth itself,
height, stand volume, and HDR decreased along the elevational gradient. The number of
trees was negatively correlated with tree volume and DBH. The number of NPYs increased
with the mean stand age. Among the observed variables, slope and precipitation (number
of significant months) appeared to be the least influential factors in the ordination diagram.
Overall, the highest number of NPYs was found in the middle-elevation plot (ALT4), high
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radial growth was characteristic of lowland plots (ALT1), and top-mountain plots (ALT6)
exhibited the greatest variability in radial growth. When comparing tree species, higher
stand density was observed for Oriental beech, whereas European beech exhibited greater
tree volume and DBH.

‘C_’- 1 FagOri360Q
FagOri740
HDR 1)
Tree densit
Ring width AL Y
Height
Stand volume  FagSyi510 OFagOn‘ﬂ50 Fagsw i
Temperature W ALT6
SD RWI
FagOri1430
Tree volume S
| Precipitation
DBH FagSyl940
FagSyl1170
Negative pointer year ~ Altitude
o Age
T

-1.2 1.0

Figure 5. Unconstrained ordination diagram of species and environmental variables, showing
the results of principal component analysis of relationships between radial growth (Ring width,
NPY—negative pointer years, SD RWI—standard deviation of the ring width index), climatic factors
(Temperature and Precipitation—number of significant months in relation to radial growth), site
conditions (Altitude, Slope), and stand parameters (DBH—diameter at breast height, HDR—height-
to-diameter ratio, Height, Tree volume, Stand volume, and Age) of individual research plots. Symbols
O indicate the elevation gradient (ALT 1 to ALT 6), and O represent tree species (FagSyl—European
beech and FagOri—Oriental beech), respectively, o the research plots.

4. Discussion
4.1. Productivity Potential and Stand Structure

The studied close-to-nature beech forests in the KrkonoSe Mts. represent a rare remnant
of autochthonous stands in the entire Sudeten system. The stand volume of European
beech in the examined PRPs ranged from 88 m3-ha~! at the upper tree line to 822 m3-ha~!
at lower elevations, which confirms our hypothesis (a). Similar values have been reported
in other studies from the Krkonose Mts. [93], the Orlické Mts [47], the Jizera Mts. [94],
and Central Bohemian [95]. A broader European review by Fuchs et al. [19] cites stand
volume from 64 m3-ha~! in Czechia [96] to 1237 m?-ha~! in Ukraine [97], with an average
of 585 m3-ha~! [97,98].

For Oriental beech in the Black Sea region of Turkey, the stand volume ranged from
215 to 589 m3-ha~!. Previous studies indicate that the total volume of uneven-aged stands
in Turkey varies between 290~1482 m®-ha~! in pure stands and 172-924 m*-ha~"! in mixed
stands [94]. Other studies report values between 472 and 600 m3-ha~! [99] in Iran [100].
The lower growth performance of Oriental beech compared to European beech is influenced
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by ecological conditions [22] and genetic differences [101]. Growth is also affected by the
slope aspect, with higher productivity on north-facing slopes [102].

The production and structural parameters of both beech species are significantly
influenced by age, developmental stage, disturbance regime, soil conditions, browsing
pressure, forest management practices, as well as elevation [22,38,101,103-107]. Elevation
plays a crucial role in beech productivity, not as a direct ecological factor [108], but as a proxy
for multiple environmental gradients [109]. The most critical factors include air temperature,
precipitation, and solar radiation [110]. In high-elevation areas, snow cover can become
a limiting factor [111], while in arid regions, increasing precipitation at higher elevations
may enhance productivity [112]. With GCC and warming trends, the productivity of beech
has been increasing even at the upper forest limit [38]. Various environmental gradients
associated with elevation further influence beech forest productivity [113].

Carbon sequestration in the studied plots ranged from 37 t-ha~! in lowland areas to
361 t-ha~! in mountainous regions, similar to values observed in undisturbed or slightly
thinned mature beech stands [114]. Carbon sequestration in forests plays a crucial role
in mitigating GCC by capturing atmospheric CO, enhancing ecosystem resilience, and
maintaining long-term carbon storage in biomass [6].

4.2. Radial Growth Trends and Variability

The average annual ring width of European beech ranged from 0.637 to 1.993 mm
(min-max values across plots), while for Oriental beech, it varied between 0.679 and
1.796 mm (Table 3). In both species, radial growth variability generally decreased with
increasing elevation. The highest radial growth in this study was observed at the lowest
elevations, whereas the lowest values were recorded in the ecotone of the upper forest
limit. A similar elevation-dependent pattern has been reported for European beech in the
Krkonose Mts. [38,48] and the Orlické Mts. [47].

Our findings also indicate that on PRPs at lower elevations, radial growth over the
past 20 years has decreased by 13.1% compared to the previous 20-year period, while in
mountainous areas, it has increased by 5.6%. A similar but even more pronounced trend
was observed for Oriental beech. This pattern has also been documented for European
beech in the eastern Krkonose Mts. [48] and Oriental beech in Turkey and Iran [115,116].
Several studies predict that, in response to GCC, tree species will shift to higher elevations
and more northern exposures [117-120].

Vannoppen et al. [121] reported an increasing radial growth trend for European beech
in Belgium between 1927 and 2015, particularly after 1957. However, after 1983, the growth
rate began to slow. More recent studies, particularly in low-elevation and southern-range
regions, indicate a decline in radial growth due to GCC [122-125]. European beech is highly
sensitive to climate variability [55,113].

Our results also highlight (hypothesis d) an increasing frequency of NPYs character-
ized by significantly low radial growth in recent years. From a forest management and adap-
tation perspective, it is crucial to consider the rising frequency of extreme weather events
due to GCC[126,127]. These extreme conditions are affecting both European beech [107,128]
and Oriental beech [106,129-131], emphasizing the need for climate-adaptive forest man-
agement strategies.

4.3. Impact of Climatic Factors on Growth

Mean monthly air temperatures had a significantly stronger relationship with radial
growth in both beech species compared to precipitation, and hypothesis (c) was therefore
rejected. This has also been confirmed for European beech [47,48] and Oriental beech [55].
However, [132] suggest that this relationship is highly dependent on local air temperature
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and precipitation conditions along elevational gradients and does not always hold. The
complex climatic dynamics influencing this relationship vary between the Black Sea region
of Turkey and the Caspian region of Iran [115,133,134]. Kehl [135] attributes this primar-
ily to high precipitation variability (500-2100 m a.s.l.) and significant global warming,
particularly at lower elevations in the eastern range of Oriental beech.

Our study indicates that European beech exhibited a higher number of months with
statistically significant (p < 0.05) correlations between radial growth and monthly air tem-
perature compared to Oriental beech (32 vs. 23 months), suggesting a stronger sensitivity of
growth to temperature variability at the monthly scale. In European beech, both current and
previous years’ temperatures were equally important for radial growth, whereas Oriental
beech showed a stronger relationship with temperatures in the current year. July was iden-
tified as the most influential month for tree growth. Similar findings were reported in the
Krkonose Mountains [48] and other studies from Germany and Italy, where air temperature
had a strongly positive effect on radial growth in May at high elevations (1560 m a.s.L),
while at low elevations (420-450 m a.s.l.), June temperatures had a negative impact [136].

While air temperature plays a dominant role, precipitation also affects radial growth.
For example, [137,138] report a weaker correlation for European beech, while [132] found
a statistically significant positive effect of precipitation on Oriental beech growth in June,
but a negative impact in February and March. High June precipitation contributed to
wider ring formation, whereas high precipitation in February—March and elevated July
temperatures led to narrower rings. Oladi and Pourtahmasi [116] noted that rising mean
air temperatures in recent decades generally increased radial growth unless extreme events
occurred. However, above-average temperatures and prolonged drought conditions at
the end of the growing season may increase respiration the following spring, reducing the
amount of carbon compounds available for wood formation [139].

Beyond climate, radial growth is influenced by multiple ecological factors. Beech trees
respond to mast years with reduced radial growth in the following year [140,141]. Addi-
tionally, they exhibit similar growth declines following air pollution damage (especially
50, O3, and NOy), insect infestations (beech scale, beech-leaf gall midge, Nectria spp.),
and extreme weather events, particularly frost [47]. Late spring frosts damage leaves and
cambial tissues, delaying or reducing growth [142]. Soil conditions also play a crucial
role, as nutrient imbalances or compacted soils limit water and nutrient uptake, restricting
growth [143]. Stand density and competition further affect growth, with higher com-
petition reducing resource availability [144]. Additionally, genetic variability influences
resilience to environmental stressors, causing differences in growth responses [145].

Many studies predict that global warming and decreasing precipitation will reduce
growth at lower elevations while increasing growth at higher elevations within the beech
range [19,28,55,117,132,146,147]. Our study strongly supports this pattern, confirming
that insufficient precipitation and prolonged dry periods, combined with extremely high
air temperatures, are the primary limiting factors for beech growth at lower elevations,
whereas precipitation has a predominantly positive effect in mountainous areas.

4.4. Study Limitations and Recommendations

While this study provides valuable insights into the growth dynamics, carbon se-
questration, and climate sensitivity of European and Oriental beech across elevational
gradients, certain limitations should be acknowledged. First, the study was conducted on
a limited number of PRPs without random sampling (selection of plots), which, despite
being representative of different elevations and climatic conditions, may not fully capture
the broader ecological variability across the entire distribution range of these species [148].
Another limitation could be the plot size, but small plots are sufficient for assessing basic
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production parameters, while larger plots (>1 ha) are required to properly evaluate tree
spatial patterns [149]. Future research should aim to expand the number of study sites and
integrate additional regions to enhance the generalizability of the findings. In particular,
studies on Oriental beech should also focus on the Hyrcanian forests (not only the Black
Sea region), one of its key habitats, to better understand its ecological requirements and
adaptive potential under changing climatic conditions [150,151].

The observed differences in growth performance between European and Oriental
beech under the same elevational gradient suggest species-specific physiological and
ecological adaptations. European beech, generally exhibiting higher productivity and
carbon sequestration potential, may benefit from its ability to utilize available water more
efficiently and tolerate a wider range of climatic conditions [16-19]. In contrast, Oriental
beech, although less productive in absolute terms, may exhibit greater resilience to specific
climatic stressors, particularly in regions with pronounced seasonal droughts, including
critical sites in Europe [8]. Further studies should investigate the underlying physiological
traits, such as differences in water-use efficiency, wood anatomy, and photosynthetic
capacity, to better understand the mechanisms driving these species-specific responses.

From a forest management perspective, the results emphasize the need for elevation-
specific silvicultural strategies. At lower elevations, where increasing drought stress
leads to reduced radial growth, adaptive measures such as selective crown thinning with
strong intensive to reduce competition (stand density, number of trees) for water, or soil
moisture conservation techniques [152] could be used. The promotion of mixed-species
stands with drought-tolerant associates should be considered for higher resistance and
resilience of beech [153]. Specifically, species evenness, in terms of admixture, plays a
significantly more important role compared to species richness [68]. From the perspective
of production potential and resistance to climate change, secondary diversity plays an
important role, specifically in terms of structural development and variability, rather than
species richness. In contrast, at higher elevations, where warming trends have enhanced
growth rates, management should focus on maintaining vertical structural diversity and
ensuring regeneration success to sustain productivity over the long term [154].

Moreover, given the increasing frequency of extreme climatic events, proactive mea-
sures should be taken, such as assisted migration of drought-resistant provenances, genetic
selection for climate resilience, and updating of forestry legislation connected with close-to-
nature silviculture [155]. Integrating these adaptive management strategies will be critical
for maintaining the functional stability of beech forests and optimizing their role in carbon
sequestration under ongoing global climate change [5,6].

5. Conclusions

This study examines biomass production, carbon sequestration, and the impact of
GCC on the radial growth of European beech in Central Europe and Oriental beech in the
Black Sea region. The results indicate a considerable variation in the production potential
of both tree species, which was significantly influenced by elevation and stand structure
under the effects of GCC.

The growth of both species was strongly affected by climate, with a significant decline
in radial growth observed in lower elevations over the past 20 years due to long-term
droughts, while warming in mountainous areas led to an increase in growth rates. Over the
years, an increasing frequency of negative growth years associated with extreme climatic
events has been observed.

The insights gained from this study on biomass production, carbon sequestration,
and radial growth of European and Oriental beech in model forest plots are crucial for
developing adaptive forest management strategies. These strategies should aim to main-
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tain the functional diversity and ecological stability of beech forests while ensuring the
provision of essential ecosystem services. Future research should expand study sites and
investigate genetic variability and provenance suitability to enhance the representativeness
of the results.
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5.4 Impact of technical water retention on European beech (Fagus

sylvatica L.) resilience and growth dynamics.

4. Vacek, Z., Tomaskova, |., Fuchs, Z., Simlnek, V., Vacek, S., Cukor, J., ... &
Duchan, M. (2025). Impact of technical water retention on European beech

(Fagus sylvatica L.) resilience and growth dynamics. Journal of Forest
Science, 71(3): 124-137.

Abstrakt

Klimaticka zména pUsobici zejména zvysSenim teploty a ¢astéjSimi sussich periodami,
ovliviiuje vitalitu a adaptabilitu buku lesniho v jeho pfirozeném arealu vyskytu.
Publikace se zabyva vlivem technickych opatfeni na zadrZovani vody v lesnich
ekosystémech s dirazem na rast buku lesniho. Toto zadrZzovani bylo hodnoceno v
podminkach dvou lokalit (Ondfejov a Tufany) s pievahou buku v Ceské republice. Byly
porovnany tfi varianty zasahu: Vsakovaci jimka pod ustim propustku, vsakovaci jimka
bez napojeni na propustek a kontrolni plocha bez technického zasahu. Cilem bylo
oVérit, zda Ize pomoci téchto opatfeni zvySit odolnost buku vadi klimatickym extrémm,

zejména suchu, a ovlivnit jeho rustovou dynamiku a fyziologické procesy.

V ramci dendrochronologickych a fyziologickych méfeni bylo zjisténo, ze maximalni
denni transpiraéni davky buku dosahovaly hodnot 90—120 litri na strom/den, pficemz
vyrazngjsi vliv na radialni rist mél prubéh teploty vzduchu nez srazky, zejména na
jimkou pod propustkem, zatimco u varianty bez napojeni na propustek byly
pozorovany vyrazneé sezonni zmény v tloustce kmene (tzv. tree water deficit), zejména
na jafe. Mezi jednotlivymi variantami vSak nebyly zjiStény vyznamné rozdily v
maximalnim rdstu nebo v minimalnich hodnotach vodniho deficitu. Pribéh transpirace
ukazal, Zze varianta se vsakovaci jimkou pod propustkem vykazovala po celé vegetacni

v v

sezony doslo k jejich navySeni, aniz by se to promitlo do pfirlstu kmene.

Bylo zjisténo, Ze technicka opatfeni méla pouze omezeny nebo kratkodoby efekt na
rust a fyziologii buku. Vysledky ukazaly, ze na kontrolnich plochach bez zasahu byl

rist kmene nejvyssi, coz naznacuje, Ze minimalni naruseni pfirozenych padnich a
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vodnich poméru je pro vitalitu buku pfFiznivé. Naopak zasahy do puadniho prostfedi,
zejména v podobé vsakovacich jam, mohou vést k naruSeni kofenového systému a
omezeni efektivniho vyuziti vody. Rychla reakce transpirace na srazky potvrdila
vysokou citlivost buku na dostupnost vody, avSak zadny z testovanych zasahu neved|

k jednozna&nému zlepSeni vodniho rezimu nebo rastu.

Z hlediska praktického lesnického hospodareni bylo konstatovano, ze vysoké naklady
na realizaci technickych opatfeni nejsou opodstatnény vzhledem k omezenému efektu
na rlst a vitalitu buku. Doporu¢eno bylo zaméfit se spiSe na podporu pfirozenych
adaptacnich mechanism0 buku, diverzifikaci druhové skladby a minimalizaci zasahu
do pudniho prostfedi. Zavérem bylo konstatovano, ze efektivita technickych opatfeni
pro zvySeni odolnosti buku vi&i suchu a klimatickym extrémim je v podminkach
stfedni Evropy omezena a jejich vyuZziti by mélo byt peclivé zvazeno s ohledem na

specifické stanovistni podminky a ekonomickou efektivitu.

Klicova slova: zména klimatu; hospodareni s vodou v lesich; vsakovaci jimka; radialni

rust; tok mizy
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Abstract: Global climate change (GCC) is putting increasing pressure on forest ecosystems, leading to more frequent
disturbances such as pest outbreaks and other climate-related stressors, all of which threaten forest stability. This study
examines how different technical water retention measures (infiltration pits) can enhance the resilience of European
beech (Fagus sylvatica L.) to these climatic challenges, focusing on their impact on radial growth, sap flow, and accli-
matisation to moisture conditions at two sites in Czechia (430-440 m a.s.L.). Three treatments were compared: a water
infiltration pit under a culvert mouth, an infiltration pit without a culvert and a control plot without a technical solution.
Results showed that maximum daily transpiration rates of beech ranged between 90-120 L per day. Air temperature
had a stronger influence on beech radial growth than precipitation, particularly at the waterlogged sites. The lowest
radial growth occurred in the treatment involving a water infiltration pit under a culvert mouth, while treatments with
an infiltration pit without a culvert demonstrated notable seasonal stem shrinkage and swelling (tree water deficit —
TWD), especially in early spring. On the other hand, no differences were found between the three treatments including
the control variant in the maximum growth or the context of minimum TWD. In conclusion, these technical measures
had limited or short-term effects on the growth and physiological processes of European beech. Despite the high costs
of implementation, sap flow and dendrochronological measurements do not support the construction of infiltration
pits as a means of improving water retention in forest ecosystems.

Keywords: climate change; forest-water management; infiltration pits; radial growth; sap flow

Global climate change (GCC) significantly af- tions (Keenan 2015; Seidl et al. 2017; Venildinen
fects forest ecosystems, which face increasing etal. 2020). These changes disrupt tree growth pro-
pressure of more frequent wind disturbances, for-  cesses and endanger the stability of forest stands
est fires, pest outbreaks associated with irregular  and biodiversity (Martinez del Castillo et al. 2022;
precipitation and extreme temperature fluctua- Vacek et al. 2023). Long-lasting drought peri-
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ods and water scarcity hinder the ability of for-
ests to absorb carbon and mitigate GCC (Seidl
etal. 2014). In this context, implementing technical
measures seems to be a key aspect in enhancing the
resilience of forest ecosystems to climatic extremes
(Seidl et al. 2014; Valtera, Schaetzl 2017). Land-
scape reconstruction through retention reservoirs,
culverts, and drainage can, on the one hand, facili-
tate water flow regulation and minimise damages
caused by floods and erosion (Chang et al. 2013;
Kalantari, Folkeson 2013), on the other hand, wa-
ter retention in forest ecosystems could be cru-
cial for maintaining moisture, supporting tree
growth, and increasing their resistance to drought
and GCC (Ellison et al. 2017). This role increased
in mixed stands, which are generally more resilient
to drought. Such stands enhance water retention,
thereby supporting critical ecosystem stability and
promoting healthier, more vigorous tree growth.
This synergy is key to increasing the forest's natural
ability to adapt and thrive under varying environ-
mental stresses, making water retention strategies
and the promotion of biodiversity essential com-
ponents of forest management and conservation
efforts (Steckel et al. 2020; Vospernik et al. 2023).
Furthermore, it is crucial to adapt forest manage-
ment to the new climatic conditions and implement
strategies that support forest adaptation to GCC
(D'Amato et al. 2011; Brang et al. 2014; Pretzsch
et al. 2020; Vacek et al. 2020; Del Rio et al. 2022).
Therefore, integrating technical measures includ-
ing artificial infiltration pit with or without culvert
building with silviculture-ecological principles can
contribute to forest protection and reduce the neg-
ative impacts of GCC on forest ecosystems (Lind-
ner et al. 2014).

Present research on technical measures focuses
on European beech (Fagus sylvatica L.) forests be-
cause it is considered to be the most representative
deciduous tree species in Europe, and plays a crucial
role in the ecological stability of forest ecosystems
(Leuschner, Ellenberg 2021; Sharma et al. 2019;
Fuchs et al. 2024; Cerny et al. 2024). Its growth
at diverse site conditions makes it an essential com-
ponent of both mixed and broadleaf forests across
the continent (Jump et al. 2006; Vacek et al. 2021).
Beech radial growth is strongly influenced by cli-
matic factors, particularly water availability and
air temperature, which shape its seasonal growth
dynamics (Scharnweber et al. 2019; Simanek
et al. 2019, 2021). GCC, including prolonged

droughts and extreme air temperature events, ad-
versely affects beech vitality, leading to reduced
growth and lower radial increments (Pretzsch
et al. 2014; Vacek et al. 2019b). Long-term drought
stress can significantly decrease beech carbon as-
similation capacity, impacting both the growth and
the stability of entire forest ecosystems (Bouriaud
et al. 2005). Given its sensitivity to water shortages,
forest management adaptations that support water
retention appear essential to increase beech resil-
ience to GCC (Vacek et al. 2023).

Climate change-induced drought significantly
impairs sap flow dynamics in forest tree species,
triggering a cascade of physiological disruptions
that threaten tree survival. The reduced soil water
availability forces trees to decrease their hydraulic
conductivity through stomatal closure and embo-
lism formation, severely restricting water transport
from roots to leaves (Chen et al. 2022). This com-
promised sap flow not only limits the trees' capac-
ity to maintain optimal leaf temperatures through
transpirational cooling but also impairs their ability
to synthesise and transport essential osmolytes and
defence compounds (Basile et al. 2024). More-
over, the diminished production of defensive com-
pounds, such as terpenes and phenolics, further
compromises the trees' immune responses, creat-
ing a dangerous feedback loop of declining health
(Leuschner 2020). These physiological impairments
have far-reaching consequences for forest ecosys-
tem stability, potentially leading to widespread tree
mortality, altered species composition, and, finally,
reduced ecosystem services (Allen et al. 2010; An-
deregg et al. 2013).

Many articles deal with the effect of climatic
factors on the growth of European beech and/or
the influence of technical measures on forest eco-
systems, but there is no desired research focused
precisely and currently in the given period on the
effect of water retention measures on tree growth
and sap flow. Therefore, the present research fo-
cused on: (i) the effect of modified soil moisture
conditions on the stem radial growth increment
of beech located at various physical and chemical
soil compositions, (ii) the effect of various water
retention treatments on the growth of beech, and
(iii) the effect of the treatments on sap flow (i.e. the
cooling ability of individual trees). The treatments
also include a control plot to evaluate the effects
of two artificial technical measures: infiltration pits
with and without culverts.
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MATERIAL AND METHODS

Site characteristics. The study site A [Lesy CZU
(Forests of the Czech University of Life Sciences
Prague); 49°57'49.44'N, 14°47'37.44'E] is situated
at an altitude of 440 m a.s.l. The study site is char-
acterised by significant soil heterogeneity with
exclusively semi-hydromorphic and hydromor-
phic soil types (pseudogley, stagnogley, gley, and
their subtypes). The geological bedrock consists
of Ri¢any-type Moldanubian granite with varying
thicknesses, slopes, depositions and polygenetic
clays content, with a distinctly boulder-covered
soil surface. There are two springs in the study area.
The significant soil saturation with water results
in soil moisture with values exceeding the retention
water capacity, with gravitational water movement
but without runoff. It is leading to predominantly
or periodically anoxic conditions (‘wet variant'
in the project design). From a typological point
of view, this is a habitat nutrient-medium Beech
category (Fagetum oligo-mesotrophicum) (Viewegh
et al. 2003). For more details about the natural site
conditions, forest stand history and monitoring re-
search, see Bilek et al. (2009, 2014).

The study site B (Forest Training Enterprise
of Mendel University; 49°18'29.54'N, 16°41'55.76'E)
is situated at an altitude of 430 m a.s.. and is char-
acterised by significant soil homogeneity, with
a single soil type, cambisol, dominated by its
modal subtype. The complex geological struc-
ture is primarily composed of siliceous sediments
of the Rudice layers, with an admixture of loess
clays, in contact with the limestone bedrock of the
Moravian Karst, which emerges at varying depths
but always outside the soil body zone. The site
also exhibits consistently low soil moisture levels
throughout the entire season, especially during
the growing season ('dry variant' in the project de-
sign). Typologically, this habitat is classified within
the nutrient-medium Oak-Beech category (Quer-
ceto-Fagetum oligo-mesotrophicum), as described
by Viewegh et al. (2003). For a description of the
climatic data, see an overview in Table 1.

In each of the two study sites, three treatments
were established in the forest stands dominated
by European beech (Fagus sylvatica L.) with ad-
mixed (a proportion of less than 5%) European
hornbeam (Carpinus betulus L.). These were
(i) a water infiltration pit under a culvert mouth,
(i) an infiltration pit without a culvert and
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(iif) a control plot without a technical solution.
On each site, two infiltration pits were constructed
in a paired design with a uniform retention volume.
One of the pits is always located beneath the outlet
of a culvert, directing its flow into the pit. The sec-
ond control pit is situated approximately 30 m away
under the same pedological and stand conditions,
in a location without connection to the culvert and
without concentrated inflow. The control plot with-
out a technical solution is again located at the same
distance (approx. 30 m) from the next treatment.
Considering the possibilities of the research project
and the requirements for the installation of mea-
suring equipment, infiltration pits with the follow-
ing dimensions were chosen: length at the base
3.5 m, width at the base 2.0 m, wall slope 2:1,
and retention depth 1.5 m. The volume of the pits
without filling is approximately 18 m®. The banks
of the infiltration pits were lined with separation
geotextile with a surface weight of 350 g-m~2 (about
40 m?). The pits were filled with riprap stone with
an assumed porosity of 35%. The expected reten-
tion volume of the infiltration pits (with the voids
between the stones filled) is approximately 6.5 m>.
For more details on locality characteristics and ex-
perimental design including treatment plan and
photos, see Kupec et al. (2023).

Data collection. All trees within the re-
search plots representing particular treatments
with a minimum stem diameter at breast height
of > 7cm were registered. Using the FieldMap
technology (IFER, Czech Republic), positions
of trees and crown projections were mapped, stem
diameters at breast height (DBH) were measured
using the Mantax Blue metal calliper (Haglof, Swe-
den) with a 1 mm accuracy, and tree heights and
crown base heights were assessed using the laser
Vertex height gauge (Haglof, Sweden) with a pre-
cision of 0.1 m. The canopy layer was categorised
into the upper layer (comprising dominant and
co-dominant trees) and lower layer (consisting
of suppressed trees) based on Kraft's classification
(Kraft 1884).

For long-term dendrochronological analysis, in-
crement cores were taken from European beech
trees using a Pressler borer (Haglof, Sweden)
at 1.3 m above ground level, perpendicular to the
trunk axis (Steckel et al. 2020). In both study sites,
30 healthy dominant and co-dominant trees were
randomly selected based on the Kraft classification
(Kraft 1884), using Excel's RNG function, to com-
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Table 1. Basic site climatic characteristics of study sites averaged for the period 1961-2023

Study Meteo. sta- GPS of me- Station altitude Growing Annual temp. Seasonal temp. Annual precip. Seasonal precip.

site  tion name teo. station (mas.l) season (°C) (°C) (mm) (mm)
. 49°54'24.7'N
A Ondfejov 14°46'48.0'E 491 May 8.0 15.4 629 378
to Septem-
. 49°9'10.8'N ber
B Brno, Tufany 16°41'19.7'E 241 10.3 17.3 473 303

Meteo. — meteorological; growing season — month range; temp. — mean annual air temperatures in 1961-2023; precip. —

annual sum precipitation in 1961-2023
Source: CHMI (2024)

pare the differences between sites. This focus was
intended to capture significant growth responses
in dominant trees compared to sub-dominant
or suppressed classes (Remes et al. 2015). The trees
sampled had a minimum DBH over 20 cm.

Tree-ring width was measured on all the in-
crement cores using a LINTAB measuring table
(Rinntech, Germany) equipped with an Olympus
microscope (Olympus, China). The measuring
table has a precision of 0.01 mm, and the TSAP-
Win software (Version 4.6, 2012) was utilised
to record the chronologies of each tree-ring width.
Subsequent cross-dating of the measured tree-
ring cores was carried out using Cdendro software
(Version 9.6, 2020). The cross-correlation index
(CC) for the measured tree-ring sample was great-
er than CC > 25 compared to the other samples.
Monthly air temperature and precipitation data for
Czechia were obtained for meteorological stations
mentioned in Table 1 from the Czech Hydrometeo-
rological Institute, Prague (CHMI 2024).

For the analysis of intra-annual growth dynam-
ics of the target tree species European beech,
data were collected using 90 point dendrometers
(TOMST, Czech Republic). Specifically, 15 den-
drometers were set up for each variant at each
site (2) to compare differences between treat-
ments (3). Dendrometers monitor changes in stem
radius at a sub-micrometer scale (< 1 um) with
a range of 8.89 um, resolution of 0.27 pm, and lin-
earity within 5%. Air temperatures were recorded
continuously using the same device. The dendrom-
eters were installed on trees (1.3 m above the soil
surface) with stem diameters ranging from 20 cm
to 37 cm at both study sites, positioned within
12 m distance from the centre of infiltration basins
(or the centre of control plots). Stem radius chang-
es were monitored only on healthy (fully foliated),

dominant and co-dominant trees. Regular checks
were conducted to assess potential damage or mal-
functions, and data retrieval was processed at the
end of each growing season. Dendrometers were
installed in May 2022 and the final data retrieval
was done in November 2023.

In total, 12 sample trees from both study sites
were chosen for sap flow measurements. Sap-flow
sensors (EMS 81 — EMS Brno, Czech Republic) were
installed at a height of 2 m in 2022 on the sample
trees, two sensors for every treatment, i.e. 6 sap flow
sensors per study site. The measurement was done
every 10 minutes from April to October. The false
data (e.g. electricity failure) were removed from
the dataset. The final data were gained as a mean
of ten-minute intervals, and hourly means and dai-
ly sums were calculated. The night-time fluxes were
removed using EMS 81 software.

Data analysis. European beech dendrochro-
nological data were analysed in R software (Ver-
sion 4.4, 2024) using the 'dpIR’ package (Bunn 2010).
Each tree-ring series was detrended by fitting
a negative exponential curve with interval splines,
which removed age-related trends and preserved
low-frequency climate signals according to Cook
et al. (1990). An expressed population signal (EPS)
of > 0.85 was set as a threshold to ensure reliability
in climate analyses (Bunn et al. 2018a). Additional
indices such as signal-to-noise ratio (SNR) and inter-
series correlation (R-bar) were calculated to assess
chronology quality following 'dpIR' package guide-
lines (Bunn et al. 2018b).

Raw measurements of stem radius changes
(Rad,,,) downloaded from dendrometers were
checked and fixed from erroneous measurements
and artefacts (e.g. jumps resulting from den-
drometer adjustments) and then aggregated into
daily means using 'PLOTeR' R package (Matula
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et al. 2023). Daily stem growth (GRO) was calcu-
lated from the Rad,,,, data using the zero growth
concept (Zweifel 2016). The GRO indicates the ir-
reversible stem expansion of growing cells, namely,
the radial increase because of dividing and enlarg-
ing wood and bark cells in the cambium. On the
other hand, there is the reversible, tree water defi-
cit (TWD)-induced shrinking and swelling of the
stem, caused by imbalances between transpiration
and root water uptake, which was also calculated
according to Zweifel et al. (2005).

Sap-flow measurement is based on the trunk-
heat-balance (THB) method consisting of four
electrodes heating the small volume of the sapwood
(Cermdk et al. 2004). The heat balance of a defined
heated space according to Equation (1):

QzﬂﬂxdxAT_£ &

where:

Q — sap-flow rate (kg-sl-em™!);

P — power of heat input (W);

Cy — specific heat of water (J-kg1-K™!);

d — circumferential distance covered by the
electrodes (cm);

AT - temperature difference in the measuring
points (K);

Z — coefficient of heat losses from the measuring

point (W-K™1).

The Q of the measured area was multiplied by the
length of the circumference of the xylem at the height
of installation to calculate total tree water use.

RESULTS

Climate factors and radial growth of beech.
Dendrochronological characteristics are described
in Table 2 and include the mean tree ring incre-
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ment for the plot (mean RW), mean ring width
range from the smallest to the largest tree (mean
RW min-max), mean age of the sample trees (age),
standard deviation from ring width (SD RW), inter-
series correlations (R-bar), expressed population
signal (EPS), and signal-to-noise ratio (SNR). Treat-
ments at site A, influenced by groundwater, show
a larger mean increment (2.59 mm), on average
15% greater than that of the acidic site B (2.25 mm).
Similarly, greater variability in radial growth was
observed at site A (Figure 1). The most significant
decrease in diameter increment was detected at site
A in 1990; at site B, it occurred in 2023, a year
marked by prolonged drought. Conversely, stan-
dard dendrochronological indices indicated higher
reliability at site B. The age of the examined beech
trees differed by only one year (68—69 years).

From the perspective of climatic factors, air tem-
peraturehad amoresignificant effectonradial growth
than precipitation, particularly at the waterlogged
site A (Figure 2), i.e. when water is not a limiting fac-
tor. Specifically, air temperature in September of the
previous year (P<0.05,7=-022) and in June
of the current year (P < 0.05, r = —=0.21) harmed ra-
dial growth, while temperature in November of the
previous year (P < 0.05, r = 0.31) had a positive ef-
fect at site A. No significant influence (P > 0.05)
of monthly temperature on beech growth was ob-
served at site B. Regarding the monthly precipitation
amount, only a positive effect on beech growth in the
current year was found. Specifically, precipitation
in February of the current year (P < 0.05, r = 0.30)
had a positive effect on growth at site A, while
precipitation in May of the current year (P < 0.05,
r = 0.28) showed a positive effect at site B.

Growth differences between treatments.
In terms of current stem radial growth measured
by point dendrometers, the three specific variants
were compared (Figure 3). The lowest radial growth
throughout 2022 and 2023 was found in the treat-

Table 2. Characteristics of tree-ring chronologies for European beech on the study sites A and B for the time period

1956-2024

Site No. Mean RW SD RW Mean RW min-max  Age sample R-bar EPS SNR
(mm) (mm) (mm) (years)

A 30 2.59 0.91 1.28-4.67 69 0.27 0.90 9.36

B 30 2.25 0.81 0.30-3.74 68 0.30 0.92 10.93

No. — number of trees; mean RW — mean ring width; SD RW — standard deviation from ring width; mean RW min-max —

mean ring width range from the smallest to the largest tree; age sample — age range of sampled tree-ring time series; R-bar

— inter-series correlation; EPS — expressed population signal; SNR — signal-to-noise ratio
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Figure 1. Standardised ring-width index (RW1) of European beech after age detrending on the study site A (black) and
B (grey)
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Figure 2. The values of response coefficients for European beech RWI chronology with (A) the monthly temperature and
(B) monthly precipitation from May of the relative preceding year (in capitals) to September of the current relative year
for the period of 1961-2023 on the study site A (black) and B (grey)

*statistical significance (P < 0.05)
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Figure 3. The stem radial growth ('growth’) of European beech on the study sites A and B according to three treatments:

A water infiltration pit under a culvert mouth (blue), an infiltration pit without a culvert (red) and a control plot without

a technical solution (green)

ment involving a water infiltration pit located under
a culvert mouth (blue line). In contrast, the high-
est stem radial growth was observed in the control
plot without any technical intervention (green line)
at site A, and in the treatment with an infiltration
pit without a culvert (red line) at site B. The great-
est radial increment occurred in the second week
of June, whereas the beech growth typically stag-
nated between the third and fourth week of Sep-
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~10 4
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tember. In terms of TWD-induced stem shrinkage
and swelling, the largest declines at both sites were
observed in the treatment with an infiltration pit
without a culvert (red line), particularly in March
and April (Figure 4). Conversely, there were no dif-
ferences between the other two variants (the water
infiltration pit under a culvert mouth and the con-
trol plot without technical intervention), with the
curves overlapping during the monitored period.
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Figure 4. The TWD (tree water deficit)-induced shrinking and swelling of the stem of European beech on the study

sites A and B according to three treatments: A water infiltration pit under a culvert mouth (blue), an infiltration pit

without a culvert (red) and a control plot without a technical solution (green)
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Sap flow course in infiltration pit with and
without culvert mouth. In this experiment with
sap flux monitoring across two sites, when each
site was subjected to the treatments: ({) an infiltra-
tion pit with a culvert mount, (i) an infiltration pit
within a culvert mount, and (iii) a control treatment
maximum daily transpiration amount reached
up to 120 L per day at site A, whereas a maximum
of 90 L per day were reached at site B. Across both
sites, the treatment with an infiltration pit within
a culvert mount consistently demonstrated lower

(A)

Sap flow (kg'h™1)
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N

27.08.

transpiration rates throughout the entire growing
season (Figures 5 and 6). In contrast, the treatment
with an infiltration pit and a culvert mount showed
varying results, with initially lower transpiration
rates during the first half of the growing season,
followed by higher transpiration compared to the
control in the second half. This increase in transpi-
ration was particularly noticeable in August and
September; however, it did not manifest into signif-
icant changes in the stem increment, aligning with
the findings from dendrometer measurements.

ite A, 2022
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Figure 5. Course of sap flow over 2022 and 2023 at study site A in the proximity of infiltration pits (blue), in the prox-
imity of infiltration pits without culvert mount (red) and control (green); dots represent the hourly means from April

to October (delayed start in 2022)
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Figure 6. Course of sap flow over 2022 and 2023 at study site B in the proximity of infiltration pits (blue), in the proxim-
ity of infiltration pits without culvert mount (red) and control (green); dots represent the hourly means from April to

October (delayed start in 2022)

These observations suggest that while late-season
transpiration increased, it did not enhance growth,
likely due to other limiting factors.

DISCUSSION

The main objective of the study was to determine
the effect of three technical water retention treat-
ments (an infiltration pit with a culvert mount,
an infiltration pit within a culvert mount, and a con-

132

trol treatment) on the stem radial growth and sap
flow rate of European beech in two different sites.
In terms of growth, the stem radial increment is af-
fected by many factors, such as silviculture prac-
tices and site conditions, and out of these especially
altitude, climatic factors and air pollution (Reme$
et al. 2015; Bosela et al. 2018; Simunek et al. 2020).
In our case, the monthly air temperatures strongly
affected beech radial growth compared to the sum
of precipitation, particularly at the waterlogged
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site A. Specifically, September air temperatures
from the previous year and June temperatures from
the current year both negatively affected radial
stem growth, whereas November temperatures
from the previous year positively influenced growth
at site A. Similarly, Vacek et al. (2019a) document-
ed, that climatic factors in September of the previ-
ous year and from July to August of the current year
had a significant effect on radial growth at similar
elevations. In contrast, no significant relationship
between monthly temperatures and beech growth
was observed at acid site B. As for precipitation,
a positive effect on beech growth was detected
only in the current year. At site A, February pre-
cipitation increased growth, while at site B, May
precipitation had a similar positive effect. In Ger-
many, drought in the period June—August is the
most prominent factor limiting growth in middle
altitude (Van der Maaten 2012). In general, the
limiting factor in the lowlands is drought (lack
of precipitations), and with increasing altitude,
the positive effect of air temperatures increases,
not only for beech (Mikinen et al. 2002; Krélicek
et al. 2017; Vacek et al. 2022).

This study evaluated the influence of various wa-
ter management treatments on beech tree radial
growth and water-induced stem changes over two
years. Results show that the control plot, which had
no interventions, demonstrated the highest radial
growth of beech trees at site A. This aligns with
findings that minimal disturbance often promotes
natural moisture dynamics and root health (Tegel
et al. 2014; Scharnweber et al. 2019). Conversely,
the lowest growth occurred in the plot with a wa-
ter infiltration pit beneath a culvert, suggesting
possible disruption of soil and root zones that may
limit effective water uptake. Radial growth peaked
in early June and typically ceased by late Septem-
ber, consistent with the seasonal growth patterns
of deciduous species driven by temperature and
photoperiod changes. The months most critical for
cambium formation and annual ring growth, influ-
enced by climatic factors, are generally June and
July (Mikinen et al. 2003; Van der Maaten 2012;
Giagli et al. 2023). It also fully coincides with the
leaf area index (LAI) development, which reaches
its maximum values in mid-June and persists until
mid-September. After this period, the LAI begins
to decrease because of the beginning of leaf fall
(Cerny et al. 2019, 2020). Interestingly, substantial
stem shrinkage, particularly in March and April,

was observed mainly in the treatment with an infil-
tration pit without a culvert, indicating early-sea-
son water availability but heightened stress during
dry periods. This effect echoes findings by Brunner
et al. (2015) on how soil moisture interventions
can both benefit and challenge trees under vary-
ing conditions. Minimal differences in shrinkage
between the control and culvert treatments, with
overlapping growth curves, suggest similar mois-
ture conditions throughout the season. These find-
ings underscore the complex effects that water
management techniques can have on forest growth
dynamics, highlighting the need for further re-
search into their ecological implications. However,
no significant differences in growth or TWD were
found between the variants.

The relationship between precipitation and
sap flow is complex, yet the response of sap flow
to precipitation is notably rapid. As Weithmann
et al. (2022) observed, beech transpiration adjusts
to available precipitation. The increased transpira-
tion observed in treatments with culvert mounts
at both sites during August likely resulted from
enhanced soil water availability following elevat-
ed precipitation events at the end of July, partic-
ularly in site B where rainfall was almost double
the long-term mean. However, treatments within
culvert mounts consistently showed lower tran-
spiration rates across both sites throughout the
study period, indicating that this infrastructure
configuration may harm plant water use. This pat-
tern aligns with findings by Pretzsch et al. (2018),
who highlighted that altered soil water distribu-
tion can lead to significant changes in tree water
uptake dynamics and forest growth. Nevertheless,
the increase in transpiration during August and
September might suggest root growth into the in-
filtration space, which could be beneficial for trees
adjacent to this facility. This adaptive response
could also indicate long-term advantages in terms
of access to deeper water reserves. Studies empha-
sise the importance of sustained soil water avail-
ability for maximising forest ecosystem resilience
under changing climatic conditions (Leuschner,
Ellenberg 2021). This suppressed transpiration
in within-culvert treatments suggests possible
root zone limitations or altered soil moisture dy-
namics created by the infiltration pit that inhibit
optimal plant water uptake, despite the presence
of adequate soil moisture as evidenced by the pre-
cipitation patterns.
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This study is limited to two forest sites within
Czechia and focuses on only one tree species,
European beech, which constrains the generaliz-
ability of the findings. Additionally, a longer-term
study would be necessary to capture the full im-
pacts of technical water retention measures on ra-
dial growth, vitality, sap flow, and photosynthesis
or respiration processes over varying climate con-
ditions (Lindenmayer et al. 2012). Future research
should expand to multiple species and sites, and
assess broader physiological responses beyond ra-
dial growth, examining stand- and ecosystem-level
changes in response to water retention measures
and their interaction with climate stressors.

CONCLUSION

This experiment compared radial growth and sap
flow rates of sampled trees at two different sites
with three different technical measure treatments:
(¢) infiltration pit with culvert mouth, (i) infiltra-
tion pit without culvert, and (iii) control. The max-
imum daily transpiration rates were 120 L and 90 L
per day for sites with higher and lower precipita-
tion, respectively. Treatments with infiltration pits
under a culvert mouth consistently showed lower
transpiration rates throughout the growing sea-
son, while treatments with infiltration pits with-
out a culvert demonstrated notable seasonal stem
shrinkage and swelling, especially in early spring.
The variable transpiration rates observed in treat-
ments with a culvert mouth showed increased
values in August and September, yet this did not
correspond with increased radial growth. In the
context of radial growth, no significant differenc-
es were found between the treatments. However,
it is important to note that due to the low number
of sampled trees per treatment for transpiration
measurements, these results should be consid-
ered preliminary. Moreover, the study's findings
highlight differences in water availability between
the two sites: Site A, characterised by high annual
precipitation and heterogeneous soil with hydro-
morphic soil types, contrasts with site B, which has
approximately 25% less annual precipitation and
20% less precipitation during the growing season,
coupled with a homogeneous cambisol soil type
with lower clay content. While the study observed
limited or short-term effects of the treatments
on radial growth and physiological processes, the
effectiveness of these costly technical measures for
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improving water infiltration or soil moisture con-
ditions remains inconclusive, particularly when
comparing water-limited (site B) to water-unlimit-
ed (site A) environments. The high costs of imple-
menting water retention measures were noted;
however, the specific costs of individual technical
measures were not provided in this study, leaving
room for speculation about their economic feasibil-
ity. Despite these limitations, the findings suggest
that infiltration pits may offer localised benefits but
do not substantially enhance the resilience of Eu-
ropean beech forests to climatic challenges in the
observed settings. As resilience to drought or water
limitation was not directly evaluated, conclusions
regarding this aspect should be treated with cau-
tion. Further research with a larger sample size and
a detailed cost-benefit analysis is recommended
to determine whether such measures can effective-
ly support water-limited beech forests.
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Czechia Mountains.
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under Game Pressure and Climate Change in Czechia Mountains. Journal of

Forest Science,
Abstrakt

Buk lesni predstavuje kliCovou dfevinu stfedoevropskych lesa, ktera diky své
stinomilnosti, vysoké kvalité dfeva a schopnosti efektivnhé vyuzivat rastovy prostor
vyznamné ovliviiuje strukturu, biodiverzitu i produkéni potencial lesnich ekosystému.
Prosperita buku je v8ak v poslednich desetiletich stale vice ovliviiovana klimatickymi
zménami, zejména nedostatkem srazek a zvysSujici se teplotou, ale i zplUsoby
hospodareni. Tato publikace hodnoti vliv tfi zpusobl hospodafeni — holosecného,
podrostniho a vybérného na udrzitelnost bukovych lesl v oblasti Krusnych hor (462—
752 m n. m.) v kontextu klimatické zmény a tlaku sparkaté zvére. Cilem bylo posoudit
vliv riiznych druhG hospodareni na produkéni potencial, strukturu pfirozené obnovy,
biodiverzitu a rastové odezvy buku na klimatické zmény. Vyzkum byl realizovan na 18
trvalych vyzkumnych plochach. Analyza radialniho ristu byla provedena na 92
dominantnich jedincich buku pomoci dendrochronologickych metod. Pfirozena obnova

byla hodnocena zejména s o ohledem na druhového sloZeni a poSkozeni zvéfi.

Z hlediska produkénich charakteristik dosahly nejvysSi zasoby porosty
obhospodafované holose¢nym zplUsobem (742 m3.ha™), nasledovany vybérnymi
zpusoby (598 m3.ha™') a na zavér podrostnimi zpusoby (558 m3.ha™"). Sekvestrace
uhliku se pohybovala od 237 t.ha™ u podrostniho zplsobu po 316 t.ha™" u holose&ného
zpusobu. NejvysSi mnozstvi stromu byla zaznamenano ve vybérné varianté (488
vykazoval vybérny zplsob signifikantné nejvyssi hodnoty v osmi z deseti hodnocenych
indexu diverzity. Celkova diverzita porostu byla nejvyssi ve vybérném zplsobu (B =
6,34), ktery se vyznacoval ne stejnovékou strukturou, zatimco podrostni a holose¢ny

zpusob vykazovaly monoténni strukturu stromového patra. Hustota pfirozené obnovy
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dosahla v priméru 27 420 ks.ha™, s nejvy$Simi hodnotami u vybérného zplsobu
(31 926 ks.ha™). U v8ech zplsobu hospodareni dominoval buk, se zastoupenim 90—
94 %. Skody sparkaté zvéfe predstavovaly vazny limitujici faktor — nejvy$si poskozeni
bylo zaznamenano u vybérného zplusobu (82,4 % posSkozenych jedincu), ve srovnani
s holose¢nym (63,6 %) a podrostnim zplsobem (59,4 %). Dendrochronologicka
zaznamenan u holosecného zplsobu (1,11 mm), zatimco u podrostni varianty byl o
18% vys$Si a u vybérné o 36,9% vysSi. Mésicni teploty mély vétsi vliv na radialni rast
nez srazky. NejcitlivéjSi na klimatické faktory byl vybérny zplsob s nejvysSim poctem
stromu, zatimco podrostni zpUsob vykazoval nejmensi citlivost na klimatické extrémy

diky nizSi hustoté porostu.

Studie prokazala, Ze volba hospodafeni zasadné ovliviiuje adaptabilitu bukovych
porostl na klimatickou zménu. Vybérny zplsob se ukazal jako nejvhodnéjsi z hlediska
biodiverzity a pfirozené obnovy, ale vykazoval vysoké poskozeni zvéfi. Podrostni
zpusob prokazal dobrou odezvu na klimatické extrémy diky nizké hustoté porostu.

v v

biodiverzity.

Klicova slova: pfirozena obnova, struktura porostu, biodiverzita, radialni rist, Skody

ZVeri, stfedni Evropa
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Different Management Strategies for Sustainability of European Beech Forests
under Game Pressure and Climate Change in Czechia Mountains
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Czech University of Life Sciences Prague, Faculty of Forestry and Wood Sciences, Kamycka 129, CZ -
165 21 Prague 6 — Suchdol, Czech Republic

Abstract

The success of natural regeneration and forest dynamics is increasingly influenced by climate change,
ungulate browsing pressure, and the applied silvicultural system. In mountain regions such as the Ore
Mountains (Krusné hory) in Czechia (462—-752 m a.s.l.), where historical forest air pollution degradation
intersects with current climatic extremes, the implementation of effective silvicultural strategies is
essential. This study compares the productive potential, structure of natural regeneration, browsing
damage, and the impact of climate change on the growth of European beech (Fagus sylvatica L.) under
three different management systems: clear-cut, shelterwood, and selection systems. Carbon
sequestration in aboveground biomass ranged from 237 t ha™ (shelterwood) to 316 t ha™ (clear-cut).
The highest number of overstory trees (488 trees ha™), as well as the greatest density of natural
regeneration (31.9 thousand ind. ha™), was recorded under the selection system, which also exhibited
the highest overall species diversity and richness. The lowest browsing pressure was observed in the
shelterwood system (59.4% of seedlings damaged), compared to 82.4% in the selection system.
Dendrochronological analysis revealed that tree sensitivity to climatic variability increased with stand
density, with the selection system showing the strongest response to extreme events, and the
shelterwood system the least. The main limiting factors for beech growth were high temperatures during
the growing season (particularly in June) and low precipitation in April. This study highlights the urgent
need to adapt forest management practices to increasing browsing pressure and the increasing impacts
of climate change, such as prolonged drought and extreme temperatures. Choosing an appropriate
silvicultural system that supports natural regeneration under partial canopy cover can significantly
enhance not only the growth and vitality of beech, but also its resilience to adverse environmental
conditions.

Keywords Natural regeneration - Stand structure - Biodiversity - Radial growth - Game damage -
Central Europe

1. Introduction

European beech (Fagus sylvatica L.) is one of the most important native broadleaved tree species in Europe
(Gebller et al., 2007; Fuchs et al., 2024). It often forms monospecific stands and, under optimal silvicultural
conditions, can outcompete other co-occurring species through its high shade tolerance (Leuschner & Ellenberg,
2017). However, in recent years, global climate change (GCC)—especially a series of warm and dry summers—
has led to visible decline in some areas (Walthert et al., 2021), including significant vitality loss (Langer &
BuBlkamp, 2023). This decline represents a complex disease syndrome associated with prolonged drought, high
temperatures, and intense solar radiation (Tropf et al., 2022; Puchi et al., 2024), manifesting in reduced foliage,
loss of fine branches, crown defoliation, and increased susceptibility to fungal and insect attacks (Briick-Dyckhoff
et al., 2019; Langer, 2019). Defoliation rates frequently exceeding 50% are increasingly interpreted as evidence of
climate-induced stress (BMEL, 2023).

GCC directly affects tree vitality, and consequently forest growth, structure, and architectural complexity (Allen
et al., 2010; Vacek et al., 2023). Forest structural complexity encompasses the spatial and architectural patterns of
trees and their organs at a given time (Seidel et al., 2020; Seidel & Ammer, 2023). Therefore, forest structure must
be modified to better adapt to ongoing GCC (Brang et al., 2014). Given the relatively slow natural pace of
adaptation, forest ecosystems are particularly vulnerable to extreme climatic events (Allen et al., 2010). The
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decline of European beech poses a significant concern for forestry, as it is currently the most widespread
broadleaved species in Europe (Forest Europe, 2020).

One potential way to enhance the resilience of beech-dominated forests to climatic extremes is through structural
modifications using targeted silvicultural measures (Mathes et al., 2024). It is widely assumed that structurally rich
forests are better adapted to GCC (Vacek et al., 2023). Likewise, Seidel and Ammer (2023) have shown that multi-
layered beech stands are more resistant to climatic stress. Positive effects of creating multi-layered beech forests
through thinning have also been confirmed by Bosel'a et al. (2016, 2021). Thinning has demonstrated beneficial
effects on tree growth, mortality, and vitality (Gebhardt et al., 2014; Sohn et al., 2016a), primarily due to its role
in mitigating drought stress for residual trees (Martin-Benito et al., 2010; Sankey & Tatum, 2022), enhancing soil
water availability and promoting root development (Sohn et al., 2016b; Gavinet et al., 2019). However, intensive
thinning in beech stands may reduce structural differentiation and diminish the buffering capacity of the forest
microclimate, thereby increasing vulnerability to temperature and moisture extremes (Ehbrecht et al., 2017; Thom
etal., 2020). Such stands are often affected by bark necrosis and crown defoliation (Mathes et al., 2024). In addition
to thinning, silvicultural systems (clear-cut, shelterwood, selection) also substantially influence stand structure
(Brunet et al., 2010; Brang et al., 2014). In the context of GCC, close-to-nature, continuous cover forestry is
considered most appropriate (Poleno et al., 2009; Pokorny, 2018). For instance, Dobrovolny (2018) recommends
integrating elements from both selection and clear-cut systems, aligning with the Dauerwald concept introduced
by Moller (1922).

Forest productivity and stability under GCC largely depend on trees species composition, site conditions, and stand
age (Rotzer et al., 2010; Vangi et al., 2024a, 2024b), all of which are shaped by historical and current forest
management. According to Collalti et al. (2018) and Dalmonech et al. (2022), monospecific stands in Europe may
no longer sustain current rates of carbon sequestration and biomass production under GCC when managed
conventionally. However, the same studies indicate that active forest management still enables greater biomass
accumulation than unmanaged, natural succession forests (Saponaro et al., 2025). Ecologically based active forest
management is thus becoming a crucial strategy for mitigating climate warming impacts, maintaining current
levels of primary productivity, preserving or adjusting species composition, and promoting more resilient and
productive species (Nole et al., 2015; Vacek et al., 2023; Vangi et al., 2024b).

In submontane and montane zones, natural regeneration is often heavily impaired by browsing damage from
ungulates (Vacek et al., 2018; Cukor et al., 2019; Prokiipkova et al., 2020; Vacek et al., 2020a; Fuchs et al., 2021;
Brabec et al., 2024). Terminal bud browsing has particularly negative effects on growth (Schulze et al., 2014),
limiting height increment, vitality, and the long-term survival of seedlings (Ammer, 1996; Vacek et al., 2014).
Species-selective browsing by ungulates often alters tree species composition, especially to the detriment of
palatable admixed broadleaved species and silver fir (4bies alba Mill.) (Motta, 2003; Kondpka & Pajtik, 2015;
Vacek et al., 2015a; Slanaf et al., 2017). Both human activity and game pressure reduce tree species diversity,
resulting in a simplified canopy structure (Poleno et al., 2009), which in turn affects the stability and vitality of the
forest ecosystem. Heterogeneous ecosystems tend to show greater productivity in later successional stages
compared to monocultures (Pretzsch et al., 2010; Danescu et al., 2016; Zeller & Pretzsch, 2019). Moreover, mixed
and structurally rich forests are more resilient to GCC, including increased mean annual temperatures, irregular
precipitation patterns, and more frequent climatic extremes (Pretzsch et al., 2013; Seidl, 2017; Ammer, 2019;
Vacek et al., 2020b, 2023).

The aim of this research is to assess the effect of different silvicultural systems (clear-cut, shelterwood, and
selection) in beech forests of the Ore Mountains (Czechia) on their adaptability to GCC, with emphasis on: (i) the
productive potential and carbon sequestration of the overstory, (ii) the structure and diversity of the tree layer, (iii)
the quantitative and qualitative parameters of natural regeneration in relation to browsing damage, and (iv) the
radial growth of beech and its sensitivity to climatic variables.

2. Material and Methods
2.1. Study area

The study area consisted of 18 forest stands located in the Ore Mountains (Krusné hory), at elevations
ranging from 462 to 751 m a.s.l. in Czechia (Fig. 1). The mean air temperature was approximately
5.9 °C, with an average annual precipitation total of 780 mm. The highest average temperature occurred
in July (15.2 °C), while the lowest was recorded in January (-3.4 °C). Monthly precipitation ranged from
a minimum of 49 mm in February to a maximum of 87 mm in June (based on data from the Czech
Hydrometeorological Institute, 1961-2023). The study area falls within a humid continental climate zone
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(Dfb), characterized by warm to hot, humid summers and cold to severely cold winters, according to the
Kdéppen climate classification (Képpen, 1931). The prevailing soil type was modal Cambisol, with a
geological bedrock composed mainly of crystalline schists and granites. The slope gradient ranged from
9° to 31°.
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Fig. 1. Localization of 18 European beech stands on experimental plots in the Krusné hory Mts., with
three distinctly applied silvicultural systems ( A clear-cut, mshelterwood, eselection), and mean monthly
climatic values (1961-2023).

The studied forest stands, dominated by European beech with a share exceeding 90%, ranged in age
from 121 to 221 years and had stand densities (stocking levels) between 4 and 10. In terms of forest
management, the dataset included six permanent research plots managed under the selection system,
six plots under the shelterwood system, and six plots representing homogeneous stand structure under
clear-cut management. Other tree species occurring in the upper canopy layer with a combined share
of up to 10% included Norway spruce [Picea abies (L.) Karst.], silver birch (Betula pendula Roth.),
sycamore maple (Acer pseudoplatanus L.), sessile oak [Quercus petraea (Matt.) Liebl.], Scots pine
(Pinus sylvestris L.), European ash (Fraxinus excelsior L.), and European larch (Larix decidua Mill.).
From a typological perspective, the study sites were classified within the Trophicum series (Eutrophica,
Mesotrophica, and Fastigiosa-lapidosa mesotrophica categories), the Acidophilum series (Acidophila
category), and the Acerosa series (Acerosa lapidosa category) (Viewegh et al. 2003). Further
information on the permanent research plots (PRPs) and forest stands is provided in Tab. 1.

Tab. 1. Overview of basic site and stand parameters of permanent research plots 1-18 in Krudné hory
Mts. according to Forest Management Plan.

Altitude Expo- Slope Forest Stand volume Age Stoc-
Forest

PRP GPS coordinates
Management

(mn.m.)  sure () site type (m® ha™) (y) king
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1 50°30'08"N, 13°19'30"E Clear-cut 523 E 17 5F 260 134 8

2 50°21'40"N, 13°03'05"E Clear-cut 738 SW 11 5B 485 121 7
3 50°21'30"N, 13°02'52"E Clear-cut 655 SW 19 5A 486 130 5
4 50°30'02"N, 13°19'01"E Clear-cut 651 S 15 5K 493 123 10
5 50°34'49"N, 13°30'00"E Clear-cut 730 SW 15 5K 368 172 9
6 50°36'37"N, 13°35'56"E Clear-cut 462 w 12 3K 269 221 5
7 50°21'45"N, 13°03'20"E ~ Shelterwood 731 NE 17 5A 449 131 7
8 50°21'42"N, 13°03'25"E ~ Shelterwood 725 E 19 5A 449 131 6
9 50°31'01"N, 13°18'23"E ~ Shelterwood 594 SW 18 5B 441 130 5
10 50°31'37"N, 13°17'41"E  Shelterwood 751 SW 9 6K 326 157 7
11 50°35'49"N, 13°30'04"E ~ Shelterwood 680 SW 10 6S 387 184 6
12 50°37'38"N, 13°40'"12E  Shelterwood 523 E 25 4F 310 174 4
13 50°21'34"N, 13°02'47"E Selection 672 SW 12 5A 429 177 8
14 50°30'51"N, 13°24'42"E Selection 501 w 17 3S 159 175 4
15 50°30'48"N, 13°24'43"E Selection 504 w 22 3S 159 175 4
16 50°31'40"N, 13°25'38"E Selection 556 N 12 3K 179 145 5
17 50°31'22"N, 13°18'32"E Selection 752 E 31 6S 224 221 5
18 50°31'25"N, 13°18'32"E Selection 735 E 31 6S 224 221 5

Notes: 3S - Nutrient-medium Beech site (Fagetum mesotrophicum), 3K - Acidic Oak-Beech site (Querceto-Fagetum acidophilum),
4F - Slope-stony Beech site (Fagetum lapidosum mesotrophicum), 5K - Acidic Fir-Beech site (Abieto-Fagetum acidophilum), 5F -
Slope-stony Fir-Beech site (Abieto-Fagetum lapidosum mesotrophicum), 5A - Stony-colluvial Sycamore-Beech site (Acereto-
Fagetum lapidosum), 5B - Nutrient-rich Fir-Beech site (Abieto-Fagetum eutrophicum), 6S — Nutrient-medium Spruce-Beech site
(Piceeto-Fagetum mesotrophicum), 6K - Acidic Spruce-Beech (Piceeto-Fagetum acidophilum) (Viewegh et al. 2003)

2.2. Data collection

To assess the structure and productivity of the tree layer, one PRP measuring 25 x 25 m (625 m?) was
established in each of the 18 forest stands in 2022. FieldMap technology (IFER, Czechia) recorded
positions of all individual trees with diameter at breast height (dbh) = 4 cm, and their crown projection
was measured in four directions. The dbh was measured with a Mantax Blue calliper (Hagl6f, Sweden)
with an accuracy of 1 mm, and the height of the individual trees and the height of the live crown base
with a Vertex laser hypsometer (Haglof, Sweden) with an accuracy of 0.1 m.

For the analysis of radial growth, core samples of European beech were obtained from the trees with a
Pressler auger (Haglof, Sweden) at a height of 1.3 m in the direction up/down the slope. From each
variant by its forest management, 36 core samples from the pre-dominant and dominant trees according
to the Kraft classification (Kraft, 1884) were randomly (RNG function, Excel) taken as the significant
growth response (compared to sub-dominant and suppressed trees; Remes et al., 2015). All these
selected trees only come from the upper tree storey with a registration value of dbh over 30 cm. Six
beech core samples were taken from each PRP (108 samples total, 92 samples analyzed). The annual
increments of the tree rings were then measured with an accuracy of 0.01 mm using an Olympus
binocular microscope on a LINTAB measuring table and recorded in TsapWin software (Rinntech).
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To quantify the quantitative and qualitative parameters of natural regeneration, five experimental square
plots measuring 3 x 3 m (totaling 45 m?) were randomly established within each PRP using coordinate-
based RNG. In total, natural regeneration was measured on 90 experimental plots. On each plot,
individual seedlings ranging from 10 cm in height up to a dbh <7 cm were measured. Additionally, the
following data were recorded for each individual: number of recruits, tree species, height, silvicultural
quality (assessed only for individuals taller than 1 m on a scale from 1 to 4), browsing status (old, new,
repeated, no damage), and type of damage (terminal, lateral, both, or none). Height was measured
using a measuring rod to the nearest centimeter.

The evaluation of the silvicultural quality of recruits was performed according to the following scale:

1. astraight vital individual without forking showing good height growth and representing the future
basic element of the stand,

2. a slightly curved individual or individual with slight branching, which, if necessary, can still
replace an individual with quality 1, good growth again,

3. a crooked branched individual unsuitable for future growth from the silvicultural point of view,
shows irregular or poor growth,

4. a severely deformed or highly forked individual showing minimal to zero growth or dying
individual with the typical “bonsai appearance”.

2.3. Data analysis

The basic structure, diversity, and production characteristics of the tree layer were calculated by the
SIBYLA Triquetra 10 software using tree-level and spatially explicit data set (Fabrika, Dursky, 2005;
Fabrika et al., 2018) based on our measurements. All collected dendrometric parameters of individual
trees (see Data collection section) were used as input data (tree species, coordinates, height, dbh,
crown width, live crown base, age). The crown width was derived from the measured area of the crown
projection. The volume of trees was calculated by the volume equations published in Petras and Pajtik
(1991). Crown closure (CC; Crookston and Stage, 1999), and the relative stand density index (SDi;
Reineke, 1933) were then calculated from the measured stand density indicators. The relative SDI was
calculated as the ratio of the actual value of the stand density index to its maximum value. The stand
density index represents the theoretical number of trees per hectare, if the mean quadratic diameter of
the stand component were equal to 25 cm (Reineke, 1933). The maximum SDI value was derived from
the model of yield tables [for beech 1,050 trees; Halaj, 19871].

In terms of species diversity, indices of species richness (Margalef 1958), species heterogeneity
(Shannon 1948) and species evenness (Pielou 1975) were calculated for each PRPs for natural
regeneration and tree layer (Table 2). The vertical structure was evaluated according to the Gini index
(Gini, 1921) for natural regeneration and according to Arten-profile index (Pretzsch, 2006) and vertical
diversity (Jaehne, Dohrenbusch, 1997) for tree layer. Horizontal structure of the trees on PRPs was
calculated the aggregation index (Clark, Evans, 1954). Structural diversity was also evaluated based on
the structural differentiation of the stand using the indices of diameter and height differentiation (Fuldner,
1995) and crown differentiation (Jaehne, Dohrenbusch, 1997). Last but not least, the stand diversity
index was calculated in terms of complex biodiversity (Jaehne, Dohrenbusch, 1997). Total diversity is
composed of the following components of diversity: tree species diversity, diversity of vertical structure,
diversity of tree spatial distribution, and diversity of crown differentiation. The input variables are the
number of tree species, maximum and minimum tree species proportion, maximum and minimum tree
height, maximum and minimum tree spacing, minimum height to crown base, and minimum and
maximum crown diameter. The equations of diversity indices are given in Vacek et al. (2020).
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Tab. 2. Overview of indices describing the stand diversity and their common interpretation.

Criterion Quantifiers  Label Reference Evaluation
Species Richness D (Mi) Margalef (1958) minimum D = 0, higher D = higher values
diversit
y Heterogeneity  H’ (Si) Shannon (1948) minimum H’ = 0, higher H” = higher values
Evenness E (Pii) Pielou (1975) range 0-1; minimum E = 0, maximum E = 1
Horizontal Aggregation R (C&Ei)  Clark and Evans, mean value R = 1; aggregation R < 1; regularity R > 1
structure index (1954)
Vertical Arten-profile A (Pri) Pretzsch (2006) range 0-1; balanced vertical structure A <0.3;
structure index selection forest A > 0.9
Vertical div. S (J&Di) Jaehne and low S < 0.3, medium S = 0.3-0.5, high S = 0.5-0.7,
Dohrenbusch (1997)  very high diversity S > 0.7
Structure Diameter dif. TMa (Fi) ; range 0-1; low TM < 0.3; very high differentiation TM
differentiation o _ Fildner (1995) g Ve g
Height dif. ™, (Fi) :
Crown dif. K (J&Di) Jaehne and low K < 1.0, medium K = 1.0-1.5, high K= 1.5-2.0,
Dohrenbusch (1997)  very high differentiation K > 2.0
Complex Stand diversity B (J&Di) Jaehne and monotonous structure B < 4; uneven structure B = 6—
diversity Dohrenbusch (1997)  8; very diverse structure B > 9

Dendrochronological data were processed in R software (Team R Core, USA) using the “dplr” package
(Zang et al. 2018). Detrending of each tree was performed by negative exponential detrending with an
inserted spline of 1/3 of the age of each tree using dplr instructions (Bunn and Mikko 2018). Such
detrending removes the age trend while maintaining low-frequency climate signals (Cook et al. 1990;
Shumilov et al. 2011). The expressed population signal (EPS) was calculated for the detrended data.
The EPS represents the reliability of a chronology as a fraction of the joint variance of the theoretical
infinite tree population. The limit for using the data for comparison in relation to the climatic data was a
significant EPS threshold so that EPS > 0.85 (Bunn and Mikko 2018). We also calculated the signal to
noise ratio (SNR) that represents the signal strength of chronology (Fritts 1976). The analysis of negative
pointer years was carried out as shown in Schweingruber (1996). For each tree, the pointer year was
tested as an extremely narrow tree ring that does not reach 40% of the increment average from the four
preceding years (Schweingrub et al. 1990). The occurrence of the negative year was proved if a strong
reduction in increment occurred in at least 20% of the trees on the plot.

Excel software (Microsoft, USA) was used for basic the creation of graphs of species composition and
diameter and height distribution. Statistica 13 (Tibco, USA) was used for statistical analyses. Data were
first tested by the Shapiro-Wilk normality test and then by the Bartlett variance test. When both
requirements were met, the differences between the examined parameters were tested by an analysis
of variance (ANOVA) followed by Tukey HSD test. If normality and variance were not met, the
investigated characteristics were tested by the nonparametric Kruskal-Wallis test. Fluctuations in beech
radial growth, in terms of the management variants, were evaluated by spectral analyses that were used
to identify the dominant periods/ frequencies (cyclical behavior) of a time series. Spectral analyses for
indexed (detrended) radial growth were also performed with Statistica 13 software. The calculation was
performed with the “Single Fourier (Spectral) Analysis” function, using the output “Periodogram” plot by
“Period”.

3. Results

3.1. Stand structure and production potential

Significant differences in the assessed dendrometric parameters were found among the three
silvicultural systems, specifically in dbh, tree height, mean stem volume, stem density, crown closure,
and SDI (Table 3). The most significant difference (p < 0.001) was observed in the number of trees per
hectare, with the highest density recorded in the selection system (488 trees ha™), followed by the clear-
cut system (253 trees ha™), and the lowest in the shelterwood system (141 trees ha™). Average tree
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height of the overstory also differed significantly (p < 0.001), with the tallest trees found in the
shelterwood system (27.0 m), followed by clear-cut stands (25.3 m), and the shortest in the selection
system (14.7 m). Similarly, the highest mean dbh was observed in the shelterwood variant (60.9 cm),
while the lowest was in the selection system (37.5 cm). No statistically significant differences (p > 0.05)
were detected in basal area or stand volume among the management types. The highest basal area
was recorded in the clear-cut variant (56.1 m? ha™), followed by the selection (53.2 m* ha™) and
shelterwood (39.9 m? ha™) systems. In terms of stand volume, the clear-cut variant had the highest
value (742 m?® ha™), while the shelterwood and selection systems had 24.8% and 19.7% lower volumes,
respectively. Biomass and carbon sequestration values reflected the stand volume, with the highest
values again observed in the clear-cut system (607 t ha™" and 316 t C ha™", respectively). Crown closure
and SDI were significantly lower (p < 0.01-0.05) in the shelterwood system compared to the other
management types.

Tab. 3. Structural and production characteristics of the stand on permanent research plots (average
value over all PRPs) differentiated by the forest management variants in 2022; significant (p < 0.05)
differences between values are indicated by different letters, with the significantly highest values are
highlighted in bold, P-values in bold depict statistically significant results.

Variant dbh h v N BA \" HDR CC sDI BIO Cc
(cm) (m) (m?3) (trees ha™) (m2ha'!) (m®ha'") (%) (th") (th

Clear-cut 55.5b 25.3b 3.43ab 253a 56.1a 742a 458a 97.1b 0.80b 607a 316a

Shelterwood 60.9b 27.0b 4.28b 141a 39.9a 558a 453a 91.7a 0.54a  454a 237a

Selection 37.5a 14.7a 1.25a 488b 53.2a 598a 39.4a 97.8b 0.87b  497a 259a

Testing for differences [ANOVA - F (;15; Kruskal-Wallis test — H (2, n = 15)]
Test AN KW KW AN AN KW AN KwW AN KW KW
P-value <0.01 <0.001 <0.05 <0.001 0.189 0.378 0.246 <0.01 <0.05 0.367 0.368

Notes: n — number of plots in one variant, dbh — mean quadratic diameter at breast height, h — mean height, v — mean tree volume,
N — number of trees per hectare, BA — basal area, V — stand volume, HDR — slenderness coefficient, CC — canopy closure, SDI
— relative stand density index (stocking), BIO — biomass in dry matter, Cgio — carbon sequestration in biomass

Fig. 2 illustrates distinct diameter structure patterns among the different silvicultural systems. The
selection system shows a decreasing exponential trend that closely follows a Liocourt distribution,
with the highest proportion of trees in the smallest diameter class of 7-15 cm (208 trees ha™). In
contrast, both the clear-cut and shelterwood systems exhibit Gaussian-shaped diameter
distributions. In the clear-cut system, the dominant diameter class is 47-55 cm (56 trees ha™),
whereas in the shelterwood variant, it is 55—-63 cm (29 trees ha™), where the overall tree density is the
lowest. The largest recorded tree, with a dbh of 105.4 cm, was found in the selection system.
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Fig. 2. Diameter structure of forest stands according to forest management variants in the Krusné hory
Mts. in 2022.

3.2. Biodiversity of tree layer

Out of ten evaluated indicators of canopy layer diversity, eight showed significantly higher values (p <
0.01-0.05) on PRPs managed under the selection system (Tab. 4). No significant differences among
management variants were found in horizontal structure, which was random in all cases, or in vertical
diversity. Species diversity—in terms of richness, evenness, and heterogeneity—was very low under
the clear-cut and shelterwood systems, whereas it reached moderate levels under the selection system.
Vertical diversity was moderate in the clear-cut and shelterwood systems, while it was high (according
to the A index) to very high (according to the S index) under the selection system. A similar pattern was
observed in structural differentiation, with the highest diversity recorded in the selection system, followed
by the clear-cut and finally the shelterwood variants. In terms of overall stand diversity, the canopy
structure was monotonous under the shelterwood (B = 2.39) and clear-cut systems (B = 3.13).
Significantly (p < 0.01) the highest composite structural diversity was found in the selection system,
which exhibited an uneven-aged and heterogeneous stand structure (B = 6.34).

Tab. 4. Indicators of stand biodiversity on permanent research plots (average value over all PRPs)
differentiated by the forest management variants in 2022; significant (p < 0.05) differences between
values are indicated by different letters, the significantly highest values are highlighted in bold, P-values
in bold depict statistically significant results.

Variant D H’ E R A S TMqy TM, K B

(Mi) (Si) (Pii) (C&Ei) (Pri) (J&Di) (Fi) (Fi) (J&Di) (J&Di)

Clear-cut 0.09ab 0.07ab 0.16ab 1.04a 0.42a 0.44a 0.27a  0.17a 0.71a 3.13a

Shelterwood 0.03a 0.01a 0.02a 0.95a 0.33a 0.33a 0.23a 0.13a 0.65a 2.39a

Selection 0.33b 0.24b 0.45b 1.11a 0.51a 0.82b 0.40b  0.33b 1.76b 6.34b

Testing for differences [ANOVA - F ; 15; Kruskal-Wallis test — H (2, n = 1g)]
Test KW KW KW AN AN KW AN KW KW KW
P-value <0.05 <0.05 <0.05 0.725 0.164 <0.001 <0.01 <0.01 <0.01 <0.01

Notes: D — species richness, H" — species heterogeneity, E — species evenness, R — aggregation index, A — Arten-profile index, S — vertical diversity,
TMq — index of diameter differentiation, TMn — index of height differentiation, K — crown differentiation, B — stand diversity index
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3.3. Density and diversity of natural regeneration

The average density of natural regeneration across all PRPs reached 27,420 ind. ha™. A significantly
higher mean density (p < 0.05) was found under the selection system (31,926 ind. ha™), whereas the
shelterwood variant exhibited a 4,963 ind. ha™ lower density, and the clear-cut system even 8,556 ind.
ha™ lower (Tab. 5). Significant differences were also observed in the average height of regeneration (p
< 0.01) and browsing damage (p < 0.05). The lowest mean regeneration height was recorded in the
clear-cutting variant (55 cm), being 16.6% lower under the shelterwood system and 34.5% lower under
the clear-cutting system compared to the selection system. No significant differences (p > 0.05) were
found among management variants in terms of silvicultural quality. Regarding species diversity, a
significant difference (p < 0.05) was detected only in species heterogeneity, with the highest values
found under the selection system.

Table 5. Parameters of natural regeneration on permanent research plots (average value over all PRPs)
differentiated by the forest management variants in 2022; significant (p < 0.05) differences between
values are indicated by different letters, the significantly highest values are highlighted in bold, P-values
in bold depict statistically significant results.

Variant h N Beech Quality Damage D H” E
(cm) (recruits ha™) (%) (%) (Mi) (Si) (Pii)
Clearcut 55a 23 370a 91.1a 2.04a 63.6a 0.01a 0.34ab 0.36a
Shelterwood 70ab 26 963ab 93.8a 2.25a 59.4a 0.01a 0.26a 0.25a
Selection 84b 31 926b 90.2a 2.20a 82.4b 0.01a 0.42b 0.30a
Testing for differences [ANOVA — AN; Kruskal-Wallis test — KW]
Test KW KW AN AN AN KW KW KW
P-value <0.01 <0.05 0.768 0.621 <0.05 0.792 <0.05 0.379

Notes: n — number of plots in one variant, h — mean height, N — number of recruits per hectare, Beech — share of beech in
regeneration tree species composition, Quality — silviculture quality, Damage — share of damage by game browsing, D — species
richness, H™ — species heterogeneity, E — species evenness

In all three management variants, natural regeneration was dominated by European beech, accounting
for 90% in the selection system, 91% in the clear-cut system, and 94% in the shelterwood system. In
the clear-cut variant, beech occurred alongside European ash (6%) and sycamore maple (2%), although
the admixture of these species was recorded on only a single PRP. In the shelterwood variant, silver
birch, rowan, and sycamore maple occurred in minor proportions (a total of 6%). The selection system
exhibited the highest species diversity in regeneration, with beech accompanied by sycamore maple
(6%), rowan (2%), and European ash (2%), while the overstory also included sessile oak, Norway
spruce, and silver birch. The composition of tree layer generally reflected the natural regeneration, with
European beech dominating (70—-100%), followed by Scots pine (up to 20%), sycamore maple (up to
11%), sessile oak (up to 8%), and other species. The shelterwood system was the most species-poor,
with beech being nearly the sole component of both the overstory and the regeneration layer. Overall,
species diversity was higher in the overstory compared to natural regeneration in both the selection and
clear-cutt variants.
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Fig. 3. Tree species composition of natural regeneration (according to numbers) and tree layer
(according to stand volume) on permanent research plots (average value over all PRPs) differentiated
by the forest management variants in 2022.

The average height of natural regeneration across all PRPs was 71 cm, with the dominant European
beech reaching a mean height of 75 cm. The highest regeneration values were recorded in the selection
variant (84 cm), where individuals exceeding 300 cm in height (dbh < 7 cm) were also present, while
the lowest values were found in the clear-cut variant (55 cm). The height distribution of European beech
showed the greatest representation in the 2040 cm class in both the clear-cutt and shelterwood
variants, whereas in the selection system a substantial proportion of taller individuals was also observed,
particularly in the class above 140 cm (14,100 ind. ha-') — (Fig. 4). All variants exhibited a decline in
beech density with increasing height, with the clear-cut variant showing a decrease of approximately
2,500 ind. ha' for each higher height class. Other tree species (birch, rowan, maple, ash) were mostly
presentin height classes below 40 cm, occasionally in higher classes. Among these, silver birch reached
the greatest average height (85 cm), while the others reached only about 20-23 cm. The selection
variant was characterized not only by greater height variability of beech but also by a higher
representation of admixed species across all height classes.
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Fig. 4. Height structure of natural regeneration of European beech and other tree species on permanent
research plots (average value over all PRPs) differentiated by the forest management variants in 2022.

3.4. Game damage and quality of natural regeneration

In terms of browsing damage, significantly (p < 0.05) the highest proportion of regeneration affected by
game was observed in the selection variant (82.4%) compared to the clear-cut (63.6%) and shelterwood
variants (59.4%) — (Tab. 5). New browsing damage occurred most frequently in the selection variant
(13.4%), and least in the shelterwood variant (2.8%). The most heavily browsed species was European
ash (98.0%), followed by rowan (88.1%) and sycamore maple (72.0%). European beech showed a
browsing incidence of 68.5%. The status and type of browsing damage were also strongly influenced
by the height structure of the regeneration (Fig. 5). Most regeneration individuals were found in the
height classes of 20—80 cm, where old damage dominated, particularly terminal and lateral browsing
(up to 8,400 ind. ha-'). Regarding new damage, game preferred regeneration in the 20—40 cm height
class, where terminal damage was also most frequent. Undamaged individuals were most abundant in
the class above 120 cm (7,300 ind. ha™'). These results indicate that browsing intensity is strongly
dependent on the height of the regenerating individuals.
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Fig. 5 a,b. Height structure of natural regeneration of European beech according to the status a) and
type b) of game browsing on permanent research plots (average value over all PRPs) in 2022.
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The average height of natural regeneration was also significantly (p < 0.01) influenced by the type and
status of browsing damage. The highest mean regeneration height was recorded in individuals with old
damage (82 cm), followed by those with repeated damage (70 cm), and significantly (p < 0.05) the
lowest height was observed in individuals with new damage (46 cm). In undamaged individuals, the
mean height of regeneration was 66 cm. From the perspective of damage type, significantly (p < 0.05)
the tallest regeneration occurred in cases of lateral browsing (107 cm), followed by combined terminal
and lateral damage (73 cm), while the lowest average height was found in regeneration affected by
terminal browsing only (49 cm).
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Fig. 6 a,b. The status a) and type b) of game browsing in relation to the height of natural regeneration
on all permanent research plots in 2022; error bars indicate standard error; significantly (Kruskal-Wallis
test, p < 0.05) different values are designated by different letters

3.5. Dynamics of beech radial growth

Tab. 6 shows a comparable age structure of the studied trees across the different silvicultural variants.
The lowest radial growth was recorded in the clear-cut variant (1.11 mm), while in the shelterwood
variant it was 18.0% higher (1.31 mm), and in the selection system even 36.9% higher (1.52 mm).
Regarding growth variability, the lowest variation was found in the shelterwood system, whereas the
other two variants showed similar levels of variability. The EPS in all variants indicated a strong
dendrochronological signal (EPS > 0.91). The highest number of NPYs characterized by extremely low
radial growth occurred in the selection system, whereas the shelterwood system showed the fewest
such years. In general, the frequency of NPYs has increased with accelerating climate change | last
years. A common NPY for all silvicultural systems was the year 2018, which was marked by historically
the warmest April and May (+4.8 °C and +3.5 °C above the long-term average) and low precipitation.
Similarly, the year 2011 was also a common NPY, characterized by above-average air temperatures
and substantial temperature fluctuations in the early months (January, February).

Tab. 6. Characteristics of basic tree-ring chronologies of European beech pre-dominant and dominant
trees on permanent research plots differentiated according to the forest management variants (in years
1971-2021).

Variants Cores Age min—-max
RWI SD EPS SRN Negative pointer years
(n) (years)
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Clear-cut 30 106-144 1.1 0.37 0.91 11 2011, 2018, 2020

Shelterwood 31 110-189 1.31 0.22 0.94 12 2011, 2018

1978, 2004, 2011, 2018,

Selection 31 100-136 1.52 0.39 0.93
2019

Notes: Cores — number of analyzed core samples, Age — minimum and maximum age of cores, RW mean — mean tree-ring width,
RWI SD - standard deviation of ring width index, EPS — expressed population signal, SNR — signal to noise ratio, NPY — negative
pointer years with significantly extreme low radial growth
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Fig. 7. Standardized mean chronology of European beech differentiated according to the forest
management variants in 1971-2021 after removing the age trend expressed by the tree-ring index;
negative years are highlighted with a black arrow.

3.6. Effect of climate on beech radial growth

Monthly temperatures had a greater influence on the radial growth of beech compared to precipitation
(11 significant months vs. 4 months) — (Fig. 8). Precipitation generally had a prevailing positive effect,
especially in early spring of the current year. In contrast, temperatures showed a dominant negative
effect, particularly during the growing season of the current year. Overall, the most important month in
terms of climatic factors was June for temperature and April for precipitation. Weather conditions in the
current year had a significantly higher impact on radial growth compared to the previous year. From a
management perspective, the least sensitive variant to the influence of the studied climatic factors
(especially precipitation) was the selection system variant with the highest number of trees, whereas the
shelterwood variant with the lowest density showed the fewest significant months. In the clear-cut
variant, temperatures had only a negative effect on growth, while in the other management variants,
positive months were also detected.
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Fig. 8. Coefficients of correlation of the regional residual index tree-ring width chronologies of European
beech with monthly average air temperature (upper graph) and monthly sum of precipitation (lower
graph) differentiated according to forest management variants; the period from April of the preceding
year (capital letters) to September of the current year (lower-case letters) during the period 1971 to 2021
was used for all correlation analyses presented; correlation values are displayed only if a significance
level corresponding to p < 0.05 was reached.

4. Discussion

4.1. Production potential a biodiversity of tree layer

Significant differences in dendrometric parameters were observed among the different management
regimes, specifically in dbh, tree height, mean stem volume, tree density, crown closure, and stand
density. In terms of stand volume, the highest value was found under the clear-cutt regime (742 m?
ha™), while the shelterwood system had a 24.8% lower volume (558 m® ha™), and the selection system
was 19.7% lower (598 m? ha™"). For comparison, beech stands across an altitudinal gradient in the
Krkono3e Mts. showed volumes ranging from 362 to 822 m*® ha™ (Fuchs et al., 2025). Lower values
have been reported by Vacek et al. (2015) in other parts of the Krkonose Mts. (218-416 m® ha™), and
similarly by Kralicek et al. (2017) in the Orlické hory Mts. and Slanaf et al. (2017) in the nearby Jizerské
hory Mts. (497-604 m® ha™") in Czechia. Fuchs et al. (2021) reported average volumes of other mature
beech stands in the Krusné hory Mts. around 300 m*® ha™, which corresponds broadly to the stand
volumes described by Condés (2013). In the Apennines, Alessandrini et al. (2011) documented stand
volumes between 545 m*® ha™ in Valle Cervara and 715 m® ha™ in Coppo del Principe. Even higher
variability, ranging from 411 to 805 m?® ha™", was found by Kucbel et al. (2012) across seven sites in the
northwestern Carpathians. According to Fuchs (2024), structural parameters of mature beech stands
have been reported in 19 studies across Europe, with volumes ranging from 64 to 1237 m® ha™" (mean
585 m? ha™). The lowest volumes were observed in Czechia (Fuchs, 2021), and the highest in Ukraine
(Trotsiuk et al., 2012).

The productivity and structural parameters of beech stands—such as tree number, height, dbh, basal
area, increment, and carbon sequestration—are strongly influenced by stand age, developmental stage,
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disturbance regime, vertical gradient and associated climatic and edaphic conditions, ungulate pressure,
and especially silvicultural management (Vacek & Hejcman, 2012; Kucbel et al., 2012; Rugani et al.,
2013; Vannoppen et al., 2019; Vacek et al., 2021; Cerny et al., 2024; Fuchs et al., 2024). In our study,
carbon sequestration in tree biomass ranged from 237 t ha™ in the shelterwood regime to 316 t ha™
under clear-cut system. This parameter is key in the context of climate change mitigation (Nunes et al.,
2020; Vacek et al., 2023).

In terms of overstorey biodiversity, eight out of ten evaluated diversity metrics showed significantly
highest values under the selection system. Overall stand diversity was greatest in the selection system,
which featured an uneven-aged structure, whereas the shelterwood and clear-cut systems showed a
more homogeneous canopy layer. Slightly higher overstorey diversity of beech was reported by Vacek
et al. (2014) in the Broumov region (Czech-Polish border), where uneven structures were also found in
shelterwood and clear-cut stands, and a relatively rich structure in selection stands. These results are
consistent with the findings of Schall et al. (2020), who demonstrated that even-aged beech forests in
different developmental stages promote the highest regional diversity. Schall et al. (2018) concluded
that forest management fostering high environmental heterogeneity across stands supports biodiversity
more effectively than passive, unmanaged forests. Conversely, Bruun and Heilmann-Clausen (2021)
argue that only unmanaged beech forests—characterized by a continuous supply of old-growth
structural elements—can maintain dense populations of relict “primeval forest species” (Eckelt et al.,
2018), thus playing a vital role as biodiversity reservoirs for the surrounding managed landscape.

4.2. Structure of natural regeneration and game pressure

Density of natural regeneration on the monitored plots averaged 27,420 (23,370 — 31,926) ind. ha™!, with the
highest density observed in the selection variant and the lowest in the clear-cut variant. Similar values were
reported, for example, by Korpel’ (1978), who recorded approximately 25,000 ind. ha™" three years after the onset
of natural regeneration in natural beech forests in Slovakia at altitudes between 600 and 760 m. For the successful
development and growth of natural beech regeneration, he concluded that the minimum number of recruits should
be 20,000 ind. ha™. Comparable values were reported by Meyer et al. (2003) in natural beech forests in Albania,
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 the Vodéradské Buciny Nature Reserve in Central Bohemia. High abundance of natural regeneration
has been documented in beech-dominated stands in other locations in Czechia and other countries. For example,
in the Orlické hory Mts., natural regeneration reached 37,200 ind. ha™ (Vacek et al. 2014), 41,700 ha™ in the
Jizerské hory Mts. (Slanat et al. 2017), 76,700 ind. ha™ in the Krkonose Mts. (Vacek et al. 2017b), 100,200 ind.
ha™" in the Broumov region (Hajek et al. 2020), and 27,300 ind. ha™" in Tworylczyk, Poland (Jaworski et al. 2002).
Significantly lower natural regeneration density (3,200 ind. ha™) was reported by Oheimb et al. (2005) from near-
natural beech forests in northeastern Germany.

Variability in density and height of natural regeneration in our study primarily depended on the stand canopy
closure and the distribution and size of gaps compared to the closed canopy, i.e., the light conditions within the
stand. The average height of natural regeneration across PRPs was 71 cm, with dominant beech seedlings reaching
an average height of 75 cm. The highest regeneration heights were recorded in the selection variant (84 cm), where
individuals exceeding 300 cm in height were also observed, while the lowest heights were found in the clear-cut
variant (55 cm). Fuchs et al. (2021) from the Krusné hory Mts. reported that beech natural regeneration heights
ranged from 43 cm to 144 cm, similar to observations in the Krkonose Mts. (Prokipkova et al. 2020). In beech
forests of the Broumov region in Czechia, average regeneration height varied by microhabitat from 74 cm on
ridges to 121 cm in depressions (Vacek et al. 2015).

In all analyzed management variants, natural regeneration was predominantly composed of beech individuals,
comprising 70—100%, which is consistent with findings by Ellenberg and Leuschner (2010); Vacek et al. (2014,
2015, 2017); and Zemaitis et al. (2019). The proportion of beech in the understory species composition was
approximately the same as in the overstory, as reported by Bilek et al. (2009); Vacek et al. (2014, 2015, 2017).
Pretzsch et al. (2014) also stated that the representation of different tree species primarily depends on the current
mature stand, altitude, soil composition, and precipitation (Pretzsch et al. 2014). As Schall et al. (2020) report, the
presence of admixed or intermixed tree species is an intrinsic characteristic of early successional stages of stand
systems with high light availability. Over time, beech gradually outcompetes mixed species in later developmental
stages, leading to monospecific stands (Schall, Schulze et al. 2018).

Species diversity of natural regeneration in the selection cutting and clear-cutting variants was higher compared
to the overstory. Similar results were reported by Bilek et al. (2009, 2013). Fuchs et al. (2021) documented low
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species richness and heterogeneity of natural regeneration in beech stands of the Ore Mountains. Likewise, low
diversity values were documented by Vacek et al. (2015b) in beech stands in the Broumovsko Protected Landscape
Area, whereas significantly higher species diversity was found in mixed beech stands (Slanaf et al. 2017; Hajek et
al. 2021).

Korpel’ (1978) noted that 5-year-old beech regeneration in single-cohort management systems in Slovakia can
reach heights >40 cm only if the stand closure is less than 0.5. These results are also consistent with Bilek et al.
(2013), who documented the best seedling growth at sites with canopy closure of 0.5, satisfactory growth at 0.6,
and unsatisfactory growth at 0.8. As a shade-tolerant species, beech seedlings benefit from canopy gaps that
positively influence their growth (Szwagrzyk et al. 2001). However, the relationship between height and density
of natural regeneration can vary considerably and is strongly influenced by local competition (Collet and Le
Moguedec 2007) and damage caused by wildlife (Ficko et al. 2011; Vacek et al. 2015¢).

Regarding damage to natural regeneration by browsing, the highest damage was recorded in the selection variant
(82.4%), compared to clear-cut (63.6%) and shelterwood system (59.4%). Newly caused damage was most
frequent in the selection variant (13.4%) and lowest in shelterwood system (2.8%). The most damaged tree species
was ash (98.0%), followed by rowan (88.1%) and sycamore (72.0%). Beech suffered damage on 68.5% of
individuals. Fuchs et al. (2021), from beech stands in the Krusné hory Mts., reported that 78% of natural beech
regeneration was damaged by browsing. Similarly, the negative impact of browsing on species composition and
future forest dynamics in Czechia was documented by Vacek (2017) in the Orlické hory Mts., Slanat et al. (2017)
in the Jizerské hory Mts., Vacek et al. (2019) in the Broumov region, and Prokipkova et al. (2020) in the Krkonose
Mts. Extremely high damage caused by wildlife is due to the disproportionately large population of ungulates,
which is rapidly increasing in Czechia (Brabec et al. 2024). From this perspective, Ambroz et al. (2015) and
Turczanski et al. (2021) identify high browsing pressure as a limiting factor for the occurrence and abundance of
natural regeneration.

The condition and type of damage also significantly affect the height structure of regeneration. Most regeneration
individuals occurred in the height classes of 20—-80 cm, where old damage, especially terminal and lateral browsing,
predominated. Regarding new damage, wildlife preferred regeneration with a height of 20—40 cm, where terminal
damage was most frequent. Undamaged regeneration individuals were most abundant in the class over 120 cm.
The results show that the degree of damage strongly depends on the height of individuals, as also documented by
Vacek et al. (2015). Fuchs et al. (2021) reported that terminal and combined browsing reduced the average height
(71 and 73 cm) of natural beech regeneration by 40% compared to undamaged regeneration. Dittmar (2003)
similarly noted that destruction of terminal buds causes significant reduction in height increment. Browsing of any
type strongly influences the quality and vitality of natural regeneration, as documented by Olesen and Madsen
(2008) and Madsen and Hahn (2008). The silvicultural quality of natural regeneration may also be significantly
affected by management methods and edge effects of the stand (Bilek et al. 2018).

4.3. Radial growth and climate

The lowest radial growth of beech was observed in our study under the clear-cut system (1.11 mm),
while growth under the shelterwood system was 18% higher (1.31 mm), and under the selection system
it was 36.9% higher (1.52 mm). In terms of growth variability, the lowest variation was recorded under
the shelterwood system, whereas the other two systems showed similar levels of variability. The
diameter growth of European beech is influenced by a range of internal and external factors, including
the age of the tree, stand structure, management interventions, air pollution, water availability, air
temperature (and the length of the growing season), incoming solar radiation, and nitrogen and
phosphorus supply (Bosela et al., 2016; Leuschner & Ellenberg, 2017; Sharma et al., 2019; Hajek et
al., 2021). It has been shown that radial growth primarily depends on the photosynthetic activity of the
foliage, which is driven by both its quantity and quality (Michelot et al., 2012). The stem growth efficiency
of beech is also affected by the tree's age and social status (Le Goff & Ottorini, 2022). In Central Europe,
an increased increment in the basal area of beech stands was recorded for nearly the entire 20th century
(Vacek et al., 2014; Vacek et al., 2015b; BoSela et al., 2018). This trend is typically attributed to nitrogen
deposition, rising CO, concentrations, longer growing seasons, or changes in forest management
(Gessler et al., 2007; Keenan et al., 2014). However, in mountainous areas during the 1950s—-1980s, a
negative growth trend prevailed due to air pollution, acid deposition and their effects on soil properties,
as well as excessive nitrogen inputs (Dittmar et al., 2003; BuluSek et al., 2016; Braun et al., 2017).

In terms of climatic factors, our study found that monthly temperatures had a greater influence on beech
radial growth than precipitation. Precipitation generally had a prevailing positive influence, especially in
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the early spring of the current year. In contrast, temperatures had a dominantly negative effect,
particularly during the grow season. Similar conclusions have been drawn by Vacek and Hejcman
(2012), Kralicek et al. (2017), and Simunek et al. (2020), who noted that beech in mountain forests is
more influenced by temperature than by precipitation. Beech growth may also be negatively affected by
late spring frosts (Maté&jka et al., 2010; Stjepanovi¢ et al., 2018; Sim(inek et al., 2019) and long-term
drought (Geller et al., 2007; Granier et al., 2007; Maes et al., 2019), although drought periods appear
to have a limited impact in the studied mountain forest due to sufficient annual precipitation.
Nevertheless, adverse climatic factors can directly impact beech seed production, which in turn affects
both the species’ reproductive capacity and radial growth (Hacket-Pain et al., 2017).

The most climate-sensitive variant, particularly with respect to precipitation, was the selection system,
which was characterized by the highest number of trees. In contrast, the shelterwood system with the
lowest stand density exhibited both the lowest number of significant month climate-growth correlations
and the NPYs. This may be attributed to greater buffering capacity in low-density stands, where
individual trees are less exposed to competitive stress during unfavorable climatic conditions
(Lebourgeois et al., 2010; Pretzsch et al., 2014). Moreover, the microclimatic heterogeneity and vertical
structuring typically present in selection forests might exacerbate drought sensitivity due to increased
transpiration demands and limited water availability in densely stocked layers (Verdonck et al. 2025).
These findings emphasize the need to tailor forest management strategies to stand density and structure
in the context of increasing climate extremes. On the other hand, Simlnek et al. (2020) found that
heterogeneous beech stands (previously managed by selection systems) are less vulnerable to climatic
fluctuations compared to homogeneous beech stands (historically managed using shelterwood or clear-
cutting systems), a finding also supported by Mdlder and Leuschner (2014). This may be attributed to
higher precipitation levels in higher altitudes or to water-rich site conditions. In our study, the most
important months in terms of climatic influence were June for temperature and April for precipitation. A
similar pattern is reported in Sim(inek et al. (2020), also in relation to the area of sunspots, which shows
a more pronounced cyclic variability than temperature or precipitation alone.

Since competition influences tree sensitivity to climate, and silvicultural practices can modify these
competitive relationships and biodiversity, forest managers have the opportunity to steer tree- and stand-
level responses to climate via stand tending and management system selection, which significantly
affect radial growth (Cescatti & Piutti, 1998; Stefancik et al., 2014, 2018; Remes$ et al., 2015). In this
context, silvicultural systems represent a key tool for climate change adaptation, enabling the modulation
of stand structure, competition intensity, and microclimatic conditions to support growth resilience in
beech forests.

5. Conclusion

Beech forests in Czechia are a very important and characteristic element of many mountainous areas,
including the Krusné hory Mts., which were heavily damaged in the past by air pollution calamities. Their
structure and development result from complex interactions between social and economic factors that
have shaped the landscape for at least the last two centuries. In this region, European beech has
increasing potential to expand into adjacent artificial, predominantly coniferous stands where site
conditions are favorable, especially in the context of adaptation to GCC. It is necessary to support natural
processes here, and forest management should maintain development towards more complex and
efficient forest systems. The results indicate that close-to-nature silvicultural methods should be applied,
taking into account the actual structure of beech stands and site conditions for natural regeneration
based on the creation of very small gaps arranged in time and space according to the stand’s real
structure—these correspond to shelterwood and selection system approaches for sustainable
management of these forests. Natural regeneration has high potential here; however, it is crucial to
significantly reduce ungulate populations so that browsing damage does not exceed ecologically
tolerable levels and thereby reduce stand quality, especially in structurally and species-rich selection
forests that have been heavily damaged. To achieve this, it is essential to harmonize forest silviculture
principles with wildlife management. Generally, the clear-cut variant was the worst-performing in the
studied parameters, while the shelterwood variant showed the best response of tree growth to climate
extremes, which is closely related to its low tree density and water management under the context of
GCC. A limitation of this research is that it focused primarily on short- to medium-term responses and
did not fully account for long-term ecological dynamics or wider landscape-level interactions. For future
forestry research, it is recommended to integrate long-term monitoring of forest regeneration and growth
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under varying management and climate scenarios, as well as to explore adaptive wildlife management
strategies to support forest resilience and biodiversity.
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6 Diskuze

Tematicky okruh 1 — Review o buku lesnim (Clanek 1: European beech (Fagus
sylvatica L.): A promising candidate for future forest ecosystems in Central Europe
amid climate change) doklada, Ze buk lesni je v souasnosti povazovan za kliCovou
dfevinu pro budouci lesni ekosystémy stfedni Evropy, zejména v kontextu
probihajicich klimatickych zmén a ustupu smrku ztepilého z niZSich a stfednich poloh
(Bolte et al., 2010; Kramer et al., 2010). Buk je typickou klimaxovou a stinomilnou
drevinou, ktera v minulosti ztratila velkou Cast svého pfirozeného zastoupeni, avsak v
soucasnosti opét expanduje prfedevSim ve stfednich a vysSich polohach, kde je
schopen vytvaret stabilni, pfirodé blizké porosty (von Oheimb et al., 2005; Barna,
2011). Jeho schopnost pfirozené obnovy je podminéna nejen dostatkem semen a
vhodnymi mikroklimatickymi podminkami, ale také ochranou pred okusem sparkatou
zvéfri, ktera byla v poslednich dekadach identifikovana jako jeden z hlavnich limitujicich
faktor(l uspésné obnovy (Clasen et al., 2011; Frauendorf et al., 2016; Vacek, 2017a;
Carpio et al., 2021).

Buk vykazuje vysokou ekologickou plasticitu a je schopen prosperovat na Sirokém
spektru padnich typd, s vyjimkou extrémné zamokienych ¢i naopak suchych stanovist
(Leuschner et al., 2006; Durrant et al., 2016). V optimalnich podminkach s dostatkem
srazek a zivin je jeho produkéni potencial velmi vysoky, coz dokladaji i recentni data o
rustovych parametrech a produkci biomasy (Aertsen et al., 2014b; Vacek et al., 2019b).
Na druhé strané je buk citlivy na dlouhodobé sucho, extrémni vykyvy teplot a pozdni
mrazy, které v nizSich a susSich polohach vedou k poklesu vitality, produkce a
konkurenc¢ni schopnosti (Tegel et al., 2014; Knutzen et al., 2017; Gazol et al., 2019).
V téchto oblastech je jeho rust ¢asto limitovan dostupnosti vody a zZivin, coz potvrzuji i
vysledky Michelota et al., (2012) a Silva et al., (2012).

Z hlediska produké&nich a ekologickych vlastnosti je buk schopen vytvaret jak Cisté, tak
smiSené porosty s dalSimi dfevinami, pfiemz smiSené a strukturalné diferencované
porosty vykazuji vy$Si stabilitu a odolnost vié&i klimatickym extrémum (Pretzsch et al.
2013, 2021; BoSel'a et al.,, 2016a; Vacek et al., 2021a). Vybérné a podrostni

hospodareni, zaloZzené na podpofe pfirozené obnovy, pozitivni selekci a postupné
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pfeméné vékové stejnorodych porostl na strukturalné bohatsi a druhové pestré lesy,
je povazovano za nejvhodnéjsi strategii v podminkach klimatické zmény (Brang et al.,
2014; Messier et al., 2015). Vhodnost téchto systému byla potvrzena i v dlouhodobych
pokusech v riznych regionech stfedni Evropy (Stefan&ik et al., 2018; Vacek et al.,
2021b).

Z pohledu biotickych hrozeb je buk obecné povazovan za dfevinu s nizkou nachylnosti
k vétdiné Skudcu, avSak v poslednich letech vzrasta vyznam nékterych patogena,
predevsim rodu Phytophthora (Corcobado et al., 2020) a houbovych chorob kary
(Mititelu et al., 2021). NejvétSim rizikem v ranych vyvojovych stadiich zustava
intenzivni okus sparkatou zvéfi, ktery vyznamné omezuje pfirozenou obnovu a vede k
deformaci, zakrslosti a snizeni kvality semenackl (Clasen et al., 2011; Hejel et al.,
2016; Vacek, 2017b). Tento trend je patrny napfi¢ stfedni Evropou, jak dokladaji i
recentni studie z Némecka, Polska, Slovenska a Rakouska (Sulekova, Kodrik, 2011;
Katona et al., 2013; Barna et al., 2015; Murphy, 2021). Preferenéni okus casto
postihuje rozptylené a pionyrské dfeviny, coz vede k jejich ustupu a nasledné
homogenizaci porostd, jak potvrzuji i vysledky Katony et al., (2013) a Bernarda et al.,
(2017).

Vyznamnym adaptaénim opatfenim v kontextu klimatické zmény je diverzifikace
druhové skladby, podpora mozaikové a vicevrstvé struktury porostd s vyuziti pfirodé
blizkych zpusobu hospodareni (Brang et al., 2014; BosSel'a et al., 2016b; Pretzsch et
al., 2021). Tyto strategie zvySuji nejen stabilitu a produkéni schopnost, ale také
sekvestraci uhliku a odolnost vUci abiotickym i biotickym stresorum (Seidl et al., 2011;
Lindner et al., 2014; Messier et al., 2015). V pfipadé buku je kliCové sledovat vyvoj
posunu lesnich vegetacnich stupnu a pfizplisobovat hospodarska opatfeni aktualnim
klimatickym trenddm (Vanoni et al., 2016; Machar et al., 2017). Recentni modelové
studie potvrzuji, Ze v optimalnich stanovistich Ize oCekavat dalSi expanzi buku do
vy$Sich poloh a severnéjSich oblasti, zatimco v marginalnich a susSich lokalitach mize
byt jeho vitalita a produkce vyrazné ohrozena (Penuelas, Boada, 2003; Pavlovi¢ et al.,
2019; Cukor et al., 2022).

Tematicky okruh 2 — Skody zvéFi (Slanek 2: Effect of game browsing on natural

regeneration of European beech (Fagus sylvatica L.) forests in the KruSné hory Mts.
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/Czech Republic and Germany/) doklada znacné poskozovani pfirozené obnovy
v bucinach Krusnych hor. Pfirozena obnova je zde vyrazné ovlivnéna okusem sparkaté
zvéfe, v pruméru bylo poskozeno 78 % jedincl, v€etné 79 % buku lesniho. Tyto
hodnoty jsou vySSi nez v nékterych jinych oblastech stfedni Evropy — napfiklad Oheimb
et al. (2005) uvadéji ve srovnatelnych bucinach v severovychodnim Némecku
posSkozeni okusem pod 30 %, zatimco v polskych budinach Baran et al. (2015)
zaznamenali 40—-60 %. Naopak v nékterych €eskych pohofich byly zjistény obdobné
vysoké hodnoty — v Orlickych horach 56-79 % (Vacek et al. 2014), v Jizerskych horach
2044 % (Slanar et al. 2017) a v KrkonoSich az 80 % (Prokupkova et al. 2020).

V Krusnych horach byla hustota pfirozené obnovy stanovena v rozmezi 23 300-114
100 jedincu na hektar (praimérné 72 600 jedincd/ha), pfiemz buk lesni tvofil v priméru
88 % obnovy, coz odpovida jeho podilu v matefském porostu (90 %). Vyznamna byla
vSak pfimés pionyrskych dfevin, zejména bfizy bélokoré (3 600 ks/ha) a jefabu ptaciho
(1 700 ks/ha), coz odpovida vysledkiim prace Van Heese et al. (1996) a Zywiece a
Ledwone (2008) z obdobnych stanovist. Pfitomnost téchto druhl v obnové je spojena
s disturbancemi, Sifenim semen vétrem z okolnich porostu i Sifenim semen zvéfi a
ptaky, jak uvadi Karlsson (2001) a Dobrovolny a Tesaf (2010). Vyrazny podil
pionyrskych dfevin v obnové byl popsan také Slanafem et al. (2017) v Jizerskych

horach.

Nejvice byly poskozovany vtrousené listnaCe, konkrétné javor klen (98 %) a olSe
lepkava (97 %), zatimco smrk ztepily (31 %) a dub zimni (50 %) byly poSkozovany
nejméné. Tato selektivita je v souladu se zavéry Ammera (1996), Motty (2003),
Konbpky a Pajtika (2015) i Bernarda et al. (2017), ktefi uvadéji, ze zvér preferuje
mékke listnace a jedli, zatimco jehliCnany a tvrdé listnace jsou pro ni méné atraktivni.
Preferencni okus pionyrskych a rozptylenych dfevin mize vést k jejich Ustupu z obnovy
a k homogenizaci druhového sloZeni, coZz potvrzuje i Schulze et al. (2014), ktefi
popisuji pokles diverzity v dusledku dlouhodobého okusu.

Vyznamny negativni vliv byl prokazan také na rustovou dynamiku a kvalitu obnovy.
Terminalni okus snizil primérnou vysku jedinct az o 40 %, pficemz jedinci bez
poskozeni dosahovali primérné vysky 119 cm, zatimco nové poskozeni jedinci pouze

63 cm a opakované poSkozeni 79 cm. Podobné snizeni vySky v dusledku
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opakovaného okusu bylo popsano také v Alpach (D’Aprile et al. 2020) a v KrkonoSich
(Prokupkova et al. 2020). Olesen a Madsen (2008) i Madsen a Hahn (2008) potvrzuiji,
Ze jakykoliv typ okusu vyznamné snizuje kvalitu a vitalitu obnovy. Opakovany okus
navic zvySuje mortalitu a sniZuje Sanci semenackd dosahnout horniho stromového

patra, coz dokladaji i Dittmar et al. (2003) a Reimoser a Gossow (1996).

Diverzita pfirozené obnovy byla v Krusnych horach hodnocena jako nizka az stfedni,
coz odpovida poznatkim Vacka et al. (2015b) z Broumovska, kde byla druhova
pestrost obnovy v Cistych bucinach rovnéz nizka. Vyrazné vySSi diverzita byla
zaznamenana v porostech s vétSim podilem pfimési a v mistech s niz§im zakmenénim
(Slanaf et al. 2017; Hajek et al. 2020). Prostorova struktura obnovy byla pfevazné
agregovana, coz je typické pro pfirozenou obnovu v podminkach vysoké hustoty
matefského porostu a mikrostanovistni variability (Nagel et al. 2006; Paluch 2007).
Agregace semenacku je ¢asto spojena s mikroreliéfem, dostupnosti svétla a Sifenim
semen, ale maze byt ovlivnéna i preferenénim okusem zvére, ktery méni prostorové

rozlozeni pfezivajicich jedinca.

Vysledky PCA analyzy potvrdily, Ze kvalita pfirozené obnovy je negativné korelovana
s poSkozenim zvéfi, zatimco hustota obnovy byla negativné ovlivnéna zakmenénim
matefského porostu a pozitivné korelovana s niZSi nadmorskou vyskou a veétsi
dostupnosti svétla. Tyto vztahy byly popsany i v jinych studiich (Vacek et al. 2017b;
Ambroz et al. 2015), které zdlUrazfuji vyznam managementu horniho patra a
mikrostanovistnich podminek pro uspé&snou obnovu. S rostouci nadmofskou vyskou
byla zaznamenana niz8i hustota i kvalita obnovy a vyS$Si mira po$kozeni, coz muze
souviset nejen s klimatickymi faktory, ale i s vyS$Si koncentraci zvéfe v horskych
oblastech (Angst, Kupferschmid, 2023).

V kontextu evropského lesnictvi je problematika okusu zvéfi jednim z hlavnich
limitujicich faktor pro pfirozenou obnovu, biodiverzitu i dlouhodobou stabilitu lesnich
ekosystému. Vysledky této studie potvrzuji, ze bez uc€inné regulace zvére a podpory
strukturalni a druhové pestrosti neni mozné zajistit dlouhodobou stabilitu a adaptabilitu
bukovych ekosystému v podminkach probihajici klimatické zmény, coz je v souladu se

syntézami Pretzsche et al. (2013) a Danescu et al. (2016).
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Tematicky okruh 3 se zabyva ristovymi procesy buku (¢lanek 3 a 4). Clanek 3 (Growth
Responses of European Beech /Fagus sylvatica L./ and Oriental Beech /Fagus
orientalis Lipsky/ Along an Elevation Gradient Under Global Climate Change) doklada
specifika rlstové dynamiky a produkéniho potencialu buku lesniho a buku vychodniho
s ohledem na vyskovy gradient. Buky byly zasadné ovlivnény kombinaci klimatickych
faktord, nadmorskou vyskou a stanovistnimi podminkami. Bylo potvrzeno, Ze buk lesni
vykazuje vySSi produkéni potencial a schopnost sekvestrace uhliku v porovnani s
bukem vychodnim, coz je v souladu s poznatky Pretzsche a Hilmerse (2024), ktefi
zdUraznuji vyznam strukturalni diverzity a vysoké biomasy bucin pro mitigaci
klimatickych zmén. V analyzovanych porostech se objem o buku lesniho pohyboval v
rozmezi 88—-822 m3/ha, zatimco u buku vychodniho dosahoval 215-589 m?3ha. S
rostouci nadmofiskou vySkou byl pozorovan pokles zasoby, vysky i pfirGstu, coz
odpovida pfirodé blizkym bucinam stfedni Evropy (von Oheimb et al., 2005; Fuchs et
al., 2024). Vyznamnou roli v rustové odezvé sehrava také expozice a sklon svahu,
pficemz vysSi produkce byla zaznamenana na severnich expozicich (Valipour et al.,
2013).

Z hlediska sekvestrace uhliku bylo zjisténo, Ze buk lesni uklada v biomase v priméru
0 33 % vice uhliku nez buk vychodni, pficemz hodnoty se pohybovaly od 37 t/ha v
nizinach do 361 t/ha v horskych oblastech. Tyto vysledky potvrzuji i pan-evropské
studie, které ukazuiji, Zze staré a prirodé blizké lesy maji zasadni vyznam pro ukladani
uhliku a Ze nejvétsi podil biomasy je akumulovan v nejvétsSich jedincich (Keith et al.,
2024). Rozdily v poctu jedinci na hektar mezi druhy Ize pfiCist nejen reprodukéni
strategii, ale i vegetativnimu rozmnozovani, které je u buku vychodniho ¢astéjsi (Moridi
et al, 2015). Vyznamné rozdily v rastové odezvé mezi obéma druhy byly
zaznamenany i v ramci jednotlivych nadmofskych vySek, coz potvrzuje potfebu

detailniho zohlednéni stanovistni variability pfi planovani hospodareni.

Analyza Sifky letokruhu ukazala, Ze primérna rocni Sitka letokruhu buku lesniho se
pohybovala mezi 0,637-1,993 mm, zatimco u buku vychodniho mezi 0,679-1,796 mm.
S rostouci nadmorskou vyskou byla pozorovana nejen redukce pfirGstu, ale i zvySena
variabilita rGstu, coZ odpovida vysledkiim Kralicka et al., (2017) a Sim(nka et al.,

v v

dvaceti letech doSlo k poklesu radialniho rastu o 13-19 %, zatimco v horskych
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oblastech byl naopak zaznamenan narust o 6—10 %. Tento trend je v souladu s
vysledky Dulamsurena et al., (2017) a Martinez del Castillo et al., (2022), ktefi
pfedpovidaji s pokracujici klimatickou zménou pokles rastu buku v nizinach a zvySeni
ristu v horskych oblastech. Podobné vysledky uvadi i BoSela et al., (2016), ktefi
zdUraznuji, Ze odezva buku na klimatické zmény je prostorové velmi variabilni a zavisi

na produktivité stanovisté a zpusobu hospodareni.

Vyznamnym zjisténim je narustajici frekvence tzv. negativnich let (NPY), tedy let s
extrémné nizkym pfirdstem, coz odrazi rostouci vyskyt klimatickych extrémd v
poslednich dekadach. V nizinach byl hlavnim limitujicim faktorem rdstu nedostatek
srazek béhem vegetacni sezény, zatimco v horskych oblastech byly rustové limity
spojeny s nizkymi teplotami a pozdnimi mrazy. Tento vzorec je v souladu s vysledky
Di Filippa et al., (2007), ktefi popsali pozitivni vliv letnich srazek na rust buku ve stfedni
a jizni Evropé a negativni dopad sucha a extrémnich teplot. Naopak v severni a
severovychodni Evropé je rust buku limitovan kombinaci jarnich mrazud a letniho sucha
(Weigel et al., 2018; Muffler et al., 2020).

Korela¢ni analyza potvrdila, Ze buk lesni je citlivéjSi na teplotu vzduchu i srazky nez
buk vychodni, pfi€emz u buku lesniho byly vyznamné jak teploty aktualniho, tak
pfedchoziho roku, zatimco u buku vychodniho byl rozhodujici pouze aktualni rok.
Nejvétsi citlivost na klimatické proménné byla zaznamenana ve stfednich polohach
(740-950 m n. m.), coz potvrzuji i dalSi studie z rdznych ¢asti arealu buku (Di Filippo
et al., 2007; Simdnek et al., 2019; Yaman et al., 2020). Zasadni vliv na radialni riist
mely zejména teploty a srazky v Cervenci, které urCovaly Sifku letokruhu a tim i
produkéni potencial porostl. Podobné vysledky uvadi Haghshenas et al., (2016) pro
oblast Kaspického more, kde byla rastova odezva buku vychodniho na srazky méné

vyrazna nez na teplotu.

Vysledky této studie potvrzuji, ze s pokracujici klimatickou zménou Ize oCekavat ustup
buku z nizSich a susSich stanovist a jeho presun do vysSich poloh, kde bude rustova
dynamika urychlovana zvysujicimi se teplotami (Dulamsuren et al., 2017; Pavlovi¢ et
al., 2019; Martinez del Castillo et al., 2022). V nizSich polohach bude hlavnim
limitujicim faktorem rlastu nedostatek srazek a extrémni vykyvy teplot, zatimco v

horskych oblastech muzZe byt rust stimulovan oteplenim, pokud nebude limitovan
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jinymi faktory, jako jsou pozdni mrazy nebo omezena délka vegetacni sezény. Tyto
trendy jsou v souladu s rozsahlymi modelovymi studiemi, které predpovidaji pokles
rastu buku az o 20-50 % v jizni Evropé do roku 2090, zatimco v severnich oblastech
Ize oCekavat mirné zvysSeni rastu (Bosela et al., 2016; Charru et al., 2017; Martinez del
Castillo et al., 2022).

Z hlediska dlouhodobé stability a odolnosti bukovych lest je kliCova strukturalni a
druhova diverzita, ktera zvySuje schopnost ekosystému cCelit klimatickym extrémum a
podporuje sekvestraci uhliku (Pretzsch et al., 2013; Ammer, 2019; Keith et al., 2024).
Vyznam starych a pfirodé blizkych lest pro sekvestraci uhliku potvrzuji i nedavné pan-
evropske studie, které ukazuji, ze potencial ukladani uhliku v téchto ekosystémech je
az dvojnasobny oproti bézné obhospodafovanym lesim (Keith et al., 2024). Zaroven
je vSak tfeba zohlednit, Ze rustova odezva buku je ovlivnéna nejen klimatem, ale i
managementem, hustotou porostu, padnimi viastnostmi a genetickou variabilitou
(Pluess, Weber, 2012; Aertsen et al., 2014a; Mellert, Seho, 2022).

Jak uz z pohledu na klimatickou zménu vyplyva, jednim z limitujicich faktor( pro
existenci nejen bukovych porostl je voda. Publikace ¢. 4 (Impact of technical water
retention on European beech /Fagus sylvatica L./ resilience and growth dynamics)
v ramci tematického okruhu 3 se zabyva zhodnocenim technickych opatfeni pro
zadrzovani vody v bukovych porostech s ohledem na jejich rust a vitalitu v podminkach
probihajici klimatické zmény. Bylo potvrzeno, ze klimatické faktory, pfedevsim teplota
vzduchu a dostupnost vody, hraji zasadni roli v ristové dynamice buku lesniho, coz je
v souladu s poznatky Scharnwebera et al., (2019) a Pretzsche et al., (2014), ktefi
uvadeéji, ze dlouhodobé sucho a extrémni teploty zasadné snizuiji vitalitu a pFirtst buku
v celé Evropé. Zjisténo bylo, Ze na stanovisti s vysSi pudni vihkosti byl radialni rist
buku lesniho vyrazné vétsi a vice zavisel na teploté vzduchu nez na srazkach, zatimco
na sussSim stanovisti nebyla tato zavislost tak vyrazna, coz potvrzuje i prace Kralicka
et al,, (2017) a Vacka et al., (2022).

Analyza vlivu technickych opatfeni ukazala, Ze kontrolni plocha bez zasahu

v v

varianty se vsakovaci jimkou pod propustkem. Tento vysledek je v souladu s tvrzenim

Tegela et al., (2014) a Scharnwebera et al., (2019), Ze minimalni naruSeni padnich a

206



vodnich poméru je pro vitalitu buku pfiznivé, zatimco zasahy do pudniho prostiedi
mohou vést k naruSeni kofenového systému a omezeni efektivniho vyuZiti vody.
Vyznamné byly také sezonni zmény v tloustce kmene, kdy nejvétsi pokles radialniho
rustu byl pozorovano u varianty se vsakovaci jimkou bez propustku, zejména v asném
jaru, coz indikuje vySSi stres v obdobi sucha. Podobné reakce byly popsany
Brunnerem et al. (2015), ktefi upozoriuji, Ze zasahy do pudni vihkosti mohou byt v

riznych podminkach jak pfinosem, tak zatézi pro stromy.

Pribéh transpirace ukazal, Ze maximalni denni transpiracni davky buku dosahovaly
90-120 litrd na strom a den, pfi¢emz varianta se vsakovaci jimkou pod propustkem
vykazovala po celé vegetacni obdobi niz§i hodnoty transpiranich toku ve srovnani s
ostatnimi variantami. Zajimavé je, ze v druhé poloviné sezony doslo u této varianty k
navyseni transpirace, coz vSak nevedlo ke zvySeni pfiristu kmene. Tento fenomén Ize
vysvétlit adaptacni reakci kofenového systému, ktery maze expandovat do prostoru s
vySSi dostupnosti vody (Pretzsch et al., 2018; Steckel et al., 2020). Zaroven vsak
zvysena transpirace bez odpovidajiciho rastu muze signalizovat, Ze jiné faktory,
napriklad dostupnost Zivin nebo mikroklimatické podminky, limituji rGstovou odezvu
buku (Leuschner, Ellenberg, 2021).

Z hlediska vztahu mezi srazkami a proudénim mizy bylo potvrzeno, Ze reakce
transpirace na srazky je velmi rychla, coz je v souladu s vysledky Weithmanna et al.,
(2022), ktefi prokazali vysokou citlivost buku na aktualni dostupnost vody v puadé.
Presto vS8ak zadny z testovanych zasahl nevedl k jednoznaénému zlepSeni vodniho
rezimu nebo rlstu ve srovnani s kontrolni plochou. Podobné zavéry uvadi i Ellison et
al., (2017), ktefi upozornuji, ze pfirozena dynamika pudni vihkosti a minimalni zasahy
do vodniho rezimu jsou €asto nejefektivnéjsi strategii pro podporu vitality a rastu buku

v ménicim se klimatu.

Vysledky také ukazuji, ze efektivita technickych opatfeni je vyrazné ovlivnéna
stanovistnimi podminkami. Na stanovisti s vy$3i padni vihkosti nebyly mezi variantami
zZjistény vyznamné rozdily v rdstu nebo ve vodnim deficitu kmene, zatimco na sussim
stanovisti se projevily vétsi sezonni vykyvy. Tento poznatek je v souladu se zavéry
Vospernika et al., (2023), ktefi zduraznuiji, Zze u€innost vodohospodarskych opatfeni je

vyrazné zavisla na pldnich vlastnostech, texture a schopnosti plidy zadrzovat vodu.
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V Sir§im kontextu klimatické zmény je zfejmé, Ze technicka opatfeni mohou mit pouze
omezeny nebo kratkodoby efekt na rlst a fyziologii buku, coz potvrzuji i recentni
syntézy Bouriauda et al., (2005), Steckela et al., (2020) a Leuschnera (2020).
Dlouhodoba odolnost a produkéni potencial bukovych lest budou zaviset predevsim
na pfirozenych adaptacnich mechanismech, diverzité druhové skladby a minimalizaci
zasahu do pudniho prostfedi. Zaroven je nezbytné pfizpusobit lesnicky management
aktualnim klimatickym trendum a podporovat strukturalni pestrost porostd, coz je v
souladu s doporucenimi Branga et al., (2014), Del Ria et al., (2022) a Vacka et al.
(2023).

Vysledky tematického okruhu 4 Péstovani bukovych porosti (Clanek 5: Different
Management Strategies for Sustainability of European Beech Forests under Game
Pressure and Climate Change in Czechia Mountains.) jednoznacné potvrzuji ze
zvoleny hospodarsky zplisob ma zasadni vliv zejména na produkci a sekvestraci
uhliku, ale také i na druhovou i strukturalni diverzitu stromového patra. Nejvyssi
zasoba porostu (742 m3.ha™) byla dosazena u holose¢ného zpusobu, podobného
vysledku bylo dosazeno v praci Alessandrini et al. (2011), ktera dokumentovala zasobu
dfeva v prestarlych buginach Apenin (az 715 m3.ha™). V kontextu Ceské republiky
v8ak podobné vysoka zasoba patfi k vyjimeénym hodnotam, béznéjsi je zasoba v
rozmezi 300—-600 m3.ha™", jak uvadéji napf. Vacek et al. (2015) a Fuchs et al. (2021).
Podrostni (clonny) zplsob vykazoval nejvy$Si primérné vysky stromd (27,0 m) a
tloustky (60,9 cm), ale celkova zasoba byla o0 24,8% nizSi nez u holose¢né zpusobu.
To naznacduje, ze podrostni zpUsob vytvari pfiznivé mikroklimatické podminky pro
vyvoj jednotlivych stroml, coz podporuji i zjisténi Pretzsche et al. (2015), ktefi
zduraznuji pozitivni efekt prosvétleni na vyvoj koruny a nasledny tloustkovy pfirist.
Vybérny zplsob se jednoznacné vyznacoval nejvySSi strukturalni a druhovou
diverzitou — osm z deseti indexu biodiverzity dosahovalo zde signifikantné vysSich
hodnot. To odpovida vysledkim Schalla et al. (2020), ktefi prokazali, ze strukturalné
heterogenni lesni porosty podporuji nejvyssi miru regionalni biodiverzity. Na rozdil od
holoseci nebo podrostniho zplsobu, je vybérny zplsob schopen dlouhodobéjsiho
udrzeni vicevrstvé struktury, ktera lépe reaguje na mozné disturbance i klimatické
extrémy (Brang et al., 2014). Sekvestrace uhliku byla zjiSténa nejvysSi u holoseného
zpusobu (316 t.ha™). Vysledky podporuji praci Collalti et al. (2018), ktefi ukazuji, ze
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intenzivné fizené porosty akumuluji uhlik efektivnéji nez porosty ponechané
samovyvoji. Vzhledem k rostoucimu vyznamu lest jako nastroja mitigace klimatické
zmény je vSak tfreba pfi planovani tézby zvazovat nejen uhlikovy vynos, ale i

dlouhodobou stabilitu lesnich porosta (Pretzsch et al., 2014).

Hustota pfirozené obnovy na trvale vyzkumnych plochach Cinila v priméru 27 420
ks.ha™ (23 370 — 31 926 ks.ha™), pfi€emZ nejvysSi hustota byla zaznamenana ve
dokumentovanym napfiklad v pfirodnich bu€inach Slovenska (Korpel, 1978) nebo
Albanie (Meyer et al., 2003), kde se uspésna obnova pohybuje kolem 20 000 az 30
000 ks.ha™. Obdobné hodnoty uvadi i Prokipkova et al. (2020) z Krkono$ a Vacek et
al. (2015) z Broumovska. Variabilita hustoty a vySky pfirozené obnovy zavisela
pfedevSim na uzavienosti korunového zapoje a rozloZzeni a velikosti mezer, tj. na
svételnych podminkach v porostu. Primérna vyska pfirozené obnovy byla 71 cm.
NejvysSi vySky obnovy byly zaznamenany ve vybérné varianté (84 cm), kde byly
zaznamenany ve varianté holosecCe (55 cm). Fuchs et al. (2021) z KruSnych hor
uvadeéji, Zze vyska pfirozené obnovy buku se pohybovala od 43 cm do 144 cm, podobné
jako v KrkonoSich (Prokupkova et al. 2020). Ve v8ech analyzovanych variantach
hospodareni byla pfirozena obnova tvofena pfevazné jedinci buku, a to v 70-100 %,
coz je v souladu se zjiSténimi Ellenberga a Leuschnera (2010), Vacka et al. (2014,
2015, 2017) a Zemaitis et al. (2019). Podil buku ve slozeni podrostu byl pfiblizné stejny
jako v hornim patfe, jak uvadéji Bilek et al. (2009) a Vacek et al. (2014, 2015, 2017).
Pretzsch et al. (2014) rovnéz uvedli, Zze zastoupeni ruznych druht stromu zavisi
predevS§im na aktualnim matefském porostu, nadmorské vysSce, sloZeni plidy a
srazkach. Pokud jde o poskozeni pfirozené obnovy okusem, nejvyssi poskozeni bylo
zaznamenano ve varianté vybérné (82,4 %) ve srovnani s holoseci (63,6 %) a clonné
varianté hospodareni (59,4 %). Stav a typ poskozeni vyznamné ovliviuji vySkovou
strukturu obnovy. Vétsina pfirozené obnovy se vyskytovala ve vySkovych tfidach 20—
80 cm, kde pfevladalo poskozeni staré, zejména terminalni a bo¢ni okus. Pokud jde o
nové poskozeni, volila zvéf obnovu s vyskou 20—40 cm, kde bylo nejCastéjSi terminalni
poskozeni. Jakykoli typ okusu silné ovliviuje kvalitu a vitalitu pfirozené obnovy, jak

dokladaji Olesen a Madsen (2008) a Madsen a Hahn (2008). Nejvice poSkozenym
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druhem stromu byl jasan (98,0 %), nasledovany jefabem (88,1 %) a javorem (72,0 %).

Buk utrpél Skody na 68,5 % jedincu.

v podrostni varianté byl o 18 % vyssi (1,31 mm) a ve vybérové varianté o 36,9 % vysSi
(1,52 mm). Rust je ovlivnén Fadou vnitfnich a vnéjSich faktord, v€etné véku stromu,
struktury porostu, zasaht v ramci hospodareni, znecisténi ovzdusi, dostupnosti vody,
teploty vzduchu (a délky vegetacniho obdobi), pfichoziho sluneéniho zafeni a pfisunu
dusiku a fosforu (BoSela et al., 2016a; Leuschner, Ellenberg, 2017; Sharma et al.,
2019; Hajek et al., 2021). Z hlediska klimatickych faktord mési¢ni teploty mély vétsi
vliv na radialni rlst buku nez srazky. Srazky mély obecné pozitivni vliv, zejména na
zaCatku jara aktualniho roku. Rlst buku maze byt také negativné ovlivnén pozdnimi
jarnimi mrazy (Mat&jka et al., 2010; Stjepanovi¢ et al., 2018; Simdnek et al., 2019) a
dlouhodobym suchem (Geller et al., 2007; Granier et al., 2007; Maes et al., 2019)
NejcitlivéjSi variantou hospodareni, z hlediska klimatu s ohledem na srazky, je vybérna
varianta. Vybérna varianta charakteristicka mikroklimaticka heterogenitou a vertikalni
strukturou, je limitovana suchem, a to v disledku zvySené potieby transpirace a
omezené dostupnosti vody v husté vyplnénych porostnich vrstvach (Verdonck et al.,
teploty a duben z hlediska srazek, podobny vzorec uvadi i Simlinek et al. (2020), a to
i ve vztahu k oblasti slunecnich skvrn, ktera vykazuje vyraznéjsi cyklickou variabilitu
nez teplota nebo srazky samotné. Vhodné zvolenym hospodafenim Ize cilené
ovliviiovat radialni rast, konkurencni vztahy i biodiverzitu, a tim modulovat strukturu,
hustotu a mikroklimatické podminky porostu a podpofit tak rdstovou stabilitu a
adaptabilitu bukovych porostl v kontextu klimatické zmény (Cescatti, Piutti, 1998;
Stefancik et al., 2014, 2018; Remes et al., 2015).
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7 DoporucCeni pro vyzkum a praxi

Z vysledku vyplyva, Ze uspéSna pfirozena obnova bukovych porostl vyzaduje
komplexni management, ktery zahrnuje regulaci stavl sparkaté zvéfe na uroven
odpovidajici uzivnosti prostfedi, vyuziti a aplikaci efektivnich ochrannych opatfeni
(mechanickych, chemickych i biologickych ochran), podporu pfirozené obnovy pod
matefskym porostem a péstovani smiSenych, strukturné a vékové diferencovanych
porostl. V podminkach klimatické zmény je nezbytné upfednostiovat pfirodé blizké
zpusoby hospodareni, zejména podrostni a vybérny zplsob a skupinovy vybér, které
umoznuji rychlou reakci na ménici se podminky a podporuji dlouhodobou vitalitu a
stabilitu porostd. Doporuceno bylo také sledovat posuny lesnich vegetacnich stuprid,
peclivé volit provenience buku a podporovat genetickou diverzitu. Vhodné je i zaCit s
prestavbou vékovych lesi na mozaikové porosty, a to jiz v porostech stfedniho véku,
podporovat skupinovou pfirozenou obnovu a vytvaret pestrou vékovou a prostorovou
strukturu, coz povede ke vzniku produkéné efektivnich, odolnych a adaptabilnich

lesnich ekosystému.

Pfi dalSim vyzkumu by bylo vhodné rozsifit celou studii o nové trvalé vyzkumné plochy
v dalSi lokalitach s ohledem na vertikalni Clenéni i prostorové umisténi, napfiklad
v extrémnich podminkach nizkych ¢&i vysokohorskych polohach. Za zminku stoji
zhodnotit poskozeni pfirozené obnovy i v jinych pohofich Ceské republiky ptipadné i
v ostatnich statech Evropy. DalSi rozSifovani vyzkumu by mohlo sméfovat ke
zhodnocovani poskozeni i jinych lesnich dfevin nejen buku lesniho. Dale je mozné
sledovat i jiné typy poSkozovani dfevin zvéfi (ohryz, loupani, vytloukani) a vhodné je
popsat v kontextu potravnich a nutri¢nich potfeb jednotlivych druht zvéfe. Mezi mozné
dalSi specifikum zhodnocovani poSkozovani pfirozené obnovy patfi i detailni
hodnoceni jednotlivych jedincl v periodé napf. 5 let, kdy by byly vybrani jedinci trvale
oznacCeni a pravidelné kontrolovani. Tim by se zajistilo hodnoceni pravidelnosti
poSkozovani zvéfi a zaroven vyhodnocena rustova reakce téchto jedincu. DalSi
vyzkum by mohl pokraovat ve zhodnocovani odrustani dievin na sou¢asnych TVP po
delSi asovou periodu (napf. 20-30 let). DalSi vyzkum by mohl zahrnout zhodnocovani

ujimavosti a odrastani pfirozené obnovy ve specifickych mikroklimatickych
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podminkach, napf. v blizkosti odumfelého dfeva, ve vazbé na sklon terénu, Ci pfi

zvySeném mnozstvi skeletovitosti pudy.
Limitace:

Limitace studie je dana velikosti zkoumanych ploch, €asovou dotaci zhodnocovani a
také geografickym umisténim trvalych vyzkumnych ploch. S ohledem na zaméfeni
studie — zhodnocovani pfirozené obnovy bukovych lest je studie limitovana
hodnocenim ostatnich dfevin, které se v pfimési nevyskytovali. Limitace je dana
C¢asovou moznosti sledovani vyvoje a odrlstani pfirozené obnovy, z toho plyne i
doporuc€eni pro dalSi vyzkum — sledovat v delSim Casovém hledisku (viz vySe),
napfiklad v horizontu desitek let, kdy by bylo mozné pozorovat a zhodnocovat limitace
v odrustani pod tlakem zvére. Za zminku stoji i sledovani a zaznamenani ujimavosti
pfirozené obnovy a jeji vyvoj. DelSi Casové obdobi by bylo také vhodné s ohledem na
zjiStovani mnozstvi pfirastd jednotlivych stromu a prabéh klimatické zmény, ktery je

predikovatelny, ale nejisty.
DalSi podmeéty k vyzkumu:

Mezi dalSimi podméty k vyzkumu a k dalSimu studiu urcité stoji za zminku zhodnoceni
riznych geneticky variabilnich provenienci buku, které mohou mit vyrazny vliv na
poCetnost a kvalitu pfirozené obnovy, dynamiku ristu a také na adaptabilnost v ramci
zhorSenych mezo i mikroklimatickych podminek zpusobovanych probihajici
klimatickou zménou. RGzné druhy provenienci a smési mohou hrat roli v osidlovani
rlznych stanovist SLT, které by v Cisté smési buku byly limitni. S ohledem na Sirokou
genetickou variabilitu buku by bylo uziteCné zhodnoceni neposkozenych versus
poSkozenych jedincld okusem. Tento vyzkum by mohl pfinést zajimavé odpovédi
v potravni atraktivité & neatraktivité jedinct v ramci stejného druhu, a vytvofrit tak
prostor pro moznou genetickou selekci semenného materialu s ohledem na pfirozenou

odolnost vUc¢i Skodam zvéri.
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8 Zaver

V zavérecné kapitole jsou pfedstaveny hlavni poznatky, které vyplynuly z provedeného
vyzkumu a analyzy dynamiky a managementu porostu v Krusnohorské a KrkonoSsko-
jesenické subprovincii. Nasledujici ¢ast shrnuje klicové vysledky a jejich vyznam pro

lesnickou praxi.

e Bukové lesy a jejich pfirozena obnova je vyznamné ovliviiovana jak
mikrostanovistnimi podminkami, tak intenzitou okusu sparkatou zvéfi. Bylo
zjisténo, ze na lokalitach s vySSim tlakem zvéfe je pfirozené zmlazeni buku
omezeno, coz se projevuje nizSi hustotou a horSi kvalitou jedincu. Nejvétsi
Skody byly zaznamenany ve stfednich polohach, kde populace zvéfe presahu;ji
unosnou kapacitu prostredi.

e \Vyznamnym zjisténim bylo, Ze terminalni okus ma vyrazny dopad na vyskovy
rust jedincll, zatimco bo&ni okus sniZuje kvalitu, ale ne vzdy rist zcela omezuje.
Opakovany a intenzivni okus muze vést az k tzv. bonsajovitosti a Uplnému
zastaveni rlistu, coz prodluzuje dobu zajisténi kultur a zvySuje naklady na
obnovu.

e Vysledky vlivu a vyvoje buku lesniho v kontextu klimatické zmény dokazuji, Ze
buk predstavuje slibného kandidata pro budouci lesni ekosystémy stfedni
Evropy.

e Buk je relativné odolny vici abiotickym i biotickym stresorim, av3ak jeho vitalita
a produkce jsou silné ovlivnény dlouhodobym suchem, zvySenymi teplotami a
extrémnimi klimatickymi vykyvy. V nizSich a sus8Sich polohach buk ztraci
konkurenceschopnost, coz muze vést k poklesu jeho zastoupeni, zatimco ve
vy$Sich a vih¢ich polohach muze jeho vyznam rust.

e Adaptace na klimatickou zménu zahrnuje zejména vybér vhodnych provenienci,
podporu pfirozené obnovy a péstovani smisSenych, strukturné diferencovanych
porostu, které zvySuji odolnost a stabilitu lesnich ekosystémd.

e Vybérny zplsob hospodafeni predstavuje jeden z nejvhodnéjSich
hospodarskych zpusobl nakladajici s bukem lesnim jako kli€ovou dfevinou
stfednich a vy8Sich poloh. Tento hospodaisky zplUsob zajiStuje vysoké

mnozstvi strom0 (ks/ha), stabilni produkci dfeva i vysokou druhovou,
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horizontalni i vertikalni strukturu lesniho porostu, coz v dobé klimatické zmény,
tvofi vhodny pfistup pro zajisténi funkénosti a budoucnosti lesnich porosti. Na
druhou stranu podrostni zpusob hospodafeni charakteristicky nizkym poctem
stromu je odolnou variantou vuci klimatickym extrémim a nedostatku srazek.
Jako nejméné vhodna varianta se jevi holose¢ny zpUsob.

Bylo zjisténo, Ze rustova odezva buku je v dlouhodobém horizontu vyraznéjsi v
souvislosti s posunem hranic lesnich vegetanich stupiit a Zze ve vysSich
partiich je limitujicim faktorem pfedevsim teplota, zatimco v nizSich polohach je
hlavnim limitujicim faktorem nedostatek srazek. Modelovani dopadu klimatické
zmény poskytlo dulezité podklady pro navrhovani adaptacnich opatfeni v
porostech buku, pficemz kliCova je diverzita stanovist i genofondu a podpora

mozaikovée, vékoveé i prostorové pestré struktury lesa.
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Obr. 1. Areal rozsifeni buku lesniho (zelené - buk lesni, rizoveé - buk vychodni,
trojuhelnik a kfizek - introdukovany a pfirozeny vyskyt; Caudullo et al. 2017).
Obr. 2. llustrace buku lesniho dle Jifiho Mladka (Vojenské lesy a statky CR,
s.p., 2021).

Obr. 3. Velky a maly vyvojovy cyklus. (Vacek et al., 2007).

Obr. 4. Pfiznivé podminky pfirozené obnovy lesa a vznik pfiznivé ¢asové shody
vSech zakladnich pfedpokladd pro vznik naletd (upraveno podle Wanselow
1949 in Poleno et al., 2009).

Obr. 5. Bonsajovitost buku lesniho po pravidelném okusu (foto autor prace).
Obr. 6. Okus terminalni (vlevo) okus terminalni a zaroven boc¢ni (vpravo) (foto
autor prace).

Obr. 7. Vyznamni Skodlivi Cinitelé buku lesniho - Bejlomorka bukova (Mikiola
fagi Hartig) v jiznim Polsku (vlevo) a odumirani kury zpusobené Nectria spp. na
stfednim Slovensku (vpravo) (Foto: Zdenék Vacek).

Obr. 8. Vyvoj buku lesniho s o ohledem na vyvoj klimatu pfiznivéjsi (vlevo) a
pesimisti¢téjsi (vpravo) (Koch et at., 2022).

Obr. 9. Lokalizace porostt buku lesniho na vyzkumnych plochach v Krusnych
horach a primérné mési¢ni klimatické hodnoty (1960-2020); mapa byla
vytvofena v softwaru ArcGIS 10 (Esri).

Obr. 10. Lokalizace trvalych vyzkumnych ploch s bukovymi porosty a primérné
mésicni klimatické hodnoty (1962-2020) pro KrkonoSkou a Tureckou oblast;
mapa byla vytvofena v softwaru ArcGIS 10.8 (Esri).

Obr. 11: Semenacek buku lesniho s péstebni kvalitou 2 (foto: autor prace).

Obr. 12: Semenacek buku lesniho s péstebni kvalitou 4 (foto: autor prace).
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