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Clle préce

Disertalnl préce se bude zabywat detallnim zhodnocenim struktury, dynamiky a managementem
jehliEnatych porosti v oblast Ceské wysofing we vztahu ke Skoddm reEfi OE cile dizertaénl préce jsou:

* Zhodnoceni biotickych a ablotickych podminek prostiedi na zajmowych lokalitdch s akcentem na trvalé
vyzkumne a nové zalodend experimentalni phochy.

* Zhodnoceni parametrl pfirozengho zmilazenl whramch porostd 2ejména s dominantnim zastoupenim
smrku zteplliého a jedle bélokoré.

« Zaznamenani dendrometrickych wlastnost matefského porostu, wietné produkEniho potencialy,
struktury a diverzity.

# Whodnocen! radidiniho ristu zkoumanmych difewin » zévisbosti na klimatickych faktorech a Skodach 2wEF.
= Z|I5téni a zhodnocend pofkozen! pfirceené obnowvy a dosphvajicich jehlifnatych porostl 2vEF a ndsbedné
myysliwecks doporuleni.

# Mavrhnutl a ndsledné doporuleni pFirodé blizkych postupl péstovdnd lesa v zawislost na lokalitach

5 ohbedem na cchranu lesa a probhajicl aménu klimatu

Metodika

Z2ajmowve reml

Zajmowve dzeml bude zahrnovat Ceskou wysodinu, 2ejména pak oblasti Ceské tabule, Poberounske soustavy,
Ceskomoravske soustavy a Sudet. Wzkum bude zaméfen na jehlifnaté porosty 5 akcentem na smrk ztepily
a jedll bélokorou. Pro shodnoceni struktury a vywoje plirozeng obnowy a matefského porostu budow wwyudity
diouhodobé sledované trvalé wyzkumné plochy, které budou dopln&né o nowé zalodend experimentalnd

plochy.

Sbér dat
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Pro stanosen! prostorove struktury stromového patra, pfirczend obnovy a korunovych projekcl bude po-
ufito technologie Fleld-Map (IFER). U-stromd bude méfena witetnl taustka, vwwika, nasazeni koruny, Efka
koruny a poSkozeni zvEF ohryzem a lougdndm (débka a obwod pofkozent; bnlloba). Ddle budou u domi-
nantnich stromd odebramy wyerty pro dendeochronologické-analyzy. U pfirozené obnowy budow z)i5tova-
ny kvantitativnl a kvalitatind parametry, wietné okusu &R, vilvu ekologickych faktorl a interakce ezl
stromowym patrem. U jedincd pfrozené obnovy bude améfena pozice, wika, Sifka koruny, vyika nasazend
2elené koruny & urfena dfevina a Ekody okusem (bez poskozand, bodni okus, termindini okus; stary, nowy,
opakovany).

Zpracovani dat

Pro wypodet prostorového rozmistEni jedincd plfirozend obnovy a stromového patra bude poudlt program
PointPro (&2U). Druhovd diverzita, strukturdind diferenclace, vertikdind diverzita a celkowd diverzita bude
wypoftena v programu Slbyla Triquetra (TUZVO). Dendrochronobogickeé analyzy, vietné detrendace £l urfe-
nl wyznammych let, budou provedeny pomod softwaru R (Team R Core). Modelowan! zvislost radidiniho
riistu dfevin we vztahu ke klimatickym faktonlm probEhne ¥ softwaru DendroClim (Laboratory of Tree-Ring
Research). Wicerozmérné analyzy budow provedeny v programu CANOCO (Microcomputer Power) pro zhod-
noceni vztahu mezi ristowymi parametry obnowy a strormowého patra, diverzitouw, produkcl a Ekodami 2wEFL
Atatisticke testovadni (AMOVA, t-test, neparametricks testy, korelace atd.] prob£hnow v programu Statistika
(statsoft).

Harmonogram Feleni

I. Etapa (2021)] - pracovan] metodiky, vybér vyzkummych ploch, sumarizace podkladovych databdz,

Il Etapa (2022 — rpracovani literdrnl retere, zalofeni nowch experimentdinich ploch, sbér dat » terénu,
plispfvek na mezindrodni konferancl,

I Etapa [2023) - publikace Eldnku, 2pracovand dat, sbér dat vterénu, pflspdvek na mezindrodni konferend,

IV, Etapa (2024) - statistickd analyry, komplementace prace, publikace wEdeckych Elanki, pflspévek na me-
zinarodnl konferenci,

. Etapa (2025) — obhapoba dizertaéni prace.
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Abstrakt

Vliv skod zpiisobenych zvéii na strukturu, obnovu a stabilitu jehlicnatych porostti predstavuje
v podminkach Ceské republiky zasadni problém, ktery je s postupujici klimatickou zménou
stale vyraznéjsi a vyzaduje cilenou optimalizaci lesnického managementu. Cilem diserta¢ni
prace je vyhodnotit jednak skody zptisobené zvéFi v jehliénatych porostech Ceské vysoginy, ale
i navrhnout vhodné managementové pfistupy u jehlicnatych porosti véetné vyuziti
introdukovanych dfevin ¢i tvorbu smési jako adaptace na klimatickou zménu, a to i ve srovnani
se zahrani¢nimi oblastmi. Z hlediska Skody okusem, v dominantnich jehli¢natych porostech,
nejvetsi Skody byly zjistény u jedle bélokoré (Abies alba Mill.) a javoru klenu (Acer
pseudoplatanus L.), pficemz mira poSkozeni u téchto druhti ptesahovala 75 %. Okrajové ¢asti
porostl navic vykazuji o 40 % vyssi Skody nez vnitini ¢asti porostii. Loupani a ohryz nejvice
poskozoval smrk ztepily (Picea abies [L.] Karst.), kde v n¢kterych lokalitach bylo poSkozeno
az 89 % jedinct, ptfi¢emz ohroZeni se stale posouva do nizsich tloustkovych tiid (nejcastejsi u
strom1 s tlouStkou 2—6 cm). Navic naslednd hniloba poskozenych jedinch redukuje produkéni
potencial smrkovych porostii o 50-71 % a urychluje Sifeni klirovcovych kalamit. Z hlediska
adaptace na klimatickou zménu a rozsadhlé plosné disturbance smrkovych porosti bylo
zaméieno na potencial introdukovanych dievin. Zejména se jedna o porovnani moznych nédhrad
smrku ztepilého jinymi druhy smrkti v nasich podminkéach. Smrk sitka (Picea sitchensis Bong.)
vykazoval vysoky produk¢ni potencidl, avSak tato dievina je velmi sensitivni na srazkovy
deficit. Z hledisky kvality dieva (mechanickych vlastnosti) a rezistence vici klimatickym
extrémim smrk omorika (Picea omorika [Panci¢] Purk.) byl jedinym druhem vykazujicim
dobré vlastnosti, coz ho Cini vhodnym kandidatem pro obnovu lest v kontextu klimatické
zmény. S ohledem na mozné feseni klimatické zmény byly porovnany jehlicnaté monokultury
a smiSené porosty. SmiSené porosty borovice lesni (Pinus sylvestris L.) a smrku ztepilého
vykazaly 0 29,8 % vyssi produkci oproti monokulturam. Tato zjisténi jsou moznym feSenim
stabilizace soucasnych porostli s ohledem na stanovistni poméry s probihajici klimatickou
zmeénou jako jeden z néstrojii v kombinaci s ptirod¢ blizkymi zplisoby hospodateni. Zaroven se
zde nabizi moznost uziti vybranych introdukovanych dfevin v lesnické praxi. Nicméné

vvvvvv

stavll zvéte na ekologicky inosnou mez.

Kli¢ova slova: Struktura a dynamika lesa, ptirodé blizké hospodateni, pfirozena obnova, okus,
ohryz, loupani



Abstract

The impact of wildlife damage on the structure, regeneration, and stability of coniferous forest
stands represents a major problem under the conditions of the Czech Republic. With ongoing
climate change, this issue is becoming increasingly pronounced and requires targeted
optimization of forest management. This dissertation aims not only to assess the extent of
wildlife damage in the coniferous forests of Cesk4 vysocina, but also to propose appropriate
management strategies for these stands—including the use of introduced tree species and
mixed-species compositions—as part of climate change adaptation, with comparisons to
selected foreign regions. In terms of browsing damage, the most affected tree species in
dominant coniferous stands were silver fir (4bies alba Mill.) and sycamore maple (Acer
pseudoplatanus L.), with damage rates exceeding 75%. Edge zones of stands exhibited 40%
higher damage levels compared to interior areas. Bark stripping most heavily affected Norway
spruce (Picea abies [L.] Karst.), with up to 89% of individuals damaged in some localities.
Moreover, such damage increasingly affects thinner trees (most commonly those with dbh
between 2—6 cm). The resulting fungi decay in damaged trees reduces the production potential
of spruce stands by 50—71% and accelerates the spread of bark beetle outbreaks. In response to
climate change and the large-scale disturbances of spruce stands, attention was given to the
potential of introduced coniferous species. The study focused on comparing possible
replacements for Norway spruce under Czech conditions. Sitka spruce (Picea sitchensis Bong.)
showed high production potential but proved highly sensitive to precipitation deficits. In
contrast, Serbian spruce (Picea omorika [Panc¢i¢] Purk.) exhibited good wood quality
(mechanical properties) and resistance to climatic extremes, making it a promising candidate
for forest regeneration in the context of climate change. Additionally, coniferous monocultures
were compared with mixed stands as a potential climate adaptation strategy. Mixed stands of
Scots pine (Pinus sylvestris L.) and Norway spruce produced 29.8% higher yields than
monocultures. These findings offer potential solutions for stabilizing current forest stands under
changing environmental conditions, particularly when combined with -close-to-nature
management approaches. At the same time, the controlled use of selected introduced tree
species in forestry practice appears promising. However, the most critical factor remains the
harmonization of silvicultural and game management and the reduction of ungulate populations

to ecologically sustainable levels.

Keywords: Forest structure and dynamics, close-to-nature management, natural regeneration,

browsing, bark stripping
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Seznam zkratek

e FSC — Forest Stewardship Council,

e (CZU - Ceské zemé&d&lska univerzita,

e DBH - diameter at breast height (vycetni tloustka v 1,3 m),
e LHP - lesni hospodaisky plan,

e LVS —lesni vegetaéni stupen,

e OPRL - oblastni plan rozvoje lesti,

e CHMU - Cesky hydrometeorologicky ustav,

e PEFC — Programme for the Endorsement of Forest Certification Schemes,
e PLO — pfirodni lesni oblast,

e IFER- Ustav pro vyzkum lesnich ekosystémd,

e TVP —trvald vyzkumna plocha,

e UHUL - Ustav pro hospodaiskou Gipravu lest

e MOR — modul pevnosti v ohybu,

e MOE — modul pruznosti v ohybu.
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1. Uvod

Lesy jsou zakladnim prvkem pfirodnich ekosystému, které maji v dob¢ rychle postupujici
globalni klimatické zmény nezastupitelnou roli pifi zachovéani biologické rozmanitosti,
stabilizaci klimatu a udrzitelném hospodateni. Krom nejvice zndmé hospodarské funkce, lesy
viak plni celou fadu dal§ich mimoprodukénich funkci (FSC CR, 2011). V Ceské republice byl
v minulosti vyvoj porostil negativné ovlivnén zejména v Krkonosich 70. let 20. stoleti imisemi,
kdy probihala ekologicka kalamita. Jeji dopady na lesni porosty vyzaduji feseni velmi citlivou
diferencovanou péci o tyto lesni ekosystémy, kterd ma za kol zajistit posileni ekologické
stability, biodiverzity a jeji autoregulacni procesy (Vacek et al., 2010). V soucasnosti mezi
nejvetsi hrozby patii klimaticka zména a Skody zvéii (Kupferschmid et al., 2013; Cukor et al.,
2019a; Vacek et al., 2023).

Lesnicky i obecné ptirodovédecky pohledu na les je spojen s trvalosti a kontinuitou funkci lesti,
¢imz jsou mySleny nejen funkce produkéni, ale 1 funkce ekologické a environmentalni (Vacek
et al., 2007). Pokud je zde absence autochtonnich ¢i pfirodnich lest, je zapotiebi upfednostnit
alespont lesy ptirodé blizké ve kterych je Casto zddouci pomoc jejich naslednému vyvoji
vhodnym ptirodé blizkym managmentem (Lindh, Muir, 2004). Timto je zajiSténa krat$i doba
dosazeni cilového stavu, a to je moment, kdy je lesni ekosystém mozné ponechat samovolnému
spontdnnimu vyvoji (Gotmark, 2009; Vacek et al., 2014). V této souvislosti je pochopeni a
poznani spontannich jednotlivych vyvojovych procest lesnich ekosystému, které se uplatiuji
v lesnich porostech, nenahraditelné (Papaik, Canham, 2006). Na téchto zakladech a poznatcich
zavisi spravna volba ptirod¢ blizkych zptlisobii obhospodatrovani. Z tohoto diivodu jsou ziskané
poznatky o samotné struktufe a vyvoji piirodé blizkych lesti pro praktické lesnictvi jednim
znejvice dulezitych voditek pro spravné hospodafeni (Klopci¢, Boncina, 2011). Cyklicky
opakujici se disturbance ve vyvoji lesa vyrazné ovliviiuji strukturu ptirod¢ blizkych a ptirodnich
lesti. Nésledny vznik pfirozené obnovy je dan mnoha faktory, zejména plynuld obnova porostl
je zna¢né zavisla na ptiznivych stanoviStnich podminkach (Jar¢uska, 2009; Barna, 2011). Pravé
tento trend smétfovani lesniho hospodareni k pfirod¢ blizkému zplisobu soucasné probiha na
celém Uzemi Evropy (Szwagrzyk et al., 2012). V ramci zmény klimatu je snaha budovat
zejména bohat¢ strukturované a pestré lesy, za pomoci piestavby nebo pfemény (Slanaf et al.,
2017; Vacek et al., 2019).

Hned po riznych antropogennich vlivech je nejvice pfirozend obnova porosti ohroZovana
Skodami zvéfi. Neni tedy novinkou, Ze se jedna v soucasnosti o nejvice diskutované téma

(Vacek et al., 2014). Za jiz zminéné Skody zvéii se povazuje okus, loupani obzvlasteé v jarnim
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obdobi, ¢i ohryz v zimnim obdobi. Vzniklé skody velmi ovlivituji jak pfirtst, tak i vitalitu
poskozenych jedinct (Vacek, 2017; Cukor et al., 2019a). Les je odjakziva pro zver prirozenym
biotopem, ktery je nejen zdrojem energie a obzivy, ale také je spojen s jeho existenci. Jiz od 19.
stoleti je snaha myslivcil a lesnikt snizit Skody zptisobené zvéfi na lesnich porostech, a to nejen
sparkatou zveéfi. Soucasné vysledky studii tohoto tématu ¢asto nebyvaji konkrétni a Casto
polemizuji o stavech zvéfe. Stale tedy neni znama skutecna pticina pisobenych skod na lesnich

porostech zvéti (Cislerova, 2001).
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2. Cile prace

Hlavnim cilem préce je komplexné se zam¢fit na (i) Skody plisobené zvéii a (ii) optimalizaci
managementu jehliénatych porosti v Ceské vysodiné s ohledem na klimatickou zménu
s vyuzitim pfirod¢ blizkych zplisobim hospodaieni. Déle byly porovnany nékteré druhy
introdukovanych dfevin jako mozné potencialni nahrady za ustupujici domaci dieviny v ramci
feSeni problému v kontextu probihajici klimatické zmény. V rdmci feSené problematiky, bylo
zajmové Uzemi rozsifeno a nékteré dieviny a plochy byly porovnavany také se zahrani¢nimi
lokalitami, aby bylo mozné 1épe porozumét odliSnostem v rustu, adaptaci a managementu
jehliénatych porostl v riznych klimatickych a ekologickych podminkéch. Zaroven byly kromé
ristu a produkéniho potencidlu hodnoceny mechanické vlastnosti dieva nékterych
introdukovanych jehli¢natych dievin, a také byly porovnany s domacimi druhy, jako mozna
nahrada za ptipadnou absenci domacich druhti v disledku klimatické zmény. Konkrétnimi

dil¢imi cili bylo:

e Komplexni zamé&feni na analyzu dostupnych domécich a zejména zahrani¢nich zdroji
s akcentem na Skody zvéfi, klimatickou zménu a management jehli¢natych porostl
vcetné introdukovanych drevin.

e Charakteristika jednotlivych stanovist’ zdjmovych oblasti a trvalych vyzkumnych ploch
s rozsifenim o zahrani¢ni lokality.

e Porovnani monokulturnich a smiSenych jehli¢natych porosti s ohledem na produkéni
potencial, sekvestraci uhliku a strukturni diverzitu a klimatické odolnosti téchto porosti
v kontextu adaptace na klimatickou zménu.

e Porovnani riustovych a klimatickych (teplot, srazek, extrémnich udalosti) reakci
domadcich a vybranych introdukovanych dfevin v kontextu adaptacnich opatieni.

e Zhodnoceni potencidlu vybranych introdukovanych druhii smrku jako nahrady za smrk
ztepily se zaméfenim na produkéni potencial, klicové vlastnosti dieva jako naptiklad na
hustotu, modul pevnosti a pruznosti.

e Priehled soucasnych poznatkli a analyza Skod zvéfi se zaméfenim na ohryz, okus a
loupani v jehliénatych porostech v Ceské republice.

e S ohledem na soucasné stavy zvére, doporucit praktické poznatky a prostfedky pro

minimalizaci §kod zvéti na mladych jehli¢natych porostech.
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e Navrhnout lesnické managementové strategie, které podpofi stabilitu a produkéni
funkci jehlicnatych porosti v podminkach klimatické zmény, véetné vyuziti

introdukovanych dfevin a smiSenych porostii.
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3. Rozbor problematiky

3.1. Struktura lesnich porosti

Struktura lesnich porostl velmi vyznamné ovliviiuje konkuren¢ni vztahy jedincii v porostech a
rovnéz jejich variabilitu rastu a ptirozenou obnovu (Pretzsch, 1997; Newton, Jolliffe, 1998).
Samotna struktura lesnich ekosystémii je velmi ¢asto oznacovana jako soubor obecnych
charakteristik zahrnujici prostorovou ¢i druhovou strukturu (Noss, 1990; Franklin, 1988).
Struktura lesnich porosti je dana jeho piivodem, at’ uz vegetativnim nebo generativnim, dale je
vyznamnym prvkem druhového slozeni, v€kového a prostorové uspotadani 1 genetické skladby
(Vacek et al., 2010).

Analyza struktury porostu se v lesnické praxi pouziva k posouzeni stavu jeho piirozenosti a
schopnosti autoregulace z hlediska pfirozené obnovy a nasledné tvorby piirodé blizkého
managmentu (Vacek et al., 2007). Struktura porostu je v souc¢asné dobé velmi ¢asto hodnocena
za pomoci obecnych charakteristik. Jsou to naptiklad kruhova zékladna, objem ¢i hustota
porostu. Funkéni struktura porostu je definovana vyskytem a typem procestt v rdmci lesniho
ekosystému. Jako ptiklad mizeme oznacit kolobéh Zivin ¢1 vody vcetné produkce porostu
(Mcelhinny et al., 2005). Vysledné informace z téchto obecnych charakteristik jsou vyznamné
zejména z ekologického hlediska, jelikoz jsou ukazatelem obsahu dfevni biomasy v porostu.

Tyto informace mohou mit zna¢né dusledky pro budouci inventarizace lesi (Kral et al., 2014).

3.1.1. Vékova struktura lesnich porostii

K vyznamné variabilité vékové struktury dochazi zejména u piirodnich lesii s dominantnim
vyskytem stinomilnych druhii (Trotsiuk et al., 2012). V ptfirodnim lese vékov¢ stabilni struktury
porostu pocetné nejvice pievazuji jedinci nejmladsiho vékového stupné. V opacnych piipadech
tento jev signalizuje populaci na Gstupu. (Prasa, 1985).

VéEkova struktura porostil se rozliSuje dle stafi porostu, zaroven se vékova strukturu vyjadiuje
ve v€kovych tiidach ¢i v€kovych stupnich (Vacek et al., 2007). V ptipad¢ vékovych tfid se
porosty deli v intervalu 20 let, u v€kovych stupiii je to 10 let. Porosty se tak rozliSuji na
stejnoveke, €1 riiznoveké, presto ze se v porostu nachdzi jedna ¢i vice druhtli dievin (Lesnicky
naucny slovnik, 1995).

Vekova struktura porostu vyznamné ovliviiuje budouci odumirdni stromt a taktéz poukazuje
na produkéni a reprodukeni schopnosti stromtl, zaroven lze podle ni posoudit délku vyvojovych

cykll. Taktéz je nutno zminit, Ze dle vékové skladby porostu mizeme také posoudit budouci
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vyvoj porostu (Vacek et al., 2007). Vyskové a tloustkové Clenéni porosti taktéz zavisi na

vyvojovych stadiich ¢i disturbancich (Kral et al., 2010)

3.1.2. Druhova struktura lesnich porostu

Druhova struktura porostu je popisovana pfitomnosti dievin nebo v relativnich ukazatelich
vyjadtujicich jejich druhovou diverzitu (Mcelhynny et al., 2005). Slozeni druhové struktury je
ovlivnéno biotopem, taktéz cyklem zivin a mikrostanovistém (Carvalho, 2011). Druhova
diverzita se ¢leni na druhovou vyrovnanost, riznorodost a bohatost. Mizeme ji taktéz popsat
jako druhové slozeni biocen6zy (Klimo, 1994). Druhové struktura lesnich porostl rozlisuje
porost dle druhti dfevin v€etné jejich samotného zastoupeni v procentech. Samotné zastoupeni
druhti dfevin je vyjadieno jako plosny podil jednotlivych druhli dievin v celém porostu (Poleno
et al., 2007). Z abiotickych faktort velmi ovliviluje druhovou strukturu v porostu napiiklad
teplota, topografie, vlhkost a taktéz ptidni a svételné podminky (Lindner et al., 2010; Poleno et
al., 2009; Vacek et al., 2015b). Vedle abiotickych faktorti druhovou strukturu ovliviiuje téz i
vegetacni pokryv (Ulbrichova et al., 2006; Bilek et al., 2014). Druhové slozeni lesnich porosta
je velmi vyznamnou slozkou souhrnnych sprav o stavu lesa v lesnim hospodatstvi. Druhova
skladba se ¢leni na soucasnou, doporu¢enou a na pirirozenou (Kraus, Zeman, 2008). Jako dalsi
faktor, ktery mé znacny vliv na druhovou skladbu jsou Skody zvéri (Ammer, 1996; Vacek et

al., 2014a, 2014b).

3.1.3. Prostorova struktura lesnich porosti

V soudasnosti je prostorové uspotadani a rozmisténi lestt CR, véetné jejich druhové skladby,
vysledkem aplikace hospodarskych zptisobii uplatiiovanych zejména za poslednich 250 let.
Oproti pivodni dievinné skladbé a struktufe porosti je zde znacny pokles zastoupeni jedle
belokoré, buku lesniho a listnacl celkové ve prospéch smrku ztepilého (Sykora et al., 1983;
Vacek et al., 2012a). Prostorovd struktura lesnich porostli je vyjadiena vzajemnym
uspofadanim vSech jednotlivych slozek v ekosystému (Mcelhinny et al., 2005). Jako zakladni
uspofddani prostorové struktury porostu oznacujeme jako vystavbu, kterd se posuzuje ve
vertikdlnim a horizontadlnim sméru (Lesnicky nau¢ny slovnik, 1995).

U horizontalni struktury se sleduje hustota porostu, zakmenéni a zapoj. Takovéto porostni
faktory byvaji ovlivnény zejména autoregulaci, vychovnymi zasahy lesnich hospodaiti a také i

zpiisoby vzniku porostu (Poleno et al., 2007). Pro zjisténi horizontalni struktury lesniho porostu
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jsou nejvice pouzivany distribu¢ni indexy. Tyto distribu¢ni indexy jsou zalozeny na vzajemné
vzdalenosti jedinct v porostu (Clark, Evans, 1954).

Vertikalni uspotadani struktury porostu je nejvice ovlivnéno rychlosti rastu jednotlivych
druhti, vékem a vztahem spolecenstev na stanovisti (Poleno et al. 2007). Vertikalni struktura je
velmi variabilni, ovliviiuji ji zejména zvolené péstebni postupy odbornych lesnich hospodari
(Prasa, 2001). V soucasnych vyzkumech je prostorové rozmisténi stromu v porostu zjistovano

pomoci prostorové statistiky (Ripley, 1977; Penttinen et al., 1992).

3.1.4. Geneticka struktura lesnich porosti

Geneticka struktura lesnich porostii je ndstrojem pro udrzeni stability lesnich ekosystémt. Tato
ekosystémova struktura je dynamického charakteru a je dana frekvenci alel jednotlivych
genotypl dievin. Genetickad struktura je ovlivnéna faktory migrace, selekce, mutace, nahodné
zmény a izolace (Paule, 1992). Principem trvale udrzitelného hospodaistvi ve vazbé
na genetickou strukturou je udrzeni vysoké genetické diverzity. K tomu je nutné vyuziti
autochtonnich populaci naSich pivodnich dfevin, a to jak s vyuZitim pfirozené obnovy, tak i za
pomoci Slechténi lesnich dievin (Gomory, Longauer, 2014).

Jako pozitivni piistup k ovlivnéni genetické struktury lesnich porosti by lesnici méli vyuzivat
aplikaci ptirodnich a adaptacnich procesii véetné jejich kombinaci. Dale Ize tyto procesy
urychlit pomoci Slechténi lesnich dievin (Paule, 1992). Dulezitou soucasti genetické struktury
je biodiverzita lesnich ekosystému, znama i1 jako biologickd rozmanitost. Ekosystémova
biodiverzita je zalozena na rozmanitosti lesnich spolecenstev, a to jak zivocisnych, tak i
rostlinnych. V nasem piipadé se jedna zejména o rozmanitost dendroflory. Z tohoto hlediska je
vyznamna rozmanitost vnitrodruhova. Jeji definice je spociva ve spektru alel a genotypu

(Michal et al., 1992).

3.2. Vyvojové cykly prirozenych lesnich porosta

Ziskani znalosti a pochopeni spontanni vyvojovych cykll pfirodnich porostl je velmi klicové
pfi pozndvani a managementu lesnich ekosystémi (Cobb et al., 2017). Pfi studiu prabcéhu
spontannich pfirodnich cyklii je vyuZivano zejména rlstového a produkéniho potencidlu
v lesnich porostech (Pretzsch, 2009). Vyvojové cykly ptirozenych porostii popisuji regeneraci
porostll po n¢jaké disturbanci. Jedna se o obdobi od stadia odristani, pies dospélost (stadium

optima) az po stadium rozpadu porostu a nasledné jeho znovu obnoveni (Leibundgut, 1993).
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Pti celkovém vyvoji lesnich porostli ptfirodniho typu se Casto popisujeme maly a velky
vyvojovy cyklus lesnich porostii. Tyto cykly se odehravaji zejména v ptirodnich lesich bez
narusSeni ¢lovékem. Pfi téchto pfirodnich procesech zlstavaji vnéj$i podminky porostu
nezménény. Soucasti téchto pfirodnich procest je neustala obnova porostu i se stadiem jeho
rozpadu. V druhém piipad¢ se jedna o reakce na velkoplosné disturbance (Vrska et. al., 2001).
Pro budouci poznani lesnich ekosystémovych zakonitosti a spontannich procest jsou ptirodni
lesy neovlivnéné lidskymi faktory velmi unikatnim prostfedkem pro jejich poznani (Vacek et

al., 2010).

ail

faze dofivani faze doiivani
—— stadium optima — =

T4ze ohnovy stadium doristani f4ze obnovy stadium dorustani

[
Lag

Obr. 1: (A) Velky vyvojovy cyklus, (B) Maly vyvojovy cyklus (Poleno et. al., 2011).

3.2.1. Velky vyvojovy cyklus

V tom piipadé se jedné o cyklus typické sekundarni sukcese s rozlohou na celé plose lesniho
porostu. V rdmci nacasovani se jedna o kratsi useky v fadu desetileti (Korpel’, 1991). Pocatek
tohoto vyvojového cyklu se vétSinou odehrdva na velkych plochach a je zplsoben
velkoplo$nymi disturbancemi a rozpadem porostll. Pfi tomto zapoceti cyklu vznikaji nejprve
holiny (Barnes et al., 1998). Po tomto procesu vznikd prvni fidze procesu, a to tedy stadium
., pripravného lesa . Tato faze cyklu se také n¢kdy nazyva ptipravnym lesem. V této fazi se
zacinaji objevovat prvni pionyrské dieviny jako Sorbus aucuparia L., Betula pendula Roth,

Larix decidua Mill., Pinus sylvestris L., Salix caprea L. (Vacek et al., 2009). Tyto dfeviny jsou
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typické svym charakterem, jsou zejména svétlomilné, nendrocné a jsou podminény silnou
fruktifikaci. Vytvaii tak idedlni podminky pro polostinné dieviny (Korpel’, 1995).

DalSim typickym znakem pionyrskych dievin je kratkovékost. Pti rozpadu téchto piipravnych
dfevin na stanovisti se za¢inaji objevovat prvni klimaxové dieviny. Tato faze, kdy klimaxové
dreviny zac¢inaji nalétat pod pionyrské dieviny se nazyva stadium ,, prechodného lesa* (White,
2013). Pti této fazi se klimaxové dieviny objevuji v podrostu dievin pionyrskych. Jedna se
zejména o dreviny Fagus sylvatica L., Abies alba Mill., Picea abies L. (Chapman et al., 2006).
V této fazi vyvoje je prubéh procesu obnovy porostii delsi nez u ostatnich fazi (Matuszkiewicz
et al., 2013).

Dalsi fazi tohoto vyvojového cyklu je stadium ,,zaverecného klimaxového lesa“. V této fazi se
klimaxové dfeviny pfizplisobuji danému stanovisti a zacind se vytvaret specifické porostni
mikroklima (KosSuli¢, 2010). Pozdéji dochazi k nastupu fruktifikace klimaxovych dfevin a

zacina se objevovat prvni obnova (Poleno et al., 2007).

3.2.2. Maly vyvojovy cyklus

Tento cyklus probiha v klimaxovém lese a je typicky svym pusobenim na malé plose porostu a
delsi dobou obnovy v fadu staleti (Poleno et al., 2007). Pfi tomto procesu dochdzi ke stiidani
generaci dievin na stanovisti (Klimo, 1994). Vznik tohoto cyklu se odehrava na malych
plochach vétsinou o velikosti do 0,3 ha (Vacek et al., 2007). Cim vice se jedna o proces
maloplosného vyznamu, tim vice se zvySuje stabilita a zvyraznuje druhova pestrost na daném
stanovisti (Jenik, 1995). Obecné pravidlo uvadi, ze pokud plosny podil jednotlivych fazi
procesu odpovida i casovému trvani celého procesu (Vrska et.al., 2001). V oblasti subtropt je
tento proces vzacnym jevem. Na nékterych stanovistich se uskutecni jen nékolikrat, nez se
znovu objevi velkoplosny rozpad porostu (Vrska et. al., 2009). Vyznamnym faktorem pro
uspéch tohoto cyklu je vhodné rozmisténi jednotlivych fazi vyvoje (Nozicka, 1957).

Maly vyvojovy cyklus lesa se opét sklad4d nckolika stadii, a to stddium doriistdni, optima
(zralosti) a rozpadu, které se dale ¢leni na jednotlivé faze. Prvnim stadiem je doristani, kdy
dochézi k autoregulaci obnovy porostu a jeji selekci s prevazujicim vyskovym riistem (Vrska,
2007). Objevuji se pii tomto procesu novi jedinci. Je zde také patrny ubytek mrtvého dieva a je
zaznamenam zvyseny vyskyt dieva zivého (Saniga, 1993). Druhym stadiem je optimum, kdy
prevazuje tlouStkovy rlst a je zde nejvyssi zasoba porostu (Vrska, 2007). Vysledkem je vznik

porostu s diferencovanymi tloustkami a vyrovnanosti (Korpel’, Saniga, 1993).
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Poslednim stadiem je stadium rozpadu. Pti tomto procesu dochazi v disledku odumirani stromt
k nahromadéni mrtvého dieva a k vyraznému poklesu zasoby zivych stromi (Samonil, Vrska,
2007). Dominance starého matetského porostu klesa a nastupuje vyrazny narist generace noveé

lesa (Vacek et al., 2007).

3.3. Prirodé blizké hospodareni

Ptirod¢é blizké hospodateni je hlavnim prostiedkem strategie pro udrzitelnou péci o lesni
ekosystémy, které nejcastéji vyuziva diferencovanou vychovu porostil s vyuzitim stanovistnich
podminek ¢i ohledem na ptirod¢ blizké formy (Schwarz, 2006).

Jednim z Gcell je vytvareni optimalni struktury lesnich ekosystémii velmi diferencovanym
zpuisobem, dle podminek ptdnich poméra s ohledem na produkéni a péstebni cile lesniho
hospodateni (Bohn, Huth, 2017). Vyuzivano je taktéz spontdnnich ptirodnich procesu, jako
naptiklad pfirozené obnovy ¢i autoregulace a kompetice (Bettinger et al., 2016). V soucasné
dobé veskeré zplisoby ptirodé blizkého hospodateni s lesnimi porosty maji své zdklady v trvale
udrzitelném lesnim hospodareni (Poleno et al., 2009). Nejvice téchto zptisobt hospodareni se
vyuzivd v soucasnosti pii pifestavbé monokulturnich lesnich porosti na porosty vice
diferencované pfi aplikaci maloploSného obhospodatovani a taktéz s ptihlédnutim na piirode
blizké formy (Schwarz, 2006).

Vytvafeny a podporovany jsou viceucelové zplisoby hospodateni, kdy jejich vzorem jsou
funk¢ni systémy a samotné moznosti lesnich ekosystému s ohledem na funk¢ni vyrovnanost
(Vacek et al., 2018). Ptirod¢ blizké péstovani lesnich porostii neni limitovano zadnym
z pestebnich zptsobti. Kazdy z hospodaiskych zplisobti je vice ¢i méné piirode blizky (Schiitz,
1999; Bilek et al., 2016). Principem vyuzivani ptirod¢ blizkych zptsobti hospodateni je ptrechod
od velkoplosného hospodateni ke skupinovitému ¢i individualnimu zptasobu hospodaieni
(Hannah, 1988). Z téchto diivodl je nezbytna piestavba poskozenych ¢i chifadnoucich lest na
porosty odoln€js$i a stabilngjsi vic¢i disturbancim za pomoci piirodé blizkych zplsobi

obhospodarovani (Fiihrer, 2000).

3.3.1. Obnovni sece

Z hlediska ptirod¢ blizkého hospodafeni mohou byt aplikovany velkoplo$né a zejména
maloplosné clonné sece (Poleno et al., 2009). Prvni pravidla pro pifirozenou obnovu porosti
stanovil v 18. stoleti vyznamny lesnik Hartig, ktery vyuZival zejména clonnych zplsobi

obnovy porostll. Dal§im obdobi 19. stoleti némecky lesnik Heyer stanovil n€kolik fazi clonné
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seCe, které jsou pouzivany do soucasnosti. Tato clonna se¢ se nazyva Hartig-Heyerova
velkoplosna se¢ (Kantor, et. al. 2018). Obvyklé clenéni clonné sece je do nékolika fazi: faze
ptipravnd, dale faze semennd, prosvétlovaci a zavérem domytnd. Kdyz jednotlivé naseky jsou
umistény na kraj porostu, tak se jednd o okrajovou clonnou se¢. Umisténi clonné sece do stiedu
porostu vytvari pruhovou ¢i skupinovitou clonnou sec. Pfi podrostnim zpiisobu obnovy, vzdy

novy porost vznika pod ochranou téZzeného porostu (Schwarz, 2006).

- Pii této seci je cilem podpofit nejvice kvalitni jedince a dale vytvoftit idealni podminky

pro jejich fruktifikaci (Tyml, 2018).

Obr. 2: Sec piipravna (Kantor et al., 2018).

-V této fazi porostu by mély ziistat zejména nejvice kvalitni jedinci cilové skladby

porostu (Tyml, 2018).

Obr. 3: Se¢ semenna (Kantor et al., 2018).

- Intenzita zasahu se odviji od dieviny a stanoviSté. Je tfeba také zohlednit vyskyt
pfirozené obnovy. Pti této fazi se zakmenéni snizuje na 0,4 az 0,2 (Kantor et al., 2018).

: '{Mfz’l:’fi

Obr. 4: Sec¢ uvolnovaci (Kantor et al., 2018).
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-V této fazi se u zajisténych narostil provadi vnaseni melioracnich a zpeviujicich dievin

(Tyml, 2018).

Obr. 5: Se¢ domytna (Kantor et al., 2018).

Maloplosné sece byvaji taktéz predméetem ptirodé blizké hospodateni. Pruhova maloplosna
clonna se¢ je provadéna pripravnou fazi z kraje porostu proti sméru prevladajicich botivych
vétr v pasech ¢ pruzich. Sitka téchto pruhti nepiesahuje zpravidla dvojnasobek vysky
obnovovaného porostu (Kantor et al., 2018). Obnova clonnymi seCemi je mnohem naro¢néjsi
na pripravu a ¢as. Nejvice narocné je zpiistupnéni a prace se svétlem. Piesto se tento zplisob

vyplaci jak z pohledu uspésSnosti obnovy, tak financi (Tyml, 2018).

1. zahajeni obnovy 2. po 5-ti letech

<4 smér obnovy

3. po 10-ti letech

pfipravné semenné uvolfiovaci domytna
faze faze faze faze

Obr. 6: Jednotlivé faze obnovni clonné sece (Kantor et al., 2018).

Clonna se¢ skupinova, nékdy také kotlikova je zpiisob obnovy porostu ktery, je typicky

jednorazovym smycenim konkrétnich stromi na malé plose vétSinou kruhovitého tvaru.
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Sitka kotliku zpravidla nepiesahuje vysku obnovovaného porostu a vytvaii specifické lokalni
mikroklima. Dle postupu stinu a expozice porostniho okraje se zde zpravidla méni i svételny a
teplotni rezim v¢etné ptdni vlhkosti. Toto lze aplikovat pii obnové s pouzitim vice druhti dievin

s odlignymi naroky na svétlo a mnozstvi vlahy (Cihal, Juréa, 1961).

Pouziti skupinové clonné sece je vhodné zejména pfti prestavbé jehli¢natych monokulturnich
porostll vnasenim jinych difevin jako jedle a buk. Pozdéjsim rozsitenim kotlikd se zpravidla
zajisti obnova jen na urcité porostni plose, proto je nutna kombinace s jinymi secemi. (Kantor,
et al. 2018). Taktéz je pifi obnové porosti mozné pouziti jinych zplsobl podrostniho

hospodafteni ¢i jejich kombinace (Schwarz, 2006).

Obr. 7: Kotlikova obnovni se¢, kdy prvni faze je po zajisténi porostu postupné rozsifena o
dalsi obnovni kotliky (Kantor et al., 2018).

3.3.2. Prirozena obnova

Aplikace ptirozené obnovy je Siroce akceptovana jako jeden z hlavnich prvki ptirod¢ blizkého
hospodareni s porosty (Saniga, Kralovi¢, 2009) Typické znaky ptirozené obnovy prvotnich
stadii se na lesnim stanovisti vyznacuji velkym poctem jedinct a velmi vysokou mortalitou
(Collet a Le Moguedec, 2007). Mezi hlavni znaky ptirozené obnovy fadime mnohem del$i dobu
jejiho vzniku oproti umélé obnové (Smelkova, Smelko, 2011).

Ptirozenou obnovu lesnich porosti délime dle jejiho ptivodu, a to na vegetativni a generativni.
Napftiklad u smrku vyuZivdme obou zplsobii obnovy. Pokud zminime pfirozenou obnovu
porostll vegetativnim zplisobem, jedna se o takzvané hfiZzeni. Tento zplsob je velmi efektivni
v oblastech vysokych nadmoiskych vysek v severnim aredlu vyskytu pravé smrku ztepilého.

Diivodem je, Ze moznosti obnovy generativnim zptusobem, kdy se jednd o obnovu pomoci
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semen jsou vyrazn¢ v téchto oblastech omezeny (Schwarz, 1997). Jedna z moznosti
vegetativniho zplisobu obnovy je za pomoci kofenové ¢i patfezové vymladnosti (Vacek, 2008).
Obnova porostli za pomoci ptirozené obnovy je zpusob, kdy je vytvaiena nova generace lesa
pomoci autoreprodukce ptivodniho matefského porostu. Rozdilem piirozeného lesa je, ze zde
probiha tato obnova porostu samovolné, oprosti lesu hospodaiskému, kde je spojena s ¢innosti
lesniho hospodate (Vacek, 2008). Z péstebniho pohledu je vhodné zakladat smiSené porosty,
které jsou prevazné stabilni a odolnéjsi vaci postupujici klimatické zméné. Jako vyhodny
zpusob se jevi skupinovité smiseni jednotlivych porostii a volba 2 ¢i 3 druhti dievin (Kantor, et
al. 2001).

Generativni zpisob obnovy je asto doprovazen podrostnim zpiisobem hospodateni. Casto je
tento zptisob obnovy definovan jako pfirozena obnova porosti pod mateiskym porostem
s hornim clonénim (Vacek, 2008). Vykli€eni prvnich semendcki ze semen z mateiskeého
porostu a jejich budouci preZziti zavisi na idealnim stavu plidniho povrchu. Idealnimu stavu pidy
Casto predchazi biologicka ptiprava pudy, se kterou je spjata imyslna mytni t€zba, diky které
dochazi ke snizeni zakmenéni a zéapoje. Pii téchto procesech dochazi ke zvyseni svétla a
vlhkosti v porostu (Vacek et al., 2020). Proti vysychdni semen pii obnové je velmi dllezité, aby
byla semena zakryta tenkou vrstvou mineralni pidy (Ledn-Lobos, Ellis, 2002). Jako zakladni
pro rust prirozené obnovy se povazuje intenzitu svétla, piidni vlhkost a obsah zivin na daném
stanovisti (Madsen, Larsen, 1997; Agestam et al., 2003; Jarcuska, 2009).

Pokud se jednd o pfirozenou obnovu stanovist¢ s nevhodnymi, invaznimi ¢i neptvodnimi
dfevinami, je tedy v potadku, Ze se k nim pfistupuje negativné a ve snaze o jejich prestavbu
(Mansourian, 2005). Piikladem nevhodné pfirozené obnovy miize byt i nalet smrku v nizsich
vegetacnich stupnich, nez je jeho pfirozeny areal. Tyto porosty jsou casto obéti klirovcové
kalamity a jinych abiotickych ¢i biotickych disturbanci (Berec et al., 2013). V disledku
disturbanci téz dochdzi k samotnému vzniku piirozené obnovy, kterd je zdvisld na tad¢
mikrostanoviStnich podminek (Diaci, 1997). Poté jsou tyto porosty ¢asto nahrazovany mnohem
pfirozenéjS§imi a casto 1 plvodnimi smiSenymi porosty, které jsou pro dand stanovistné
privétivejsi a rovnéz odpovidaji pivodnimu charakteru stanovisté (Brazdil et al., 2018).
Ideélni podminky pro ptedpoklad uspésné pfirozené obnovy se vytvareji velmi dlouhou dobu
pfed jejim samotnym zapocetim (Schwarz et al. 2006). Pro uspéSnou realizaci samotné
pfirozené obnovy je zapotiebi pfitomnost a souznéni nékolika faktord v jeden moment za tcasti
ptiznivych stanovistnich podminek (Barna, 2011). Jedna se tedy o ndhodny jev, ktery je
ovlivnén mnoha faktory a jejich kombinacemi (Paluch, 2005). Mezi tyto faktory zafazujeme

individudlni biometrické vlastnosti kazdého druhu dfevin, historie krajiny a jeji soucasné a
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minulé hospodateni, zdravotni stav a zejména silny vliv sparkaté zvétre (Kershaw et al., 1990).
Pirozena obnova je také povaZzovana za indikator porostni stability a vitality (Sticha et al.,
2010). Zaveérem lze fict, Ze pfirozend obnova je povazovana za jeden z prvkl dynamiky lesnich

ekosystému (Dobrowolska, 1998).

3.3.2.1. Vyhody pfirozené obnovy

Aplikace ptirozené obnovy na vhodném stanovisti je povazovana za velmi vyznamny prvek
prirodé blizkého hospodareni, které je postaveno na zakladech ekologické stability (Saniga,
Kralovic, 2009). Jako ptfedni vyhodou pfirozené obnovy lze zminit, Ze se jednd o osvédcené
alochtonni ¢i udrzitelné autochtonni populace lesnich difevin. Predpokladem této obnovy je
uchovani piivodnich vhodnych vlastnosti matefského porostu, tento efekt ndm umoziuje
efektivni vyuziti stanovisté (Korpel, 1989; Vacek et al., 2010). TézZ piednosti pfirozené obnovy
je dobré ptizpisobeni mikrostanovistnim podminkam. Tohoto jevu vSak u aplikace umeélé
obnovy nemtiZzeme nikdy zcela dosdhnout (Poleno et al., 2009).

Dalsi vyznamnou piednosti pfirozené obnovy je vétsi pocet jedinct, na kterych miizeme pii
vychove porostl aplikovat piisn€jsi kritéria a vyssi intenzitu zdsahu (Kantor, 2001).

U husté¢ zmlazenych porostii je patrna vyrazna diferenciace a autoregulace. Tyto faktory
v budoucnu vedou k vyraznému snizeni ndklada na vychovu porostu (Reininger, 1992; Poleno
et al., 2009). Pravé u Skodach zvéii na ptirozené obnove jsou zaznamenavany mnohem mensi
Skody nez u umélé obnovy (Poleno et al., 2009). Jak z pohledu mensiho poctu atraktivnich
druhti k vybéru pro zver, tak vzhledem k pfilis velkém mnozstvi jedinct jsou Skody Casto témér
zanedbatelné (Motta, 2003; Vacek et al., 2014a). Jako jeden ze zasadnich aspektii pro zdarny
prubéh regeneracnich procesi jsou disturbacni procesy v piirodé blizkych lesich (Wagner et al.,

2010).

3.3.2.2. Nevyhody prirozené obnovy

Uspésnou pfirozenou obnovu ovliviiuji viechny probihajici piirozené procesy, které tvoii
nepierusovany sled udélosti nutny k jeji existenci (Vacek et al., 1995). Velmi dulezitd je
pfiprava pidy u nékterych dievin. Na chudych stanoviStich ¢asto dochdzi k nahromadéni
znaéné vrstvy hrabanky. Takovéto nahromadéni ma casto za vysledek napadeni semen
parazitickymi houbami nebo dochézi k jejich vysychani (Vacek et al., 1996). Z tohoto diivodu
by se mélo pfi ptipraveé plidy pro ptirozenou obnovu buku a jedle dohlédnout na spravné odkryti

mineralni pudy, pfipadné aby doSlo k promiseni nadlozniho humusu s minerdlni zeminou
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(Vacek, 1990). Priprava ptidy je nezbytnd u ptirozené obnovy borovice lesni, jelikoz jeji semena
dobfe kli¢i jen na mineralni ptdé (Poleno et al., 2009).

Mezi dalsi nevyhody lze zahrnout v ptipadé¢ monokultur praveé obnovu porostu pouze z dievin
matefského porostu (Poleno et al., 2009). Je nutno zminit, ze limitujicim faktorem pro existenci
mozné piirozené obnovy je piima zavislost na fruktifikaci matetského porostu. Velké mnozstvi
druhii dfevin ma nepravidelné semenné roky (Mauer, 2005).

Jako vyznamna hrozba pfirozené obnovy je pravé sparkata zvét (Ammer, 1996; Olesen,
Madsen, 2008). Pokud se zvét vyskytuje ve zvySenych stavech, tak velmi vyznamné ovlivituje
diverzitu lesniho podrostu a ptfipadnou regeneraci stromového patra. Tento jev se velmi Casto
objevuje u dfevin potravné atraktivnich pro sparkatou zvéf (VrSka et al., 2001; Diaci et al.,
2010). U jednotlivych dfevin je atraktivita pro zvét sporadicka a jejich atraktivita je zvySena,
pokud jsou pouzity ve smési s mén¢ atraktivnimi druhy. Jako atraktivni druhy mizeme oznacit
ptedevsim jedli, douglasku, jetdb, modfin, ovocné dieviny. Mezi mén¢ atraktivni druhy
muzeme zatadit pravé smrk a buk (Motta, 2003). Ve vétSin€ pfipadu se atraktivita druhi
zvysuje, pokud se jejich podil v samotné piirozené obnové snizuje (Ammer, 1996; Cermak et
al., 2009). Vyrazny rozdil u poskozeni dievin zvéfi je zejména u stinomilnych druht, jelikoz
tyto dfeviny maji daleko delsi odezvu v pocatecnim rustu. Pfikladem mohou byt dieviny jedle,
smrk, buk, jefab (Kumpferschmid et al. ,2013). Vyznamny faktor ovliviiujici vznik a odristani
piirozené obnovy je tedy Casto sparkata zveétr (Motta, 1996; Ammer, 1996; Vacek et al. 2014a,
2014b; Cukor et al., 2019a).

3.3.3. Vybérny les

Mezi nejvyznamnéjsi zpisob piirodé blizkého hospodafeni se tadi vybérny zplsob
hospodareni, v rdmci né¢hoz vznika les vybérny. Nékdy je také uvadén jako les trvale tvorivy
(Vacek et al., 2018). Les vybérny predstavuje nejvyssi formu lesa trvale tvotfivého (Thomasius,
1992). V tomto hospodatském zplisobu je maximalni snaha o co nejvétsi uplatnéni biologické
racionalizace (Schiitz, 2011). Les vybérny je typicky svym charakterem, kdy v jeden moment
probihd soubézné neustald obnova a vychova na stejné ploSe (Frank et al., 1978). Zakladnimi
rysy vybérného lesa jsou trvalost produkce a stalost lesniho prosttedi (Poleno, 1996).

Tento ptirodé blizky zpiisob hospodateni lze popsat jako specifickou vybérnou tézbu
jednotlivych cilovych jedinct urcenych k t€zbé, kdy nebereme v potaz pred mytni ¢i mytni
umyslnou tézbu. Vybrani jsou jedinci na celé ploSe porostu v intervalech kratkodobych

casovych Usekll. Vysledkem této téZby je kromé kvalitniho dfevniho sortimentu také postupné
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vristani stfedni a spodni vrstvy do mezer pravé vytézenych strom (Ammon, 1946). Vybérny
les dokonale zapliiuje nadzemni i podzemni ¢ést lesniho porostu (Vacek, 2006). Zpisob
vybérného lesa je typicky tim, Ze na ploSe porostu se uskutecnuji soubézné vSechna opatieni.
Myslena je jak zralostni tézba navazujici na vychovné zasahy probirek v nizsich etazich dle
zasad negativniho a zdravotniho vybéru. Timto zptisobem hospodaieni je zachovana trvaléd
existence lesa (Kantor, 2001).

Ve vybérném lese nejsou obnovovani ani cilené péstovani jedinci dle plochy, ale dle pocetnosti.
Tento efekt péstovani vytvaii prostor pro rust velmi starych jedinct, zde je upfednostiiovan
objemovy a hodnotovy piirtist (Sebik, Polak, 1990). Dale je také nutno podotknout, Ze ve
vybérnych lesich je eliminovana vzorova ¢i Sablonovita vychova porosti a je zde maximalni
snaha o co nejvétsi diverzitu (Remes, 2008). Celkova plocha porostu je prakticky vyplnéna a
prostor porostu je vyplnén nejen horizontalné tak i vertikalné napfi¢ vSemi riistovymi fazemi
(Kosulic, 2010). Vybérny les je tak charakteristicky svym nepravidelnym prostorovym
usporaddnim jak ve sméru vertikdlnim 1 horizontadlnim. Toto nepravidelné prostoroveé
uspotadani tvoti jedinci rozdilnych tlousték, vysek a véku (Ammon, 2009).

Jako nejvhodnéjsi edafické kategorie pro existenci vybérného lesa 1ze uvést svézi a kyselou
(Prtsa, 1999). Existence vybérného lesa je podminéna vhodnou druhovou skladbou a taktéz
stinomilnymi dfevinami jako je naptiklad jedle. Dal§im limitujicim faktorem jsou idealni
rustové podminky a thrn srazek nad 1000 mm (Poleno et al., 2009). Delsi doba vyvoje jedinct
ve vybérném lese zajist'uje kvalitn€jsi ukotveni v piidé a lepsi prokofenéni (Ammon, 2009). Les
vybérny je tedy vyslednym produktem vybérného zpusobu hospodaieni (Saniga, Vencurik,

2007).

3.4. Vliv klimatické zmény na rist lesnich porostu

3.4.1. Dopady na lesni ekosystémy

Zména klimatu pfedstavuje zdsadni riziko pro fungovéani a stabilitu lesnich ekosystéma v
Evropé i ve svéte. Ocekava se, Ze kombinace zvySujicich se prumérnych teplot, nepravidelnosti
a extrémui v rozlozeni srazek, CastéjSich vyskyti vln veder, sucha a nariistajici Cetnosti
disturbanci, jako jsou vétrné a hmyzové kalamity ¢i poZary, bude mit vyznamné ekologické 1
ekonomické disledky (Vacek et al., 2023). Tyto zmény negativné ovlivni rist a produkci
dievin, zvy$i mortalitu stromi a snizi jejich regeneracni schopnost, ¢imZz dojde k ohroZeni
dlouhodobé udrzitelnosti lesnitho hospodafeni a poskytovani ekosystémovych sluzeb

(Ainsworth, Long, 2005; Vacek et al., 2023). V disledku klimatického stresu se také méeni
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dynamika sukcesnich procesti a dochazi k naruseni dosavadni druhové a vékové struktury
porostu (Spathelf et al., 2014).

Mezi hlavni abiotické faktory, které ovlivituji stromy v ménicim se klimatu, patii zejména
zvyseny vyskyt sucha, extrémnich teplot a vykyvi v piidni vlhkosti. Dlouhodoby deficit vody
zpusobuje zhorSeny pfijem zivin, omezeni fotosyntetické aktivity a snizeni pfirustl, zejména u
mélkokofenicich druhti jako je smrk (Goldblum, Rigg, 2005; Hlasny et al., 2011). Vyznamnym
stresorem jsou i nardstajici vétrné epizody, které v kombinaci s oslabenim stromt suchem nebo
prehoustlou strukturou porostli zvysuji riziko rozsédhlych vyvrat a zlomu. Tyto faktory nejen
narusuji rust a vitalitu, ale mohou rovnéz vyvolat kaskadové efekty, které nasledné zvysi
zranitelnost lesa vac¢i biotickym Cinitelim. Vyznamnym abiotickym Cinitelem je také
v kontextu opakujicich se period dlouhodobého sucha zvysujici se riziko pozart (Vacek et al.,

2023; Obr. 8).

FLOOD SNOW DAMAGE

BARK BEETLE

DROUGHT

Obr. 8: Mapa hlavnich negativnich abiotickych (pozar, vétrna kalamita, sucho, povodné,
poskozeni sné¢hem) a biotickych (klirovec, houbové patogeny) faktorii ovliviiyjicich rist
stromi v souvislosti s globalni zménou klimatu v evropskych lesich; Sipky indikuji Sirsi oblast

(Vacek et al., 2023).
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Biotické faktory reaguji na zmény klimatu velmi dynamicky. Oslabené stromy jsou vyrazné
nachylnéjsi k napadeni patogeny a hmyzimi sktidci, coz 1ze dobfe dokumentovat na rozsadhlych
gradacich lykozrouta smrkového v poslednich dekddach. Zména klimatu rovnéz umoziuje
rychlejsi vyvoj vice generaci Skiidcti ro¢né a rozSifovani invaznich druhd. V této souvislosti se
zvysuje 1 riziko Sifeni chorob jako je tracheomykoza ¢i houbové infekce zptisobené patogeny
rodu Armillaria nebo Heterobasidion (Vacek et al., 2023). Zmény klimatu se navic projevuji
také posunem lesnich vegetacnich stupiit a zménou aredlii pfirozeného rozsifeni dievin
(Hanewinkel et al., 2013; Obr. 9). Zatimco nékteré druhy, napt. dub zimni, bfiza nebo javor,
mohou expandovat do vyssich nadmotskych vysek, druhy naro¢né na vlahu (napft. jedle nebo
smrk) ustupuji z nizsich a sussich stanovist’ (Lenoir et al., 2009; Pretzsch et al., 2014). Rastova
optima se tak posouvaji smérem k vys$$im poloham, coz vyzaduje piehodnoceni tradi¢nich

piistuptl v obnové a druhovém sloZeni lesnich porostii (Vacek et al., 2023).

2070-2100
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Obr. 9: Potencialni areal hlavnich druht dievin v Evropé€ pro klima a) normalniho obdobi
(1950-2000) a b) podle scénate A1B, CLM/ECHAMS — mirné oteplovani (2070-2100;
Hanewinkel et al., 2013).

3.4.2. Adaptaéni opatieni v lesnim hospodarstvi

Touto problematikou se naptiklad v Evropé zabyva jiz fada autorl jako (Spittlehouse, Stewart,
2003; Bosela et al., 2014), kdy je hlavnim tématem studie adaptace lesnim porosti na globalni
klimatické zmény. V ramci feSeni této problematiky byla vytvofena fada adaptacnich opatteni,

které zohlediiuji nestabilitu klimatickych podminek a sméfuji ke zvySeni flexibility hospodareni

34



v lesich a ke snizovani potencionalnich rizik poskozeni nebo zniceni lesnich porostti (European
commission, 2014).

Existuji kratkodoba a dlouhodobé adaptacni opatieni, ale pro ucely lesniho hospodaftstvi jsou
nartisty vysokych teplot a stiidani deficitu srazek, které maji vysoky dopad na ptirtist. DalSim
kratkodobym opatfenim miize byt taktéz vyuziti odolnéjsich provenienci druhii lesnich dievin
a aplikace klimatickych proménnych do ristovych modelt lesa (Spittehouse, Stewart, 2003).
Je tieba uminit 1 dlouhodoba opatieni u nichZ je tfeba vhodné aplikace zejména zdravotnich
vybéri a ostatnich vychovnych zasahll. Za zminku téZ stoji vyuZiti semenaiskych oblasti a
genovych zékladen pro transfer vhodného osiva mezi dal§i vhodné lokality. Dtlezita je 1 zména
obnovni doby a zkraceni obmyti porostii, minimalizace Skod na porostech a omezeni Sifeni
biotickych ¢initell véetné zvére, tak aby byla zvySena stabilita porost (Spittehouse, Stewart,
2003).

V kontextu klimatické zmény ma ucelna vychova lesnich porostli znacny vyznam (BosSela et
al., 2014), ktery se Casto projevuje jako snizeni citlivosti na sucho (Pdtzelsberger et al., 2015).
Cilem téchto adaptacnich opatieni by méelo byt zejména dosazeni co nejvétsi druhové pestrosti,
jak z pohledu ¢asového, tak prostorového métitka (Vacek, 2020). Mezi tradi¢ni hospodaiské
dfeviny je tieba vyuZzivat i piipravnych dievin jako je jetab, olSe, btiza ¢i osika (Poleno et al.,
2009). Z jednou moznosti je také vyuziti vhodnych introdukovanych drevin, jak z hlediska
produkéniho (sekvestrace uhliku), tak i1 z hlediska rezistence vici klimatickym extrémim

(Vacek et al., 2023).

3.4.3. Regionalni projevy zmény klimatu a druhova citlivost

Soucasné studie pfitom naznacuji zmény v rustu a produkci dfevni hmoty (Piao et al., 2011;
Pretzsch et al,. 2014), jiné naopak zvySeni mortality stromi vlivem zvySujiciho se sucha (Allen
et al., 2010) a jiné vysledky studii naznacuji posuny v distribuci druhi (Delzon et al., 2013).
Vysledky nékterych studii téZ naznacuji zvySujici se negativni vlivy soucasnych klimatickych
zmeén na rast a produkci véetné vitality lesnich ekosystémi (Bigler et al., 2006; Piao et al.,
2011). Zejména u buku a jedle se ukazuje velmi negativni efekt sucha na riist napfi¢ celym
jejich distribu¢nim arealem (Kint et al., 2012). VSeobecné zmény v produkci lesa za poslednich
sto let byly pozitivni, kromé stanovist, kde se projevil deficit vodnich sraZek, nizké teploty a
nizka depozice dusiku, ktera limitovala rtst. Pfikladem mohou byt boredlni a mediteranni lesy

(Spiecker et al., 1996; Jump et al., 2006; Pretzsch et al., 2014). S ohledem na rozsifeni dievin
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jsou minimdlni teploty dulezité ve vysSich zemépisnych Sitkach a nadmotskych vyskéach, kde
vyznamn¢ limituji rist a Sitfeni lesnich dfevin (Colwell et al., 2008). Proto v téchto lokalitach
mohou mit klimatické zmény doprovazené oteplovanim pozitivni vliv na rust stromt a taktéz
na jejich Sifeni smérem k vys$sim nadmotskych vySkdm a zemépisnym $itkam (Walther et al.,
2002).

Napriklad v souc¢asné dob¢ vysledky studii naznacuji, Ze naptiklad produkce dubu a téz jeho
mortalita véetné odolnosti stroml vic¢i klimatickym zménam se zvysuje (Jump et al., 2006;
Penuelas et al., 2008; Piovesan et al., 2008). Nékteré studie taktéZ naznacuji pokles regeneraéni
schopnosti buku v nékterych regionech (Czajkowski et al., 2005; Penuelas et al., 2008; Lenoir
et al., 2009; Foest et al., 2024). Oproti tomu naptiklad smrk ztepily je velmi citlivy na sucho,
coz je ve stfedni Evropé€ problém v niz§ich nadmotskych vySkach mimo jeho pfirozeny areal
vyskytu (Ellenberg, 1996). Z tohoto divodu jsou nasledky klimatickych zmén nejvyrazné;jsi
zejména u smrku a jedle, a to oproti ostatnim dfevinam (Eriksson et al., 2005; Schiitz et al.,
2006). Casto tak ristové simulace pravé u smrkovych porostil naznacuji snizovani produkce
v niz8ich nadmotskych vySkach vcetné spodni hranice arealu jeho pfirozeného rozsifeni.
Nicméné zaroven v soucasnosti dochazi ke zvySovani produkce v 7. LVS, ve kterém smrk
dosahuje svého optima (Hlasny et al., 2011a). Pfedevsim jedle je zejména ekologicky i taktéz
produkéné velmi vyznamnou difevinou v jedlo-bukovych ekosystémy. Je zafazena mezi
nejproduktivnéjsi a ekologicky vyznamné dieviny evropskych lesnich ekosystému (Korpel et
al.. 1982).

Pokud se zaméfime na oblast stiedni Evropy a Ceskou republiku, tak vysledki studii
kvantifikaci a dopadt klimatickych zmén na rist a produkci a taktéz na zmény v distribucnich
arealech drevin je pomérn€ malo a jejich vysledky si Casto protifeci (Hlasny et al., 2011a). Tyto
vysledky jsou vSak v lesnické praxi dulezité pfedevsim pro strategické rozhodovani. Proto je
nutné se zam¢fit na regionalni studie, kde jsou vysledky €asto pfesnéjsi a pfinosné. S vyuZitim
naptiklad riistového biosimulatoru SIBYLA (Fabrika, Dursky 2005; Hlasny et al., 2011a) na
jednotlivych stanoviStich a regionech lze ziskat velmi presné vysledky i s vyhledem do
vzdalenéjsich obdobi. Zarovein soucasny zvySeny pocet disturbanci zajist'uje idedlni podminky
hmyzim Skiidciim a déva jim prostor pro uskute¢néni 1 n€kolika pokoleni za rok (Vacek et al.,

2023).

3.5. Skody zvéii

Skody zvéii na lesnich porostech zplisobuje zejména sparkatd zvéer, kterd svoje pocetni stavy
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patii okus, ohryz a loupani (Kiffner et al., 2008; Vacek et al., 2014; Brabec et al., 2024).
Hospodareni s voln¢€ Zijici sparkatou zvéti je pfitom zalozeno na pfiméfenych minimalnich
stavech (Sloup, 2007). V soucasnosti stavy zvéfe dokonce mnohdy piesahuji né€kolikanasobné
minimalni stanovené pocty zvére dle vymér honiteb (Pfeffer, 1961).

Zejména lesni hospodaii se v soucasné dobé navzdory tlakli Skod zvéfe Casto dostavaji do
problematické situace s ochranou lesa a taktéz i pfi obnoveé porostii pomoci pfirozené obnovy
(Olesen, Madsen, 2008). Poskozeni porostii zveéii je zaznamendno zejména na nejmladsich
lesnich porostech (Cukor et al., 2019a). Naptiklad u poskozenych kmenti dievin zvéii 1ze Casto
pozorovat houbovou infekci, kterd je nasledkem poskozeni borky a lyka, at’ uz loupanim nebo
ohryzem sparkatou zvéii (Schweingruber et al., 1990)

Sanci pro mozné odstranéni tdchto $kod je pochopeni sloZitych potravinovych vztaht, které se
na daném stanovisti vyskytuji. Krom pocetnosti zvéte v dané lokalité je tieba zohlednit iZivnost
prostiedi ve vztahu k mnozstvi zvéie, které se na daném stanovisti vyskytuje (Tuma, 2008).
Samotna Gzivnost stanovisté je definovana jako dostatek potravnich prostiedkli pro zvet, bez
jakychkoliv nadbyte¢nych skod na porostech (Vala, 2016).

Pisobeni sparkaté zvéie at’ jiz pastvou nebo okusem dokaze eliminovat nékteré druhy rostlin
ze stanoviste, a to nejen castecné, ale také uplné (Moser et al., 2006). Na nékterych stanovistich
sparkata zvéi dokonce znemoziuje dosazeni nové péstebni generace v porostech. Casto tak bez
uc¢innych ochrannych opatieni na mnoha lokalitach nelze péstovat listnaté ¢i smisené porosty
(Nopp-Mayr et al., 2011). Jiz v obdobi 19. stoleti se lesnici snazili bojovat se Skodami zvéri, at’

JiZz loupanim, ohryzem ¢i okusem nebo vytloukanim (Kessl,1957).

3.5.1. Loupani

Loupani kliry z kmenti dievin probiha zejména v jarnim i letnim obdobi, kdy je 1yko plné mizy
a zvef odtrhava borku i s lykem po velkych kusech. Toto poSkozeni zvéii se vyskytuje nejvice
u jehli¢natych drevin (Cukor et al., 2019a, 2019b). Loupanim jsou zasaZeni nejvice jedinci ve
fazi mlazin az po slabé kmenoviny. Jedna se o dobu, neZ dfevina ziska hrubsi borku, ktera je
méng atraktivni pro zvéf a je vici ni také vice odolné (Vacek et al., 2009).

Pti tomto poSkozeni kmene zvet pomoci spodnich fezaki odtrhava kiiru v ucelenych ¢astech z
kmene nebo také dokonce 1 z kofenovych nabéht (Nopp-Mayr, 2011). Po takovém to poskozeni
kmene toto zranéni doprovazi infekce dievokaznymi houbami. Jednou z téchto hub je pevnik
krvavéjici (Stereum sanguinolentum), ktery je ptivodcem Gervené hniloby (Cermak, Strejéek,

2007). Oslabené poskozené stromy maji ¢asto zna¢né snizenou stabilitu a vitalitu. Pfi bofivych

37



vétrech ¢i snéhu se v misté¢ Cervené hniloby stromy casto lamou v dusledku jiz naruSené
stability (Mrkva, 1995).

Loupani zplisobuje zejména zver vysoka a mufloni. U mufloni zvéfe byla také prokazana
preference loupani kotfenovych nabéhi, zatimco zver vysoka zplisobuje zejména poskozeni

v oblasti oddenkové ¢asti kmene (Mrkva, 1995).

3.5.2. Ohryz

Ohryz je podobny charakteru loupani borky, jen se vyrazné 1ii v obdobim poSkozovani. Ohryz
je provadén zvéEii v zimnim obdobi, kdy 1ykem a borkou neproudi miza a jedna se tedy o obdobi
vegetacniho klidu. U tohoto poSkozeni vzhledem k obdobi poSkozeni hrozi mensi riziko
napadeni dfevokaznymi houbami (Rozman et al., 2015). Toto poSkozeni bylo rovnéz prokazano
nejvice u zvéie vysoké, mufloni ¢i si¢i. Pii tomto poskozeni jsou Casto patrné stopy po spodnich
fezacich této zvéte. Nejvice lze zaznamenat toto poskozeni u jedle a smrku (Svarc, 1981).
Ptesny diivod, pro¢ zver provadi tato poskozeni neni dosud presné odhalen. Jednim z mnoha
moznych ditvodl a zaroven nejvice pravdépodobnych je reakce na stres v dusledkil zvysené
rekreace Ci vysokého loveckého natlaku. Dal§im moznym faktorem muze byt také nedostatek

potravy a nedostatek mineralnich latek (Mrkva, 1995).

3.5.3. Okus

Okus zvéti na dievindch tvoii nejvétsi problém u poskozeni terminalniho pupenu. Terminalni
pupen dava danému jedinci schopnost vyskového ristu a predurcuje taktéz i jeho budouci
fenotypovou kvalitu (Svestka et al., 1996). Boéni okus nema tak zasadni vliv na budouci
vyskovy prirtst. Pti pfili§ Castém opakovani bo¢niho okusu muize dochazet az k Gplnému
zastaveni piirtstu (Fuchs et al. 2021). Casto opakované poskozeni jedincii zvéii zptisobuje také
tvorbu vidlic, deformace kmene az tvorbu bonsaji (Mrkva, 1995).

Okusem trpi vétSina cilovych dfevin, nejcastéji jsou vSak posSkozovany nejméné zastoupené
druhy v porostu (Ammer, 1996; Motta, 1996; Vacek, 2017). Z pouzivanych dfevin v péstebni
péci, zver nejvice preferuje listnaté dieviny a z jehlicnatych zejména jedli a douglasku (Vacek
et al., 2014).

Nejvice jsou okusem zasaZeni semendCky a sazenice s vySkou od 20 do 130 cm vysky.
Poskozeni okusem se registruje na pupenech, letorostech ¢i jehlicich (EngeBer, 2015). Vedle

sparkaté zvéfe porosty okusem také poSkozuji hlodavci. Jedna se zejména o zajice pii poskozeni
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nadzemnich ¢asti stromkl (Mrkva, 1995). Nasledkem téchto poskozeni se vyrazné prodluzuje

doba zajiténi s nartistem finanénich prostfedki na jejich ochranu (Svestka et al., 1990).

3.5.4. Ochrana proti Skodam zvéri

Problematiku Skod zvérti Ize eliminovat vysadbou rychleji rostoucich dievin. Pfikladem mohou
byt modfin opadavy ¢i douglaska tisolista, jelikoz tyto dieviny jsou ryze svétlomilné a velmi
Casto od vysazeni odrostou i do tii let do zajisténi porostu (Bartos et al., 2011). Velmi ¢asto je
vyuzivano ochrannych repelentl proti Skodam zvéti (Topka, 2003). Jako dal§i moZzné ochranné
opatfeni se nabizi umélé oploceni (Bartos et al. 2011). Zna¢nou nevyhodou téchto ochrannych
opatfeni jsou znacné pocatecni financni investice, ale je to neti€¢inngj$i ochrana (Vacek et al.
2009).

Metody ochrany porostli proti Skodam zvéti 1ze rozdélit na dvé skupiny. Prvni skupinou jsou
opatteni, u kterych je predpoklad, Zze maji pozitivni vliv na zmirnéni té€chto Skod. Avsak jejich
fungovani za pomoci experimentalnich vyzkumi do soucasnosti nedokazalo, zda jsou opravdu
funk¢ni. Tyto funkce spocivaji v obecném principu snizovani kmenovych stavii sparkaté zvéte.
Tyto zplisoby nelze uhlidat a dokézat, zda se jednd o skutecné stavy odlovi. (Find’o, Petras,
2011).

Druhym zptsobem je dodrzovani normovanych stavlii zvéfe v honitbach, taktéz zakladani
zveinich policek, okusovych ploch, piezimovacich oburek, pravidelné zimni piikrmovani
vcetné¢ predkladani minerdlnich lizii a zejména udrzovani klidovych zon pro zvétr. DalSimi
moznostmi mohou byt zplisoby zvySovani uzivnosti vysadbou ovocnych stromii ¢i dievin jako
dub cer (Quercus cerris L.) Ci jirovce madalu (desculus hippocastanum L.) a kastanovniku
setého (Castanea sativa Mill). Tyto zpiisoby jsou s nejvétsi pravdépodobnosti vhodnym
feSenim této problematiky, ale vSak bez bliz§iho urceni vysledkl. Tato skutecnost vSak
neznamend zavrhnout tyto zpusoby, jelikoz nemohou rozhodné uskodit, ale naopak jeding
zlepsit alesponl vztah les versus zvér (Findo, Petras, 2011).

Jako velmi klicovy a tusp&Sny prvek integrované ochrany lesnich porosti lze aplikovat
ptednostni vyuziti podrostniho ¢i vybérného zptisobu hospodateni. Je nutno podotknout, Ze tato
skute¢nost byla i mnohokrat potvrzena jako velmi efektivni vic¢i Skoddm zvéfi na lesnich
porostech (Reimoser, Gossow, 1996).

Ochrana mladych porostli ¢i individualni ochrana mechanického plivodu je o mnoho

nakladnéjsi oproti chemické ochrané, presto je Castéji upifednostiiovana (Find’o, Petras, 2011).
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DalSim zptsobem ochrany porostii mohou byt Selmy. Velké Selmy svym smrtelnym tlakem na
sparkatou zvet méni také hustotu populace sparkaté zvére, a tudiz snizuji potravni tlak sparkaté
zvéte na vegetaci.

Jako druhym efektem Selem na sparkatou zvét je zmeéna chovani sparkaté zvéte tak, ze se snazi
vyhnout lokalitam, kde by se stala snadnou potravou. Pti zvySené predaci se sparkata zver ¢asto
stahuje z téchto lokalit na del$i dobu ¢i natrvalo (Ripple, Beschta, 2007). Tento ucinek predace
neni potravné podminény (Schmitz et al., 2008).

Nekteti kritici hodnoti pfezimovaci oburky jako nutné zlo nez jako pfevratny vynalez. Dle
Slovenského vyzkumu v roce 1982 vlastnici lesnich pozemki v tomto roce zaznamenali aZ o
75 % mensi Skody na porostech a az polovina dotazovanych zminila, Ze Zadné Skody na
porostech dokonce nezaznamenala (Schronder, 1982).

Ptikladem mohou byt tfeba slovensti lesnici, ktefi pfi svém vyzkumu uvadi potiebu chranit lesni
dfeviny pfed Skodami zvéti za pomoci individudlni ochrany do vysky 2 m. Jedna o dfeviny
jedle, buk, dub a v piipadé smrku do vysky 140 cm (Find’o, Petras, 2011). V piipadé odrostlych
kultur je ve 3. a 4. roce po vysazeni je nutno zejména u jedli €i listnact chranit individualné jen
jedince kvalitni a velmi silné (Find'o, Petras, 2011). Jednou z velmi uc¢innych ochran tohoto
tipu je pouziti plastovych materialti naptiklad v podobé¢ polynetu. Jedna se o plastové pletivo ¢i
trubice s oky velikosti 20 az 30 mm. Tento materidl je velmi poddajny a odolny vii¢i vnéjsim
vlivim klimatu. Jedna se o umélou individualni mechanickou ochranu zejména terminalniho
vyhonu dfevin konkrétnich jedinct (Find'o, Patocka, 1982).

Individualni mechanicka ochrana ovazovanim konkrétnich jedincii €i celych porostnich skupin
se ¢asto vyuziva u jehli¢natych porostii o vysce od 0,5 az 2 m. Toto opatieni se provadi zejména
v lokalitach s vysokym vyskytem vysoké zvéte (Cervus elaphus), dan¢i (Dama dama), ¢i
mufloni (Ovis gmelini musimon). V zemich jako Slovensko ¢i Polsko jsou tyto porosty
ohrozeny také zubrem (Bison bonasus) ¢i losem (Alces alces) — (Find’o, Patocka 1985). Dalsi
ohrozené lokality takovychto porosti mohou byt obory ¢i pfezimovaci oburky. Nejvice jsou
ohrozené porosty ve veku do 60 let, a to u dfevin jako borovice, smrk, jedle, buk, douglaska.
Toto opatieni probihd zptisobem ovazovani spodnich pieslent ¢i klestu ke kmenu stromu, za
pomoci vazaciho dratu do vysky 150 cm (Find’o, Petrds, 2011).

Zratovani kiiry bylo vyuZivano v obdobi od konce 19. stoleti. Jedna se o individualni ochranu
zejména smrkovych porostil, u kterych byl tento zptisob vyuzivan zejména v obdobi 20. stoleti.
Princip této ochrany je ve zranéni vnéjSi borky pomoci zraitovace (Obr. 10). Naslednym

efektem je vytékani pryskyfice z mista poranéni, které pokryva ¢ast kmene souvislou vrstvou
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pryskyfice. Tento efekt dfevin neni pro zvet nikterak atraktivni a Skody zde neprovadi. Toto
opatfeni mélo ucinnost az 95 % po dobu 30 let, nez vznikla hruba borka na kmeni (Prien, 1997).
Dfteviny lze také chranit pomoci chemickych repelentt. Principidlné funguji na zapachu, chuti
¢i pfidanim néjakého abraziva proti Skodam zvéfi na lesnich porostech. Funguji zejména proti
Skodam okusem, ohryzem ¢i loupanim. Jejich u¢innost po nékolika letech zeslabne a je tfeba
oSeteni opakovan¢ aplikovat. Z ekonomického hlediska chemicka ochrana za pomoci repelentti
ma smysl pfi funkéni ochrané vice jak 5 let. Jejich doba fungovani se velmi lisi dle vyrobce, za

to ucinnost je v 95 % ptipada (Find'o, Petras, 2011).

Obr. 10: Riizné metody zplisoby ochrany jedle bélokoré pied Skodami ohryzem a loupanim:
A) mechanicka individualni ochrana, B) chemicky natér, C) obvazovani zivymi vétvemi a D)

povrchové zranovani kiiry (Novak et al., 2023).

3.6. Zajmové jehli¢naté dreviny

3.6.1. Jedle bélokora (Abies alba Mill.)

Morfologie

Letorosty jsou Sedé, chlupaté s nepryskyficnatymi pupeny. Jehlice jsou dvoutfad€ uspoiadané
tmavozelené na lici a na rubu stiibfité bilé. Jejich délka jev priméru 2,5 cm. Na konci maji
vykrojeny tvar (Brickell, 2008).

Kofenovy systém je kulovy az srdcovity s hluboko sahajicimi kofeny upeviiovacimi,
vypousténymi vice ¢i méné svisle ze silnych bocnich kotfentl, které se nachazeji na hranici mezi
humusovou vrstvou a mineralni piidou, kde je taky vétsina jemnych kofent. Sisky jsou 10 az
20 cm dlouhé s vy¢nivajicimi podpiirnymi Supinami. Semenné Supiny jsou 2,5 az 3,0 cm Siroké

(Koblizek, 2006). Jehlice byvaji hiebenité usporadané a maji svétlou barvu na rubu, tvoii bélavé
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pruhy priduchti. Znecisténi a zdravi stromu jsou limitujici faktory pro setrvani jehlic na stromé.
Doba zivotnosti jehlic je 8 az 12 let (Musil, Hamernik, 2007).

Epikotyl je zakon&en terminalnim pupenem. Sidky jsou zprvu Zlutozelené, pozd&ji hnédé s
podpirnymi listeny vyénivajicimi nad semenné Supiny. Sam¢i §iStice jsou zlutozelené 2 cm
dlouhé 0,6 cm Siroké. Semenacek jedle je typicky svym pomalym ristem a v prvnim roce
dortsta vysky 4 az 5 cm (Brickell, 2008). V druhém Zivota roce semenacek dosahuje vysky
okolo 10 cm. Jedle bélokora se timto stava nejpomaleji rostouci dievinou s lesnickym vyuzitim.
Semenacek teprve ve tfetim roce vytvaii prvni bocni vyhon a ve Ctvrtém a patém roce tvori
prvni pravé presleny (KobliZzek, 2006).

Semena jsou velkd 7-10 mm, tfihrannd, leskle hnéda, pryskyti¢naté. Ktidlo je asymetrické, k
semenu prirostlé, nahnédl¢ ¢i nafialovélé (Musil, 2003). Staré stromy mivaji mohutné kofenové
nab¢hy. Diky mohutnému kofenovému systému je jedle odolné vii¢i bofivym vétrim (Musil,

2003).

Charakteristika

Kmen je téméf valcovity a mnohem plngjsi nez smrk. Jedle je difevina 20-55 m vysoka s
hladkou béloSedou az ve staii rozpukanou borkou. Priimér kmene byva vice jak 2 m (Koblizek,
zustavaji pouze tvrda vietena. Kvéty samici jsou usporadané ve vzptimenych, purpurové
modrych Sisticich (Brickel, 2008).

Ploché jehlice, stiedné az tmave zelené lesklé casto na rubu dva podélné, stiibtité bilé prouzky.
Zprvu se jedna o zelené, postupem casu purpurové modré ¢i hnédé Sistice, které vznikaji na
vétvich po celé koruné. Abies je rod, ktery celkové zahrnuje ptiblizné¢ 50 a vice druht
stalezelenych jehli¢natych stromil rozsitenych ptedevsim v horskych oblastech Evropy, severni
Afriky, Asie a Severni Ameriky. Podpiirné listeny mohou byt del§i nez semenné Supiny a
objevuji se na prelomu jara a 1éta. Z naSich dfevin jedle dosahuje nejvétsiho objemu dreva.
Nejvétsi stromy v CR dosahovaly az 45 m® (Musil, 2003).

Odumirani jedli je charakterizované postupnym, nebo rychlym chfadnutim, prosychdnim vétvi,
odlupovéanim kiiry bez pfitomnosti kiirovce jesté na zivém jedinci, zastavenim rlstu a modrou
hnilobou jadra (Malek, 1983). V poslednich letech se projevuje i vliv suchych let v kontextu
snizeného ristu a nemoZnost obnovy porostll kvlili zvySenym pocetnim staviim sparkaté zvéie
(Mikulenka et al., 2018; Brabec et al., 2024).

Dal$i moznosti muze byt tzv. cyklické stfidani jedlo-bukovych porostii prosazovanych v

minulosti. Vysledkem soucasného mensiho zastoupeni jedle je pravé vliv tohoto cyklického
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stfidani, kdy za jednu generaci jedle (400 az 500 let) odrostou dvé generace buku (200 az 250
let) — (Korpel, 1995). Dalsim diivodem snizeni schopnosti pfirozené obnovy a reprodukce jedle
bélokoré je nadpocetni stav sparkaté zvéte v nékterych oblastech CR (Vrika et. al., 2009). Diaci
(2011) jako faktor poklesu jedle uvadi zvysené emise SOz od poloviny 70 let 20 stoleti ve
vychodni a stiedni Evropé. Nejlepsi vzacné porosty jsou zachovany v rezervacich v Karpatské
oblasti Ceské republiky (Hejny, 1988). Za tbytek jedle v Ceské republice 1ze povazovat vice
faktord jako naptiklad tzv. odumirani jedle, které je odivodiovano oslabenim jedinct diky
citlivosti na ¢istotu Zivotniho prostfedi. Pfimy vztah mezi poskozenim porostii jedle bélokoré a

miry zne€isténi SO, uvadi napiiklad (Ellingetal, 2009).

Rozsiteni

Podle aktualni Grovné poznani a praktickych zkuSenosti je vyrazné zvysSeni podilu jedle 1 v
dlouhodobém méftitku povazovano za problematické a téZko dosazitelné (Podrazsky, 2005). Jeji
rozsiteni zasahuje i do horskych oblasti jizni Evropy (Koblizek, 2006). V Ceské republice je
jedle beélokora z hlediska zastoupeni a rozsifeni jednou z nejvice diskutovanych dievin. V
nekterych oblastech ji 1ze oznacit za ohrozenou dievinu (Bledy et al., 2024).

Rozdil mezi pfirozenym (20 %) a soucasnym podilem (1,2 %) lze povazovat za znacny (MZe
2022). Vyhledovy plan cilového stavu hospodateni s jedli je 4,4 % plosného podilu. Jedle
bélokora zaujima hlavné horska stanovisté stiedni a vychodni Evropy (Brickell, 2008; Musil,

2003).

Ekologické naroky

Jedle vyzaduje humozni az vlhké stanovisté s dobrou propustnosti vody. Mladé rostliny snasi
zastinéni, dosp€ly jedinec vSak vyzaduje slunné stanovisté¢ chranéné pied studenym vétrem
(Brickell, 2008). Prodlouzeni vegetacniho obdobi v souvislosti se zvySenim primérnych jarnich
a podzimnich teplot v poslednich 30 letech mlze mit pozitivni vliv na rist jedle. Zvlasté pak
pramérnd teplota v dubnu mé vliv na rist koruny (Manetti, Cutini, 2005).

Z hlediska ptirozené obnovy se jevi jako perspektivni pfimés borovice a z listnatych druh
dievin potom biizy. Semenné roky se vyskytuji nepravidelng, a to v period& 26 let (Utadnigek,
2009). Semena jedle bélokoré maji nizkou kli¢ivost, kterd se béhem jednoho roku mliZe sniZit
na minimum (Chmelaft, 1990a).

Distribuce svétla pii zastinéni jehlicnatymi dfevinami je lep$i neZ pfi zastinéni listnatymi
dfevinami. Divodem je lepsi pfenos ultrafialového a fotosynteticky aktivniho zafeni (Messier,

Bellefleur, 1988). Vyvoj dfeviny je pfimo zavisly na intenzité zastinéni, které jedle v mladi
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velmi dobfte snasi. Ke zrychleni vyskového ptirtistu dochazi v 15 roce zivota a optima dosahuje
ve 30 az 40 letech. Objemovy prirtist je optimalni ve véku 55 az 65 let. Jedle ma zna¢né naroky
na vldhu a fadi se mezi dieviny s nejvét§imi pozadavky na vzdusnou vlhkost. Jedle je
dlouhovéka a doziva se az 500 let, bézné pretrvava na stanovisti vice jak 100 let (Musil,
Hamernik, 2007).

Dfieviny v zapojeném porostu zacinaji plodit kolem 60 az 70 roku veéku a plodnost si udrzuje
do velmi vysokého veéku. Formy nadlozniho humusu moder a mor jsou nejvhodnéjsi pro
ptirozené zmlazeni (Musil, Hamernik, 2007).

Primérna teplota v obdobi mésice ledna by neméla klesnout pod — 6 °C. Teplotni optimum pro
jedli je 130 dni v roce bez mrazu s pramérnou teplotou vegetaéniho obdobi 15°C. (Korpel’,
Ving§, 1965). V severni ¢asti arealu vyskytu roste jen na stanovistich chladnych a vlhkych.
Vyhyba se vSak stanovistim podmacenym a také stanovistim suchym. Patii mezi druhy s
nejvetsi intercepcei a zadrzuje cca 40-80 % srazek svoji nadzemni Casti. Pokud zmlazeni neni
pod ochranou matetfského porostu, tak trpi pozdnimi mrazy (Musil, 2003). Nejen mnozZstvi
srazek je kriticky dulezité pro rist jedle, ale také sezonni rozdé€leni sraZek (Battipaglia et al.,
2009).

Jedle se nevyskytuje v oblasti Chiibt, Zdanického lesa a Polabi (Svoboda, 1953). Podobny
problém s vysokou preferenci jedle jako dieviny k okusu sparkatou zvéri uvadéji v Polsku
Dobrowolska wet al. (2008) nebo Ammer (1996) v Bavorskych Alpach. V ramci CR je
zastoupeni jedle ve vSech pohotich (Bledy et al., 2024). Jedle se nevyskytuje v teplejSich
pahorkatinach ¢i uvalech. Z hlediska nadmoiské vysky, se nevyskytuje na horni hranici lesa,
spiSe sestupuje az do oblasti pahorkatin jako Ktivoklatsko, kde vegetuje v nadmoiské vysSce

300 m (Uradnigek, 2009).

Vyuziti

Dfievo je me¢kké, pevné, pruzné a lehké. Jedle je rezonancnim dievem a tudiz je vyuzivano na
vyrobu hudebnich néstrojt ¢i lodi. Je malo odolné proti povétrnostnim podminkdm, bélova cast
je nachylna na napadeni hmyzem. PouZziva se ke stavebnim ucelim, pro pilafské zpracovani,
papir, umélecké zpracovani. Barva dieva je bila, letni dfevo je ostfe ohraniené bez
pryskyfiénych kanalki ve dieve. Jednd se o dfevinu s vyzralym difevem (Josten, Reiche, 2010;
Wittchen, 2010). Dal§im produktem u jedle je také pryskyfice. Tato dievina ma vyvinuté
pryskyficné kanalky pouze v prvotni kufe v raném véku 20 az 40 let. Pryskyfice je tvofena

v dutinkach pod touto mladou borkou. Tyto nahromadéné puchyte pryskytice jsou postupné
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propichovany zeleznou ostrou trubickou zasazenou ve sbérné nadob¢. Tézba pryskyfice jiz neni

aktualni, ale v minulosti probihala v obdobi jara (kvéten, Cerven) (Rocek, 2015).

3.6.2. Borovice lesni (Pinus sylvestris 1.)

Morfologie

Sisky dosahuji konce svého rastu v ¢ervnu druhého roku a zralost v Fijnu druhého roku.
Letorosty jsou zelenozluté zbarvené, lysé, a pupeny jsou protahle vejcovité, ¢ervenohnédé,
vetSinou nepryskytinaté. Jehlice jsou usporadany po dvou ve svazecku Sedozeleného zbarveni.
Délka jehlic je okolo 7 cm, vytrvavajici az 3 roky (Musil, 2003).

Pochvy jehlic jsou bélavé 0,8 cm dlouhé, pozdéji Sedé a krat$i. Semenacek Casto miva vetsi
pocet déloznich listkli, kterym jeSté v prvnim roce zivota doroste prvni svazecek jehlic.
Chmelat (1990a) uvadi dobrou kli¢ivost semen ptiblizn€ 3 roky. Koruna mladsich jedincti je
pravidelng kuZelovita s trojithelnikovitym rysem. Sisky jsou vyrazné kuZelovité vejcovité,
délky 3—6 cm. Symetrické 1 asymetrické, Sedohnédé, nelesklé, Stitky jsou mirné az jehlancovité
vyklenuté (Koblizek, 2006).

Nakliceny pyl zlistava 12 mésicti dormantni. Semena jsou bélava aZ cerné 0,3 — 0,4 cm dlouhé
s kiidlem 1,5 cm (Koblizek, 2006). Zéklady samcich $iStic (primordia) jsou vytvoieny jiz
v pozdnim 1ét€ ptrechoziho roku, na bazi pupenu piipravené¢ho k prodluzovacimu ristu v roce
nasledujicim. Vyrtstaji v dolni partii koruny. Vyvrcholeni vyskového pfirtistu nastava mezi 15
az 25 rokem a kon¢i okolo 100 let. Zaklady samicich Sistic se také vytvareji v obdobi pozdniho
1éta. Jejich velikost je mikroskopicka. Riist semenacki v nésledujicich letech byva velmi bujny
s pravidelnymi fidkymi pifesleny. Semena dobie uskladnéna si ponechavaji klic¢ivost 1 15 let
(Musil, 2003). Jedna se o stalezeleny jehlicnan vysky ptiblizn€ do 30 m, jeji koruna mize byt
prilezitostné 1 vysSi. Vétveni je pieslenité, v piipadé starSich exemplari je nepravidelné
kulovitd. Kmen je Casto zakiiveny. Silnéjsi vétve jsou skoro vZdy zakiivené a pomérné kratké

(Chmelaft, 1990a).

Charakteristika

Jeji borka je ve stafi velmi Casto siln€ rozbrazdéna. Borka je z pocatku ristu Sedd nebo
Sedohnéda (Kremer, 1995). Borovice maji malé svazecky jehlic od dvou az péti kust. Tyto
obvykle vytrvavaji na stromé dva az Ctyfi roky, n€kdy i1 déle. V né€kterych ptipadech maji jednu
¢1 6-8 jehlic, které jsou svétle az tmave zelené, piipadné Zlutozelenych az namodralych nebo

Sedozelenych (Brickell, 2008).

45



Jedna se vétSinou o nenarocné svétlomilné difeviny — (Pinus) pifiblizné¢ se 120 druhy
jednodomych stalezelenych jehlicnatych stroml nebo kefil, je vyznamné rozsifen v lesich
severni polokoule od polarniho kruhu az po Stfedni Ameriku, Evropu, severni Afriku a také
jihovychodni Asii (Koblizek, 2006).

Koftenovy systém je mohutny, vétSinou se zachovalym kulovym kofenem v hloubce 2-3 m. Na
piscitych pudach tvori i chidovité kofeny. Zimni pupeny jsou obvykle valcovité nebo vejcité,
Casto pryskyfti¢natého povlaku. Samici Sisky dozravaji zpravidla dva az tfi roky (Musil, 2003).
Borovice jsou ¢asto nachylné k napadeni korovnicemi, larvam pilatek, sypavkami a rzemi.
Semena nejsou u vSech druhti oktidlena. Sam¢i §istice jsou zluté a podobné jehnédam. Borovice

jsou zcela odolné vii¢i mrazim (Brickell, 2008).

RozSireni

Aredl rozSifeni je od Atlantiku, prochazi Evropou pfes celou Sibif az témét k Pacifiku.
V soucasné druhové skladbé ma borovice lesni v CR zastoupeni 16,1 %, pfi¢emz v piirozené
druhové skladbé se jednalo pouze o 3,4 % (MZe, 2022). Ve Skandinavii zasahuje az za severni
polarni kruh a na jihu je rozsifena az po Pyrenejsky poloostrov do oblasti pohoti Sierra Nevada.
Borovice lesni je ze vSech evropskych druhii nejrozsifencjsi a roste od Laponska az po
Spanélsko, vychodnim smérem aZ na Sibif, z niZin vystupuje az do vysek kolem 1300 m n. m.
Borovice lesni je borovice s nejvétSim arealem vyskytu na svéte. Jednd se o vyznamnou

hospodarskou dievinu (Kremer, 1995).

Ekologické naroky

Lze se s ni vSak setkat i na jilu, stejn¢ tak na piscCitych ¢i vapnitych padach (Kremer, 1995).
Pfednostné roste na mirn¢ suchych, slabé zasaditych kyprych ptidach. Je schopna kryt potiebu
vody z mnohem vét§i hloubky neZ ostatni dieviny (Chmelaf, 1990a). Patii k svétlomilnym
dfevinam. Dobte snasi jakoukoliv propustnou pidu s pfimym slune¢nim zafenim. Nevyhovuje
ji rtst v hustych porostech a v zastinu. Borovice roste na nejrozmanitéjSich ptidach riiznych

hornin coz dokazuje jeji velkou nendro¢nost a ptizptsobivost (Brickell, 2008).

Vyuziti

Kromé hospodarské funkce dokdze také plnit funkci plido ochrannou a rekultiva¢ni (Musil,
2003). Dievo borovice se pouziva zvlasté v exteriéru (okna, dvere), ale také pro interiéry jako
jsou podlahy, pteklizky a dyhy. Je také surovinou pro vyrobu smoly, kalafuny a terpentynu

(Josten, Wittchen, 2010). Borovice je jadrova dievina. Dievo obsahuje velké mnozstvi
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pryskyficnych kandlki a vyznacuje se mekkosti, ale je pevné a velmi pruzné. Dievo je stfedné
odolné vi¢i povétrnostnim vliviim a je nachylné k napadeni hmyzem a k zamodrani. Borovice
je v naSem lesnim hospodafstvi nejvyznamnéj$im jehlicnanem hned po smrku. Dfevo borovice

nachazi stejné uplatnéni jako smrk (Chmelaf, 1990a).

3.6.3. Smrk ztepily (Picea abies [L.] Karst.)
Morfologie

Pozvolny vyskovy pfirtst je pozdéji nahrazen zrychlujicim se riistem kulminujicim v 18 az 40
letech a kon¢i ve 100 letech. Semenacky maji 5—11 déloznich listkd, které nahrazuje nekolik
primarnich jehlic. Pesleny se zadinaji tvofit az ve tietim roce Zivota (Ufadniek, Chmelaf,
1995). Jehlice 1,0 az 2,5 cm dlouhé, ¢tythranné, tmavozelené, lesklé, ziidka nasedlé, na vSech
stranach se slab¢ patrnymi fadami praduchii (Koblizek, 2006). Jedna se o vzdyzeleny jehli¢naty
strom, dorustajici vysky az 70 m (vétSinou vSak 30—-50 m) Koruna je pravidelné kuzelovita
v priméru 6 m Siroka (Kremer, 1995). Semeno si uchovava kli¢ivost nékolik let. Semena jsou
mald 2-5 mm dlouhd, tmavé az ¢ernohnéda. Lzickovité kiidlo je 2—5krat del§i nez semeno.
(Musil, 2003).

Smrk je povazovan za druh s plochym kofenovym systémem nedostatecné zakotvenym v pude,
proto snadno podléhé botivym vétrim. Smrk se doziva 300 az 400 let. Na horskych lokalitach
vystavenych Castym vétrim z jednoho sméru je také formovan obrusem sn¢hem, ptficemz
vznikaji jednostranné vlajkovité koruny. Kmen je S§tihly az valcovity, Casto se znacné
vyvinutymi kofenovymi nab&hy (Musil, 2003). Mlad¢ letorosty jsou ¢ervenavé slabé chlupaté
nebo lysé, matné a pomérné tlusté. Borka je médéné barvy, hnédaveé Cervena, jemné Supinatd,
lehce odlupciva, jen u starych stromil roz¢lenéna v oblé a odpryskavajici platky. Pupeny jsou
tmavé, vejcovité a ponckud zasSpicatélé (Kremer, 1995). Samici Sistice jsou az 6 cm dlouhé,
ptisedlé, vzptimené, zelené nebo Cervené, umisténé v horni ¢asti koruny. giéky jsou valcovité,
syté zelené, pozdé&ji hnédé, 10-20 cm dlouhé (Brickell, 2008). Supiny jsou protazené a tuhé
s hladkymi okraji. Smrk za&ina plodit kolem 60 roku Zivota. Sisky dozravaji na podzim téhoz
roku (Koblizek, 2006). Samc¢i Sistice jsou tvaru elipsy 2-2,5 cm dlouhé, stopkaté, zlutave

cervené, umisténé mezi jehlicemi jednoletych vyhonti (Musil, 2003).
Charakteristika
Patii mezi mrazuvzdorné dfeviny. Je nachylny vi¢i hmyzim SkGdcim, zvIasté

v monokulturach. SisSky dozravaji ve stejné vegetacni sezoné a jejich barva se méni od zelené
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¢i Cervené v mladi do barvy nachové nebo hnédé v ¢ase, kdy dozraji. V 8. lesnim vegetacnim
stupni mé& smrk dominantni porostotvornou funkci a nejvice zde prosperuje (Prisa, 1990).
Rod Picea zaujimé vice nez 3040 druhl jednodomych stalezelenych jehli¢natych stromut
pochazejicich z lesti chladného a mirného pésu severni polokoule (Musil, 2003).

Vejcité az podlouhle valcovité samiéi SiStice jsou vrcholové postavené na hlavnich a
postrannich vyhonech. Smrk je velmi citlivy na zvySené mnozstvi imisi v ovzdusi. V dob¢ kvétu

we

jsou vzpiimené, pozdéji previslé. Vejcite zluté nebo cervenaveé nachové samdi Sistice dlouhé 2—
3 cm se objevuji na jafe na vyhonech predesiého roku (Brickell, 2008).

Z divodu imisné ekologické kalamity na konci minulého stoleti dochéazelo k hynuti porostl v
témé&f vSech severnich pohotich na naSem uzemi (Kral et al., 2015; Vacek et al., 2020). Imise
stale ovliviiuji neptiznivé celkovy fyziologicky stav smrku, zejména péstovaného v
monokulturdch na nevhodnych ekologickych stanovistich. Tento nepiiznivy vliv se projevuje
zejména sniZzenou odolnosti vic¢i patogennim organismim. Niz$i fyziologickd kvalita
jednotlivych stromt se také projevuje ve snizené rezistenci k extrémnim klimatickym vliviim,
které se ¢asto vyskytuji v nasich horskych polohach. V ptirodnich podminkach Ceské republiky
ma smrk ztepily pfirozené rozSifeni v horach a castecné ve vrchovinach. M4 preslenité
uspotradané vétve a jehlice vyrustajici jednotlivé okolo vyhonl. Smrk je stinna az polostinna
drfevina, ktera piirozené roste vétSinou na kyselych padach s vrstvou surového humusu, sttedné

az siln€ vlhkych az na padach raselinnych (Hejny, Slavik, 1988).

Rozsireni

Sou¢asné zastoupeni smrku v lesich CR je 49,5 %, zatimco pfirozené zastoupeni ma pouze 11,2
% (MZe, 2022). Smrk se za pomoci lesnické kultivace rozsifil takika do celé Evropy. Jeho
expanze byla podpofena zejména diky jeho rychlému ristu, pfizptisobivosti Siroké Skale
stanoviSt’ a snadné regeneraci. V mnoha regionech vSak bylo jeho umélé rozsiteni na ukor
druhové a strukturalné pesttejSich porostil, coz zvySuje zranitelnost smrku vic¢i klimatickym

vvvvvv

stfedni a severni Evropy a vyznamnou oporou dfevatského primyslu (Kremer, 1995).

Ekologické naroky
Schopnost snaset zastinéni se méni s vékem (Musil, 2003). Ve svému optimu mtze smrk rast
podobné jako jedle po cela desetileti, aniz by ztracel schopnost vyznamné akcelerovat riist

kratce po uvolnéni. Jeho péstovani v monokulturach vede k okyselovani piidy, coZ miize velmi
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stéZzovat obnovu listnatych dfevin. Smrk byva casto povazovan za polostinny druh se stfedni

toleranci k zéstinu. (Kremer, 1995).

Vyuziti

Drievo je zna¢n€ nachylné k napadeni dievokaznym hmyzem ¢i houbami. Jarni dievo je témét
bilé, letni dievo je Cervenozluté a ostie ohranicené. Velmi dobie se opracovava a feze. Zaroven
je velmi malo odolné vuc¢i povétrnostnim podminkam. Vyznacuje se lehkosti, relativni
mekkosti, pruznosti a mélo sesycha. Smrkové dievo je nejvyznamnéjsi stavebni dievo a
vyuz9va se na stieSni konstrukce, stavebni prvky v interiéru i exteriéru, hudebni nastroje a je
surovinou pro vyrobu smoly a kalafuny. Dfevo smrku obsahuje velké mnozZstvi pryskyfi¢nych
kanalka (Josten, Wittchen, 2010). DalSim a velmi astym vyuZitim smrku v mladi z profezavek
jsou vanoc¢ni stromky. Na plantdzich vanoc¢nich stromkt je smrk sdzen jako 3 az 4let4 sazenice
v poctu 6 tisic kusii na 1 ha. Spon pro sazeni je ¢tvercovy 1,3 x1,3 m s vySkou sazenice 20 cm.

Tezba téchto stromki probiha ve 12 roce zivota (Rocek, 2015).

3.6.4. Modrin opadavy (Larix decidua Mill.)

Charakteristika

Priimér kmene je v extrémnim piipadé€ i az 2 m, pfi¢emz se dortsta vysek okolo 30 az 50 m.
Kofenovy systém této dieviny je slozen z hlavniho kulovitého kofenu doprovazeného bo¢nimi
koteny (Slavik, 2004). Jedna se o difevinu mimotradné odolnou proti bofivym vétram a Casto je
pouzivan jako porostni zebro i diky své piedristavosti (Bencat, 2009). Modfin vytvari
kuzelovitou korunu s nepravidelnymi pfesleny. Jedna se o opadavou jehlicnatou dievinu
s mékkymi jehlicemi vyrtstajici z brachyplasti po 30-50 kusech ve svazeCku (zkraceny
postranni pryt nesouci listy ¢i listy a kvéty). V ptfimési velmi dobie zlepSuje porostni stabilitu
(Slavik, 1997).

Plodem jsou malé Sisky o velikosti 2—4 cm pfirostlé k vétévkam. VEtévky jsou velmi kirehké a
star§i vétévky spolu s Siskami Casto po opadu jehli¢i také prabézné opadaji. Sisky dozravaji
v obdobi podzimu (zafi, fijen). Obdobi kvétu je duben az Cerven, kdy samici $istice jsou rudé

barvy a samci Zluté barvy (Musil, Hamernik, 2007).
Rozsireni

masivu. Jako dalsi ptivodni mensi arealy jsou v pahorkatinch stfedniho Polska a v Ceské
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republice v oblasti Nizkého Jeseniku. (Musil, Hamernik, 2003). Jsou znamé 4 variety
puvodniho modfinu, a to Sudetska (Jesenickd) — oblast Nizkého a ¢aste¢né¢ Hrubého Jeseniku
350-750 m n. m. Ddle je o oblast Alpska — v blizkosti horni hranice lesa celych Alp a také na
extrémnich stanovistich pobliz feky Ryn (500 m n. m.). V karpatské — tatranské a transylvanské
oblasti se jedna zejména o vysokohorskou dievinu (600—1900 m n. m.). Oblast polska se
nachdazi v jiznim Polsku v pahorkatinach ve vysce 200-600 m n. m. (Slavik, 2021).

V rodu Larix se nachdzi zhruba 14 druhti. V soucasné dobé se jednd o dievinu spiSe
podhorskych a horskych oblasti. Modiin se doziva az 500 let a je jednou z dilezitych
pionyrskych dievin. Jeho schopnost se zmlazovat na extrémnich stanovistich jen potvrzuje jeho
nenaroc¢nost. Jedna se o ryze svétlomilnou dfevinu, kterd pfi silném zastinéni velmi trpi. Velmi

dobfe se ptizptisobuje teplotnim extrémim (Pagan, Randuska, 1987).

Vyuziti

Dfevo modfinu je velmi kvalitni s vyraznym jadrem a obsahem pryskyfice. Vyznacuje se
vyznamnou trvanlivosti jak ve venkovnich podminkach, tak jako dievéné kuly v zemi ¢i v ramci
vodnich staveb. Vyuziti ma téz v nabytkaistvi, architektute, a to jak v interiéru, tak 1 exteriéru.
Jedna se o cenéné dievo s nejvetsim vyuzitim pii vyrobe rustikalniho masivniho nabytku ¢i jako
obklady nebo dlazba. V minulosti byl pfedné vyuzivan krom vyroby konstrukci lodi a staveb,
také k vyrob¢ benatského terpentynu (Slavik, 2021). Modiinova pryskyfice je velmi tekutd,
vytéka také z jadra této dieviny. Bézny lizinovy zptsob ziskavani pryskyfice zde neni mozny,
jelikoz epitelové buiiky pryskyfiénych kanalkl u této dieviny velmi brzy dievnati. Proto je

pryskyfice u modfinu ziskavana pomoci dendrologickych vyvrta (Rocek, 2015).

3.6.5. Douglaska tisolista (Pseudotsuga menziesii [Mirb.] Franco)

Jedna se o stalezeleny jehli¢naty strom, ktery je v soucasnosti rozsifen do celého svéta (Musil,
Hamernik, 2003). Pivodnim aredlem douglasky je pobiezi Pacifiku Severni Ameriky, kde v
tomto piivodnim aredlu dosahuje mnohdy az 90 m vysky, a dokonce i vice. Tloustkové vycetni
prameéry jsou v extrémnich ptipadech az 5 m. Téchto extrémnich dimenzi dosahuje zejména ve
svém aredlu s vyrovnanym oceanskym klimatem. Douglaska vytvafi rovny silny kmen
s kuzelovitou korunou (Slavik, 2021).

Kofenovy systém je kulovity s hlavnim kofenem, ktery je obklopen také slabsimi bo¢nimi
koteny. Douglaska je odolné vii¢i vyvratim, botivym vétrim a také Skiidciim (Chlepka, 1996).

K objeveni douglasky doSlo vroce 1792 anglickym Iékafem Archibaldem Menziesem, pfi
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obeplouvani Ameriky s anglickou flotilou. Prvni osivo douglasky do Evropy pfivezl roku 1927
David Douglas (Slavik, 2021).

V Cechach byla douglaska zprvu péstovana az v obdobi druhé poloviny 19. stoleti. Douglaska
je rychle rostouci pomérné svétlomilnd dievina s mirnou toleranci bo¢niho zastinu. Nejvice
prosperuje v oblastech mirného zimniho obdobi. V oblastech tuhych zim je ¢asto poSkozovana
t&zkym snéhem. Zivna stanovi§té s vihkym prosttedim jsou pro douglasku idealnim prosttedim
(Musil, Hamernik, 2003). Znecisténé prostiedi douglaska nenese dobte, vyhovuji ji osvétlené
porosty s delsi vegetacni dobou. Idealni podminky pro ni jsou ve vyskach 300-800 m n. m. ve
3. a 4. lesnim vegetacnim stupni (Chlepka, 1996).

Produkéni potencial douglasky je velmi vysoky oproti domacim dievinam (Podrazsky et al.,
2013a). Dievni hmota je velmi kvalitni, netrpi pfili§ hnilobami. VyZiti je ve stavebnictvi i
v nabytkafstvi. Jedna se o jadrovou dievinu s vyraznou béli. Hodnota diivi z douglasky je o 20

% vy$si nez u smrku, nehled€ na dobu navratnou pii obnové€ porostu (Slavik, 2021).

3.6.6. Smrk sitka (Picea sitchensis Bong.)

V pribéhu 19. a 20. stoleti dochdzelo v evropském lesnictvi k rozsdhlému zavadéni rychle
rostoucich dievin (Poleno et al. 2007). Smrk sitka byl jednim z druhti vysazovanych v tadé
experimentalnich plantazi v Evropé, véetné uzemi Ceské republiky a Slovenska. V sou¢asnosti
patii mezi nejvyznamnéjsi neptvodni jehlicnaté dieviny v Evropé pro produkci dieva vyse
zminéné douglasky tisolisté (Pseudotsuga menziesii [Mirb.] Franco) a nasledné smrku sitka
(Podrazsky et al., 2013a, 2016; Nygaard, Qyen, 2017). Studie vénované smrku sitka, zvlasté ve
sttedni Evropé, jsou stale spiSe vyjimecné (Feliksik, Wilczynski, 2008; Podrazsky, Prknova
eds., 2019).

Jedna se o nejvétsiho zastupce rodu Picea. V ideédlnich podminkach se dortista 60—-80 m vysky,
v extrémech az 90 m. Jeho vycetni tloustky dosahuji az 1-2 m. Kofenovy systém je u vSech
kuzelovitou korunu (Musil, Hamernik, 2003). Pfirozeny rozsah smrku sitka v Evrop¢ ¢ini
pfiblizng 0,8 milionu hektart (Forest Europe, 2020). V Ceské republice vsak podil
introdukovanych smrkovych druht, véetné smrku sitka, postupné klesd, coz souvisi s pfeménou
porostll ndhradnich dfevin (Slodi¢ak et al., 2005). Pro smrk sitka je vhodné&jsi oceanské klima
s vysokymi sraZzkami (1 000-3 000 mm) a mirnymi zimami (teplotni minima nad —7 °C) ve
vySkach do 900 m n. m., zatimco smrk ztepily preferuje chladné kontinentalni klima s

dostatkem ptudni vody (Lines, 1987; Moore, 2011; Musil, Hamernik, 2007; Farjon, 2017).
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Na Slovensku je zastoupeni smrku sitka minimalni, protoze se vyskytuje hlavné v parcich a
neni zde téméf péstovan jako hospodarska dievina. Podle udaji Narodniho lesnického centra
Slovenska pokryvaji introdukované smrkové druhy méné nez 0,01% lesni plochy (MARD,
2021). Oproti tomu v Anglii patii smrk sitka k nejrozsifenéjsim jehlicnaniim, tvofi zde vice nez
polovinu jehli¢natych lesti a je zde nejvyznamnéjsi komercni dievinou (Ludley et al., 2009;
Manso et al., 2022). Tento druh pochazi ze zapadniho pobtezi Severni Ameriky, kde se tahne
podél severniho Pacifiku od jizni Aljasky az po severni Kalifornii (Harris, 1990; Eckenwalder,
2009; Praciak et al., 2013). Do Evropy byl introdukovan v 19. stoleti a nyni se péstuje ve vice
neZ Sestnacti zemich svéta (Peterken, 2001; Moore, 2011; Lee et al., 2013; Deal et al., 2014).
V zapadni Evropé€ je hojn¢ vyuzivan, a to i pfes zna¢né odlisné klimatické a piidni podminky
(Bugata, 2000; Ogwu et al., 2012; Durrant et al., 2016). V téchto podminkach ¢asto dosahuje
vys$$i produkce nez smrk ztepily (Rosvall et al., 2001; Bergh et al., 2005; Thompson,
Harrington, 2005).

Sitka se doziva az 800 let. Vyhovuji mu vydatné srazkové thrny a je velmi svétlomilny. Je
velmi citlivy na mraz (Chlepka, 1996).

Prvni motorové letadlo bylo vyrobeno prave ze smrku sitka. Jednalo se o letadlo Wright Flyer.
Dtfevo je velmi pevné a lehké. Jedna se o rezonan¢ni diivi, které se vyuziva pii vyrobé

hudebnich nastroju (Slavik, 2021).

3.6.7. Smrk omorika (Picea omorika [Pancié¢] Purk.)

Dfevina ptivodem z Balkanského poloostrova a hranic Bosny a Srbska. Jeho aredlem jsou
nadmoiské vysky 300 az 1500 m. Omorika ustupuje kompeti¢né siln€j$Sim druhiim jako je jedle,
smrk ztepily a buk. Vhodnym stanovistém pro ného je skeletové vapenité podlozi s vysokou
vlhkosti (Slavik, 2021). Je to velmi svétlomilnd dievina s vyraznymi naroky na srazky a
vzdu$nou vlhkost. Maximalni vySka omoriky je do 30 m a 60 cm vycetni tlouStky. Koruna je
vyrazng Stihle kuzelovitd. Pfesleny jsou kratké a hluboce prohnuté (Musil, Hamernik, 2003).
Smrk omorika ma vyuZitelnost spiSe jako okrasny druh nebo vanoc¢ni stromek. Je ale piesto
velmi odolny vici imisim a silnym mrazim (Holub¢ik, 1968). Jeho limitujicim faktorem je
maly rist a malé dimenze. Kira tohoto druhu je tenkd, hnédd a ma tendenci se odlupovat v
platech. Letorosty jsou Sedohnédé a pokryté hustymi, jemnymi chloupky. Smrk omorika je
charakteristicky velmi tizkou, kuzelovitou korunou, kterd v priméru neptesahuje 3,5 m. Bézné
dorista vysky 18-30 m, vyjimecné mliZze dosahnout az 50 m, a priimér kmene ve vycetni vysce

(DBH) miiZe byt az 100 cm (Vidakovi¢, 1993). Rust do vysky je pomé&rmné rychly — ve véku 10,
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15, 20 a 30 let dosahuje strom vysek pfiblizn¢ 3—4 m, 5-6 m, 7-8 m a kolem 12 m (Pokorny,
1981). Nékteré zdroje uvadeji, ze ve veéku 10 let dortista 1,5-2 m a ve 20 letech 8-10 m (Kral,
2002). Nejintenzivngjsi rust nastava mezi 20. a 30. rokem. Ve srovnani se smrkem ztepilym
vykazuje smrk omorika na kyselych stanovistich stfedni Evropy mirné¢ vyss$i rlstovou
dynamiku (Pilat, 1964). Stejny trend byl zaznamenan i na kyselych ptidach v horskych imisnich
oblastech Ceské republiky (Vacek et al., 1994).

Na rozdil od smrku ztepilého smrk omorika Spatné snasi uplné zastinéni, predevsim v porostech
s listnatymi dfevinami na zivnych stanovistich. V téchto podminkdch dochazi nejprve
k zaostavani v tloustkovém rastu, pozdéji i ve vyskovém prirtstu. Celkové vyzaduje smrk
omorika Fidsi zapoj nez smrk ztepily. V Ceské republice byl nejvétsi zaznamenany jedinec
smrku omoriky v Masarykové lese Kitiny (Lesnickd fakulta MENDELU) s DBH 49,3 cm a
vySkou 30 m ve véku 66 let (Kral, 2002). Podle Vacka et al. (2021) dosahuje na rekultivované
vysypce v Sokolovské panvi (v€k porostu 48 let) primérné vysky 13,6 m a vycetni tloustky

20,7 cm.

3.6.8. Borovice ¢erna (Pinus nigra J.F.Arnold)

Borovice Cernd je jehlicnaty strom pochézejici ze sttedomoiskych oblasti, ptedevsim z pohoti
Pyrenejského poloostrova, Balkanu a Mal¢ Asie. V pfirozeném aredlu se vyskytuje pfevazné v
nadmotskych vyskadch 600-2000 m, kde roste na kamenitych, mélkych a ¢asto vysychavych
pudach (Holubcik, 1968). Jeji schopnost ptizptlisobit se neptiznivym stanovistnim podminkam
je vyjimecna, coz ji predurcuje k vyuziti na extrémnich stanovistich, kde jiné dieviny selhavaji
(Vacek et al., 2023D).

Jedna se o typickou svétlomilnou dievinu, kterd vsak oproti nasi doméaci borovici lesni vyzaduje
jeste vyssi intenzitu osvétleni pro optimalni rust. Z hlediska ptidnich néaroki je velmi nenaro¢na
a dobfe snasi 1 chudé, suché ¢i skeletovité pudy s nizkou zasobou Zivin (Musil, Hamernik,
2003). Rovnéz jeji odolnost viic¢i suchu, vétru a exhalacim z ni ¢ini vhodny druh pro rekultivace
a ochranné vysadby v primyslové zatizenych oblastech nebo na kamenitych svazich a
vysypkach (Vacek et al., 2023b).

Dievina dortistd za idealnich podminek vysky az 50 metrti a vycetni tloustky i pies 2 metry,
zejména v prirozeném arealu vyskytu. Jehlice rostou ve svazeccich po dvou a jsou vyrazné tuzsi
a delSi nez u borovice lesni. Dfevo borovice ¢erné ma tmavsi jadro, je pevné, dobie
opracovatelné a cenéné zejména v tesafstvi, truhlafstvi ¢i pfi vyrobé& Zelezni¢nich prazci a

plotovych prvki (Slavik, Bazant, 2016).
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Z produkéniho hlediska vSak borovice Cernd zaostdva za borovici lesni, pfedevSim na
stanovistich s vyssi bonitou, kde jeji riist neni tak dynamicky. Na druhou stranu vynika vysokou
odolnosti vii¢i mrazu, vétsing skidcti i houbovym chorobam (Vacek et al., 2023b). Casto byva
vyuzivana v méstské zeleni, k zalesnovani vysychajicich nebo degradovanych lokalit, ale také
pro vysadby vanocnich stromkt, kde nachazi uplatnéni diky svému pravidelnému tvaru a syté
zelenym jehlicim (Slavik, 2021).

Celkové lze borovici ¢ernou povazovat za perspektivni dfevinu v podminkach klimatické
zmeény, zejména v oblastech, kde dochdzi k Castym vypadkiim borovice lesni nebo smrku
ztepilého v dasledku sucha ¢i piidni degradace. Jeji vyuziti je vSak tieba zvazovat v kontextu
konkrétnich stanovistnich podminek a cilové druhové skladby lesnich porostl (Vacek et al.,

2023b).
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4. Metodika
4.1. Charakteristika zajmového uzemi
Zajmové uzemi Ceské vysoéiny se primarné nachazi v Krusnych horach, Luzickych horach a
na Sokolovsku, dale pak ve stfednich Cechach v oblasti Klokoéné a v majetku Lesy CZU. Pro
potieby komplexniho zhodnoceni a Sir§iho srovnani bylo toto uzemi rozsifeno také o vybrané
lokality v Anglii a na Slovensku. Takto rozsifeny soubor umoznuje podrobnéjsi analyzu
ekologickych, klimatickych a lesnickych aspektii v riznych geografickych a klimatickych
podminkach. Na Obr. 11 je znazornéna sit zajmovych uzemi, ktera ¢itda 49 trvalych

vyzkumnych ploch (TVP), a v Tab. 1 je uveden piehled zakladnich stanoviStnich a porostnich

o
parametru.
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Obr. 11: Umisténi trvalych vyzkumnych ploch v€etné meteorologickych stanic pouZivanych

pro dendrochronologické analyzy; mapa byla vytvotena v softwaru ArcGIS 10 (Esri).
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Tab. 1: Zakladni charakteristika trvalych vyzkumnych ploch zdjmového tizemi.

Nad.
Sklon  Teplota  Srazky
Zemé Reference VP GPS vyska Expo. Lesni typ Drteviny Vek
© O (mm)
(m)

Ceska Brabec et 50°00' N 330- Querceto-Fagetum Picea abies,
1-2 NE 3 8,1 663 62
republika al. (2023a) 14°51'E 340 acidophilum P. sitchensis
Querceto-Fagetum
. Picea abies,
Ceska Brabec et 48°59' N 430- acidophilum, Querceto-
3-8 S 0-9 7,5 600 Pinus 87-117
republika al. (2023b) 14°43'E 480 Abietum variobumidum
Sylvestris
acidophilum
Querceto-Fagetum Picea abies,
Ceska Zeidler et 50°10'N 405- acidophilum, Querceto- P. pungens,
9-25 N,E 0-7 7,3 607 50
republika al. (2024) 12°37' E 444 Fagetum lapidosum P. mariana,
acidophilum P. omorika
Abieto-Fagetum
Cesk4 Cukor et 26- 50°50' N 450- N, E, acidophilum,
2-18 8,1 770 Picea abies 7-26
republika al. (2024) 35 14°23'E 600 S AbietoFagetum oligo-
mesotrophicum
Piceeto-Fagetum
Ceska Cukor et 36- 50°35'N 750- N, E, acidophilum,
3-14 6,6 760 Picea abies 7-26
republika al. (2024) 45 13°21'E 850 A\ Piceeto-Fagetum oligo-
mesotrophicum
Brabec et 46- 48°38'N Abieto-Fagetum Picea abies,
Slovensko 440 S 5 8,4 688 ) 59
al. (2023a) 47 19°05'E acidophilum P. sitchensis
Brabec et 48- 54°16'N Picea abies,
Anglie 230 E 4 8,4 2061 Quercetum acidophilum 52
al. (2023a) 49 2°55'W P. sitchensis

4.1.1. Kru$né hory a Luzické hory

Na tomto zajmovém uzemi probihalo hodnoceni Skod zvéii loupanim a ohryzem mladych
smrkovych porosti ve véku 7-26 let. Zde se jedna o studii ,,Cukor, J., Vacek, Z., Brabec, P.,
Vecera, S., Sevéik, R., Vacek, S., Brynychova, K., Skotak, V., Havranek, F. (2024). §kody
ohryzem a loupanim ve smrkovych porostech: Potvrzeni posunu do mladsich porostit. Reports
of Forestry Research/Zpravy Lesnickéeho Vyzkumu, 69(4).*

Vyzkum probihal ve dvou samostatnych lokalitdch Sudetské soustavé, kdy bylo pravidlem Ze
se jednalo vzdy alespon o dvé navazujici honitby. Prvni, $irS$i hodnocena oblast se nachazela v
Luzickych horach, konkrétné v okoli Ceské Kamenice (5 ploch; 50.8341625 N, 14.3844367 E)
a obce Chtibskd (5 ploch; 50.8274403 N, 14.5039131 E). Hodnocené porosty organiza¢né
spadaji pod LS Rumburk (LCR, s. p.). Nadmoiska vyska zkoumanych porostii se pohybovala
v rozmezi 450—-600 m. Primérna roc¢ni teplota je zde 8,1 °C a ro¢ni Gthrn srazek dosahuje 770
mm (2000-2023).

Druhé studovana oblast se nachazela v KruSnych horach pod spravou LS Klasterec nad Ohii

(LCR, s. p.). Konkrétné se vyzkumné plochy nachazely v okoli obce Kalek v nadmotské vysce
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750-800 m (5 ploch; 50.5841400 N, 13.3640814 E) a dale v okoli Vejprt (5 ploch; 50.4538197
N, 13.0382681 E), kde byly trvalé vyzkumné plochy umistény az do nadmotské vysky ptiblizné
850 m. Primérna roc¢ni teplota se zde pohybuje okolo 6,6 °C, ro¢ni uhrn srazek je v priméru
760 mm (2000-2023).

V oblastech LS Rumburk i LS Klasterec nad Ohii se z druhl sparkaté zvéte vyskytuje
predevsim jelen evropsky (Cervus elaphus L.), stnec obecny (Capreolus capreolus L.) a prase
divoké (Sus scrofa L.). Dalsi druhy jelenovitych jsou zde spiSe vyjimecné, muflon se zde
nevyskytuje.

Z hlediska stanovistnich pomérti prevladal na vSech lokalitaich pidni typ kambizem. Z
typologického z hlediska se jedna o soubor lesnich typti SK — kysela jedlova bucina (Abieto-
Fagetum acidophilum), 5S — svézi jedlova bucina (4bieto Fagetum oligomezotrophikum), 6K
—kyseld smrkova bucina (Piceeto Fagetum acidophilum) a 6S — svézi smrkova bucina (Piceeto-
Fagetum Oligo-mezotrophikum; Viewegh et al. 2003). Zkoumané porosty byly jednak zalozeny

vysadbou, jednak pochazeji z ptirozené obnovy.

4.1.2. Stiredni Cechy

V této oblasti se jedna o studii ,,Brabec, P., Brichta, J., Vacek, Z., Vacek, S., Simiinek, V., Hajek,
V. (2023b). Potential of mixed Picea abies (L.) Karst. and Pinus sylvestris L. forests in lowland
areas of Central Bohemia. Journal of Forest Science, 69(11), 470—484*. Zajmové Gizemi je
spravovano statnim podnikem Lesy Ceské republiky a nalezi do lesniho zavodu Konopisté a
lesniho obvodu Ricany. Lesni blok ma rozlohu 3,2 km? (GPS: 49°5829"N, 14°43'05"E).
Nadmoftska vyska se pohybuje od 430 do 480 m s charakteristicky plochym reliéfem ve 3. a 4.
lesnim vegeta¢nim stupni (Remes, Kozel 2006). Z typologického hlediska se jedna pievazné o
soubor lesnich typii 3K — kysela dubova bucina a 4P — kysela jedlova doubrava (Viewegh et al.
2003). Dominujicimi padnimi typy jsou kambizemé, pseudogleje a luvizemé s dlouhodobé
vyraznou acidifikaci (Podrazsky et al., 2005; Podrazsky, Remes, 2007).

Primérna teplota oblasti ¢ini 7,5 °C, ro¢ni thrn srazek dosahuje 600 mm (ve vegetacni sezoné
méné nez 400 mm) a délka vegetaéniho obdobi je piiblizné 150 dni (Svec et al., 2015). Dle
lesniho hospodatského planu je vek horni etdze zkoumanych porosti 87—117 let. Porosty jsou
smiSené s dominanci smrku ztepilého a borovice lesni s piimési jedle bélokoré a douglasky
tisolisté. Lesnicky management zde od roku 1993 hospodaii za pomoci podrostnich zpisobil
hospodateni s aplikaci vybérnych principti. Divodem zmény byly ¢asté polomy smrku a zlomy

borovice pfi mokrém sné¢hu pod holose¢nym reZimem. PoSkozené porosty nebyly uméle
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rekonstruovédny, ale ponechany samovolnému vyvoji, coz umoznilo pfirozenou obnovu s

velkymi rozdily ve vySce a tloust'ce stromd.

K této oblasti Stfednich Cech pati také dalsi studie ,,Brabec, P., Vacek, Z., Vacek, S., Stefancik,
L, Cukor, J., Weatherall, A., Gallo, J., Slavik, M., Sitkova, Z., Putalova, T. (2023a). Growth-
climate responses of Picea sitchensis [Bong.] Carr. versus Picea abies [L.] Karst. in the British
Isles and Central europe. Central European Forestry Journal, 69(3), 167-178“. Studie
analyzuje rustové dynamiky a klimatické vazby dvou kli¢ovych jehlicnani — introdukovaného
smrku sitka a doméciho smrku ztepilého— nedaleko Kostelce nad Cernymi lesy.

Dle Kdppenovy klimatické klasifikace (Koppen 1936) oblast zajmu spada do regionti: Cfb —
mirné oceanské klima. Prevladajicim typem pudy je zde kambizem s porostnim typem
Querceto-Fagetum acidophilum. Primérny ro¢ni tthrn sradzek je 663 mm. Vegetacni obdobi zde
¢itd 158 dni. Tato TVP se nachazi v severovychodni expozici s primérnou ro¢ni teplotou 8,1
°C. V této lokalité se jednalo o TVP 1 (50°00°25”N 14°51°13”E v nadmotské vysce 330 m a
zde se jednalo a zkoumanou dievinu smrk ztepily. Na této ploSe se smrk ztepily nachézel ve
véku 62 let sporostni zdsobou 425 m’/ha. A diale TVP 2 (50°00°22”N 14°51°09”E)
s nadmotskou vySkou 340 m. Zkoumanou dievinou zde byl smrk sitka ve véku 62 let s porostni

zasobou 456 m>/ha.

4.1.3. Sokolovsko

V této oblasti byl proveden vyzkum na trvalé experimentalni ploSe vysypky Antonin slouzici k
testovani rastového a produkéniho potenciadlu neptivodnich i1 domacich druhii dievin. Zde se
jednalo o studii ,,Zeidler, A., Boriivka, V., Brabec, P., Tomczak, K., Bedrich, J., Vacek, Z.,
Cukor, J., Vacek, S. (2024). The possibility of using non-native spruces for Norway Spruce
wood replacement—A case study from the Czech Republic. Forests, 15(2), 255%. Lesnické
arboretum Antonin v severovychodni &asti Ceska (GPS: 50°10720” s. §., 12°37'45" v. d.),
charakterizované krajinou po té¢zbé uhli, se rozklada na plose 165 ha s maximdlni nadmotskou
vyskou 444 m (Vacek et. al.,, 2018). Padotvornymi substraty urcujicimi pocatecni faze
pedogeneze jsou cypiiSové jily a vulkanické detritické série, véetné porcelanitid (erdbrantit),
které urcuji fyzikalni vlastnosti plidy a zékladni faktory chemie ptidy (Dimitrovsky et al., 2010).
V soucasné dobé dochdzi k diferenciaci plidniho profilu, kterd odpovidd vyvoji pud do
kambizemé& (Vacek et. al.,, 2021). Klimaticky spadd do Ko&ppen-Geigerovy klimatické

klasifikace ,,Cfb* s teplymi, suchymi léty a studenymi, suchymi zimami (Peel, 2007). Primérna
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ro¢ni teplota je 7,3 °C s primérnym thrnem srazek 607 mm v letech 1975 az 2021. Maximum
srazek se vyskytuje v cervenci (105 mm) a minimum v fijnu (55 mm). Vegetacni obdobi trva
220-227 dni. Uhelny dil Antonin-Sokolov byl v provozu v letech 1881 az 1965 a bylo zde
vytézeno 22,5 milionu tun uhli a 10,8 milionu metrti krychlovych skryvky. Lesnické rekultivace
vedli v letech 1969 az 1974 k zalozeni arboreta Antonin. Systematicky bylo vysazeno vice nez
220 druht stromt a keiti (véetné vice nez 30 introdukovanych druhii; Vacek et. al., 2018).

Aby se omezily faktory ovliviiujici rast stromt a kvalitu dfevni hmoty, byly vSechny zde
studované druhy smrkti umistény na stejném misté, se shodnymi ristovymi podminkami z
hlediska ptidnich parametrt a klimatickych faktorii. Pro posouzeni kvality dieva byly pouzity
nasledujic ¢tyfi druhy smrku: smrk ztepily, smrk omorika, smrk ¢erny a smrk pichlavy. Stafi

porostl bylo ptiblizné 50 let.

4.1.4. Anglie

Pfedmétem studie smrku sitka a smrku ztepilého byly také porosty v oblasti Lake District na
severozapad¢ Anglie, pobliZ mésta Ambleside. Jedna se opét o studii ,,Brabec, P., Vacek, Z.,
Vacek, S., §tefanéz’k, L., Cukor, J., Weatherall, A., Gallo, J., Slavik, M., Sitkova, Z., Putalova, T.
(2023a). Growth-climate responses of Picea sitchensis [Bong.] Carr. versus Picea abies [L.]
Karst. in the British Isles and Central europe. Central European Forestry Journal, 69(3), 167—
178“. Dle Koppenovy klimatické klasifikace (Koppen, 1936) oblast zajmu spada do regionu
Cfb — mirné oceanské klima. Pfevladajicim typem pudy je zde kambizem s typologii Querceto
acidophilum. Primérny ro¢ni thrn srazek je 2061 mm. Vegetacni obdobi zde Citd 247 dni.
Uzemi je charakteristické vychodni expozici s primérnou roéni teplotou 8,4 °C. V této lokalitd
se jednalo o TVP 48 (54°16’43”N 2°55°40”W) v nadmoiské vysce 230 m. a zkoumanou
drevinu smrk ztepily. Na této TVP se smrk ztepily nachéazel ve véku 62 let s porostni zdsobou
527 m*/ha. Druh4 plocha byla TVP 49 (54°16°42”N 2°55°39”W) s nadmotskou vyskou 230 m.

Zkoumanou dievinou zde byl smrk sitka ve v&ku 62 let s porostni zdsobou 618 m*/ha.

4.1.5. Slovensko

Predmétem posledni studie smrku sitka a smrku ztepilého byly v posledni fad€ 1 porosty na
Slovensku nedaleko mésta Zvolen (studie ,,Brabec, P., Vacek, Z., Vacek, S., Stefanéz’k, L, Cukor,
J., Weatherall, A., Gallo, J., Slavik, M., Sitkovad, Z., Putalova, T. (2023a). Growth-climate
responses of Picea sitchensis [Bong.] Carr. versus Picea abies [L.] Karst. in the British Isles

and Central europe. Central European Forestry Journal, 69(3), 167—-178). Zde ptevlada teplé
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1éto s vlhkym kontinentalnim klimatem (Dfb), dle Koppenovy klimatické klasifikace (Koppen,
1936). Pfevladajicim typem pidy je zde kambizem s porostnim typem Abieto-Fagetum
acidophilum. Primérny ro¢ni uhrn srazek je 688 mm. Vegetatni obdobi zde ¢itad 132 dni.
Zajmové uzemi se nachazi na jizni expozici s prumérnou ro¢ni teplotou 8,4 °C a nadmotskou
vyskou 440 m. Porostni zdsoba zde ¢inila 506 m*/ha u smrku sitka a 468 m>/ha u smrku
ztepilého. V této lokalité se jednalo TVP 46 (48°38°11”N 19°05°017E) a TVP 47 (48°38'1”N
19°05°02”E). V této zajmové oblasti se nachazely oba porosty ve stari 59 let.

4.2. Sbér dat

4.2.1. Stromové patro

V ptipadé¢ studie smési smrku a borovice probihal sbér dat stromového patra na péti
obdélnikovych plochach o rozmérech 25 x 50 m (1 250 m?) v roce 2022. TVP byly rozdé€leny
do péti variant podle druhového slozeni: (1) 92,5-100 % BO (BO 100 %), (ii) 75+ 7,5 % BO a
25+ 7,5 % SM (BO 75 %), (iii) 50 = 7,5 % BO a 50 £ 7,5 % SM (BO 50 %), (iv) 25+ 7,5 %
BO a75+7,5% SM (BO 25 %) a (v) 92,5-100 % SM (SM 100 %), viz Vacek et al. (2021Db).
U dalSich studii byla zvolena velikost plochy dle stafi porostu a charakteru stanovisté od 10 x

15 m az po 40 x 40 m jako napiiklad (Zeidler et al., 2024) ¢i také (Brabec et al., 2023b).

Za pomoci technologie FieldMap (IFER, Ceska republika) byly zaznamenany piesné polohy
jednotlivych stromt s vycetni tloustkou DBH > 7 c¢cm a jejich korunovou projekci ve Ctyfech
smérech. Hrani¢ni stromy, u nichz vice nez polovina DBH lezela uvnitt TVP, byly zapocitany.
DBH byla méfena posuvnym méfidlem Mantax Blue (Haglof, Svédsko) s piesnosti 1 mm a
vyska jednotlivych stromt a nasazeni zivé koruny byla méfena laserovym vyskomérem Vertex

(Haglof, Svédsko) s piesnosti 0,1 m.

4.2.2. Dendrochronologie

Pro analyzu radialniho ristu byly vzorky odebrany ze smrku sitka a smrku ztepilého pomoci
Presslerova nebozezu (Haglof, Svédsko) ve vysce 1,3 m ve sméru nahoru/dold po svahu. Z
kazdé TVP bylo ndhodné (funkce RNG v Excelu) vybrano 25 vzorkd z naduiroviiovych a
urovilovych vitalnich stromt — dle Kraftovy klasifikace (Kraft, 1884). Poduroviiové a potlacené
stromy byly kvili sniZzené ristové reakci opomenuty (Remes$ et al., 2015). Celkem bylo
odebrano 150 dendrochronologickych vzorkil ze smrkovych stromt (75 ks smrku sitka a 75 ks

smrku ztepilého) a z toho bylo 148 vzorkl analyzovano (Brabec et al., 2023a).
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V piipadé ¢lanku o borovici v nizinnych oblastech stiednich Cech LHC Ri¢any (GPS:
49°5829"N, 14°43'05"E), byl postup pro odbér dendrochronologickych vzorka a naslednou
analyzu obdobny. Z kazdého druhu stromu bylo ndhodné¢ (funkce RNG, MS Excelt odebrano
30 vzorkt smrku ztepilého a 30 vzorkd borovice lesni. VSechny tyto vybrané stromy pochézely
pouze z horniho stromového patra s registraéni hodnotou DBH nad 30 cm (Brabec et al.,
2023b). Roéni ptirtstky letokruhti byly v obou ptipadech méteny s presnosti 0,01 mm pomoci
binokuldrniho mikroskopu Olympus (Olympus, Japonsko) na méficim stole LINTAB

(Rinntech, Némecko) a zaznamenany v softwaru TsapWin (verze Professional 4.82b2, 2022).

Me¢éfteni z meteorologickych stanic byla vyuZita k odvozeni vlivu klimatickych a stresovych
faktord na radialni rist zajmovych dievin. V piipad¢ studie o smrku sitka a smrku ztepilém
v Britskych ostrovech byla dostupnd data vyuzita ze stanice Ambleside (100 m n. m.; WGS84
54°25'48 N, 2°57'36 “W) pro TVP v Anglii, meteorologicka stanice Slia¢ (320 m n. m.;
WGS84 48°38'8 ,,N, 19°8'15 “E) pro TVP na Slovensku a stanice Ondiejov (485 m a. s.L;
WGS84 49°54'24 | )N, 14°47'6 “E) pro TVP na Kostelecku. Celkem byly pouZity pro analyzy
teploty a srazek v obdobi 1971-2015. Vzdélenost mezi meteorologickymi stanicemi a TVP byla
v rozmezi 4—17 km (Brabec et al., 2023a). V piipad¢ studie o smésich s borovici lesni byla
klimaticka data pifevzata opét z nejbliz§i stanice Ceského hydrometeorologického ustavu
(CHMU), meteorologické stanice Ondiejov (49°54'36"N, 14°46'48"E) pro obdobi 1962—2021
(Brabec et al., 2023b).

Vyvoj teploty a srazek byl zalozen na udajich z teploty v jednotlivych mésicich, primérné rocni
teploté, teplote ve vegetacnim obdobi, rocnim thrnu sradzky, celkovy thrn srazek ve vegetatnim
obdobi, celkovy mési¢ni thrn srazek a extrémni klimatické udalosti, jako jsou dlouhodoba

sucha nebo historicka teplotni maxima a vykyvy.

4.2.3. Prirozena obnova a Skody zvéri

Na ovéfeni miry loupédni a ohryzu bylo realizovano celkem na 20 TVP o vyméie 10 x 10 m
(100 m?) v obdobi srpen az zati 2023. Mezi zjisStované charakteristiky patfil obvod kmene ve
vycetni vySce (pfepocteno na vycetni tloustku), ktery byl méfen obvodovym pasmem s
pfesnosti na I mm u vSech jedinct o vySce nad 1,3 m. Vysky jednotlivych stroml byly méteny
desetimetrovou vyskomérnou lati (Haglof, Svédsko) s presnosti na 1 cm. Skody zptisobené
zvéfi (ohryz a loupani) byly hodnoceny metodikou (UHUL, 2007; Cerny et al., 2009), ktera je

pouzivana Ustavem pro vyzkum lesnich ekosystémi, s. r. o. (IFER) se zohlednénim mistnich

-----
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pusobené rany s presnosti na 1 mm. V piipad¢ vice takto zptisobenych ran (umisténych nad
sebou) byl zaznamenan soucet v nejSirSich mistech poskozeni. Dale byla métfena délka
poskozeni, umisténi rany na kmeni od zemé¢ a dale bylo rozlisSovano, zda se jedna o nové (do
12 mésict) ¢i staré poskozeni (Obr. 12). Hodnoceni poSkozeni probéhlo v mésici srpnu 2023.
S ohledem na zaznamenavani starSiho poSkozeni nebyl rozlisen ohryz vici loupani z divodu

¢aste¢ného zaceleni starSich ran.

Obr. 12: Starsi poSkozeni mladého jedince smrku ztepilého (vlevo), které miize v pripadé
vétsiho rozsahu zpiisobil odumfieni terminalni ¢asti kmene a nové vzniklé poskozeni stromu

loupanim (vpravo) — (foto: Jan Cukor).

Pfi hodnoceni Skod zpiisobenych okusem byli jednotlivi jedinci pfirozené obnovy méfeni a
posuzovani podle nasledujicich parametrti: vyska (s pfesnosti na 1 cm), druh dieviny, péstebni
kvalita a typ a stav okusu. Péstebni kvalita byla hodnocena pouze u jedincti s vyskou presahujici
100 cm, a to na zéklad¢ stanovenych kritérii. Typ okusu byl klasifikovan do Ctyt kategorii: bez
poskozeni, bo¢ni okus, terminalni okus a kombinovany okus. Stav okusu pak rozliSoval

poskozeni nové, staré nebo opakované.

4.2.4. Odbér vzorki a stanoveni vlastnosti direva
Z hlediska managementu jehli¢natych porosti a adaptace na klimatickou zménu je
z ekologického a ekonomického hlediska také diilezita kvalita dfevni hmoty. Na TVP byly od

kazdého druhu pokéceny ctyti vzorky stromi a z bazalni ¢asti kmene byly odebrany 2 m dlouhé
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vyiezy pro ptipravu testovacich vzorkl (vzorky byly ziskany z vysky kmene 0,2 az 2,2 m nad
zemi). Pro ziskdni vzorkil pro jednotlivé testy byl pouzit postup aplikovany v praci Zeidler et
al. (2022), zejména pro vyhodnoceni rozlozeni vlastnosti kolem poloméru kmene. Pro testovani
zakladnich fyzikalnich a mechanickych vlastnosti byly ptipraveny vzorky o rozmérech 20 x 20
x 300 mm (tangencidlni x radidlni x axialni). Celkem bylo testovano 290 vzorki s ohledem na

vybrané vlastnosti kvality dieva.

Zkusebni vzorky byly po urcitou dobu vystaveny teploté vzduchu 20 + 2 °C a relativni vlhkosti
65 £ 5 % v klimatizovaném prostfedi za u¢elem dosazeni standardizované rovnovazné vlhkosti
(CSN 49 0103, 1979). Po dosaZeni rovnovazné vlhkosti byly provedeny testy jednotlivych

fyzikalnich a mechanickych vlastnosti.

U fyzikalnich vlastnosti byla testovana hustota dieva pti 12 % vlhkosti (CSN 49 0108, 1993).
Mechanické vlastnosti byly reprezentovany modulem (CSN 49 0115,1979) a modulem
pruznosti (CSN 49 0116, 1982). Pro testovani modulu pevnosti (MOR) i modulu pruZnosti
(MOE) byl pouzit univerzalni zkusebni stroj TIR Atest 2850 (Tira GmbH, Schalkau, Némecko).

4.3. Analyza dat

4.3.1. Dendrochronologické analyzy

Série ptirtistkl letokruhti smrku sitka, smrku ztepilého a borovice lesni byly jednotlivé kiizové
datovany za ucelem odstranéni chyb zpiisobenych chybéjicimi letokruhy pomoci statistickych
testll v aplikaci PAST (Knibbe, 2007). Tyto série byly nasledn¢ podrobeny vizualni kontrole
podle Yamaguchiho (1991). Pokud byl odhalen chybé¢jici letokruh, byl na jeho misto vlozen
letokruh o Sifce 0,01 mm. Jednotlivé kiivky z vyzkumnych ploch byly detrendovany a v
programu ARSTAN (Tree Ring Laboratory, USA) a byla vytvofena primérna série letokruhti.
Pro odstranéni vé€kového trendu byl pouzit negativni exponenciélni spline a nasledné spline s

parametrem 0,67 n (Grissino-Mayer et al., 1992).

Autokorelace prvniho fadu (AR1) byla vypoctena v balicku dpIR v softwaru R (Bunn, 2008; R
Core Team, 2019). Autokorelace prvniho fadu hodnoti vztah s pfedchozim rlstem stromu,
respektive spojitost mezi radidlnim pfirtistkem ve dvou po sobé jdoucich letech jako miru
fyziologické schopnosti stromu tlumit vlivy (Fritts, 1976). Analyza negativnich let (NPY's) byla
provedena podle Schweingrubera (1996) a Desplanque et al. (1999). Pro kazdy strom byl
identifikovan pointer rok jako extrémné Uzky letokruh, ktery nedoséhl 40 % primérného
ptiristku z pfedchozich ctyf let. Vyskyt negativniho roku byl potvrzen, pokud doslo k
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vyraznému snizeni ptirastku alespont u 20 % stromi na ploSe. Pro vyjadfeni vztahu mezi
klimatickymi charakteristikami (primérné mési¢ni teploty vzduchu a uhrn srdzek v
jednotlivych mésicich a letech) a radidlnim ristem byl pouzit software DendroClim (Biondi,

Waikul, 2004).

4.3.2. Struktura a diverzita porostu

Zakladni struktura, diverzita a produk¢éni charakteristiky stromového patra byly vypocteny
pomoci softwaru SIBYLA Triquetra (verze 10.0 alpha, 2015), ktery pracuje s prostoroveé
explicitnimi daty na urovni jednotlivych stromtl ziskanymi z vlastnich méteni. Jako vstupni
data byly pouzity vSechny shroméazdéné dendrometrické parametry jednotlivych stromi, tedy
druh stromu, soufadnice, vyska, vycetni tlouStka (DBH), Sitka koruny, nasazeni zelené koruny

a vék (Fabrika, Dursky 2005).

Sitka koruny byla odvozena z naméfené plochy projekce koruny. Pro vypocet charakteristik
horizontalniho uspotfadani stromii na trvalych vyzkumnych plochach byl pouzit program
PointPro (verze 2.2, 2010; Zahradnik, Pus, CZU) s vyuzitim indexu agregace podle Clarka a
Evanse (1954). Objem stromi byl stanoven podle objemovych rovnic publikovanych PetraSem
a Pajtikem (1991). Z namétenych ukazateli hustoty porostu byl nasledné vypocten stupen
zéapoje koruny (Crookston, Stage ,1999) a relativni index hustoty porostu (SDI; Reineke 1933).
Relativni SDI byl stanoven jako pomér aktualni hodnoty indexu hustoty porostu k jeho
maximalni hodnot€. Index hustoty porostu predstavuje teoreticky pocet stromt na hektar pfi
prumérném kvadratickém primeéru slozky porostu rovném 25 cm (Reineke, 1933) a jeho

maximalni hodnota byla odvozena z modelu rustovych tabulek (Halaj, 1987).

Pro primérnou vycetni tloustku a primérnou vysku byly vypocteny smérodatné odchylky.
Biomasa stromil byla odvozena podle Petrdse et al. (1985), PetraSe a Pajtika (1991) a
Ledermanna a Neumanna (2005), pfi¢emz biomasa kotfenii byla vypoctena pomoci modelu
Drexhage a Colina (2001). Obsah prvka ve stromech byl stanoven podle vyzkumu Bublinec
(1994) s jednotkovym obsahem prvka 10 mg-kg™ suSiny.

Strukturni diverzita porostu byla hodnocena na zéklad¢ horizontalni struktury podle Clarka a
Evanse (1954), vertikalni struktury pomoci Arten-profile indexu (Pretzsch 2006) a indexu
vertikdlni diverzity (Jachne, Dohrenbusch 1997), strukturdlni diferenciace porostu tlouStkové a

vyskové (Fiildner 1995) a korunové diferenciace (Jachne, Dohrenbusch 1997).
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Celkovy index diverzity porostu byl stanoven v navaznosti na komplexni biodiverzitu podle

Jachne a Dohrenbusche (1997) a zahrnoval diverzitu druhl stromd, vertikalni struktury,

prostorového rozlozeni a diferenciace korun. Vstupnimi proménnymi byly pocet druhti stromii,

maximalni a minimalni podil druhiti, maximdlni a minimalni vyska stromil, maximalni a

minimalni vzdalenost mezi stromy, minimalni vyska nasazeni koruny a minimalni i maximalni

pramér koruny. Podrobné informace o vypoctu pouzitych indext 1ze nalézt v praci Vorcak et

al. (2006) a Vacek et al. (2020) a jejich interpretace je v Tab. 2.

Tab. 2: Piehled indexti diverzity porostu a jejich interpretace.

Kritérium Kvantifikator Zkratka Reference Interpretace
Druhova Bohatost D (Mi) Margalef (1958) minimalni D = 0, vyssi hodnoty = vyssi bohatost
di it
fverza Heterogenita H’ (Si) Shannon (1948) minimalni H" = 0, vys$8§i hodnoty = vyssi
heterogenita

Vyrovnanost E (Pii) Pielou (1975) rozsah 0—1; minimalni E = 0, maximalni E = 1
Horizontalni Index agregace R (C&Ei)  Clark a Evans (1954)  primérna hodnota R = 1; agregace R <1,
struktura regularita R > 1
Vertikalni Index druhového A (Pri) Pretzsch (1992) rozsah 0—1; vyvazena vertikalni struktura A <0,3;
struktura profilu vybérny les A > 0,9

Vertikalni S (J&Di) Jaehne a nizka S <0,3, stfedni S = 0,3-0,5, vysoka S =

diverzita Dohrenbusch (1997) 0,5-0,7, velmi vysoka diverzita S > 0,7
Strukturalni Tloustkova TMd (Fi) b 01 nizkd TM < 0.3. velmi "
diferenciace diferenciace ii rozsan U—1; nizka »9, Velmi vysoka

Fiildner (1995) diferenciace TM > 0,7

Vyskova TMh (Fi)

diferenciace

Korunova K (J&Di) Jaehne a nizka K < 1,0, stfedni K = 1,0-1,5, vysoka K =

diferenciace Dohrenbusch (1997) 1,5-2,0, velmi vysoka diferenciace K > 2,0
Komplexni Celkova porostni B (J&Di) Jaehne a monotoénni struktura B <4; nerovnomérna
diverzita diverzita Dohrenbusch (1997) struktura B = 6-8; velmi diverzifikovana struktura

B>9

4.3.3. Statistické analyzy

Statistické analyzy byly provedeny pomoci softwaru STATISTICA (TIBCO, Palo Alto, CA,

USA). Byly vyhodnoceny rozdily mezi dfevinami z hlediska ristu, kvality dfevni hmoty ¢i

v kontextu Skod zvé&fi. Data byla nejprve testovana pomoci Shapiro-Wilkova testu normality a

poté Bartlettova variacniho testu. Pokud byly splnény oba pozadavky, byly rozdily mezi

zkoumanymi parametry testovany pomoci analyzy rozptylu (ANOVA) a nasledné¢ Tukeyho

HSD testu. Tento Tukeyho vicerozsahovy test byl pouzit k odhaleni rozdili mezi jednotlivymi

druhy a posouzeni rozloZeni vlastnosti po poloméru. Pokud nebyla splnéna normalita a rozptyl,

byly zkoumané

charakteristiky

testovany neparametrickym Kruskal-Wallis
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Vicendsobnéa srovnani Kruskal-Wallis testu byla provedena pomoci metody, kterou popsali
Siegel, Castelll Jr. (1988). Signifikantn¢ odlisné varianty jsou oznaceny odliSnymi znaky (byla

pouzita hladina vyznamnosti a = 0,05).

Vztahy mezi testovanymi vlastnostmi byly také vyhodnoceny pomoci linearniho regresniho
modelu. Tloustkové histogramy byly vytvotfeny v programu Excel (Microsoft). V ptipadé
statistické analyzy dat u Skod zvéti byly zdkladni parametry posSkozeni ohryzem a loupanim v
mladych smrkovych porostech hodnoceny vzdy suméarné pro kazdou zajmovou lokalitu a

jednotlivé pro TVP. Variabilita dat byla znazornéna smérodatnou odchylkou (SD).
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5.  Vysledky — piehled tematickych okruht a publikovanych praci

Diserta¢ni prace je koncipovana do tii tematickych okruhti a v rdmci nich se sklada ze Sesti
védeckych studii publikovanych ve Ctyfech vyznamnych evropskych Casopisech s IF. Tyto
studie byly publikovany v Casopisech Forests, Central European Forestry Journal, Journal of
Forest Science a Zpravy lesnického vyzkumu. Autor disertacni prace je 3krat uveden jako prvni
autor v autorském kolektivu zminénych publikacnich studii. Také v dalSich tfech ptipadech se
autor disertacni prace nachazi na tfetim mist¢ autorského kolektivu. Pfedmétem tii tematickych
okruhii jsou studie, které spolu uzce souvisi a v nékolika ptipadech na sebe tematicky navazuji
a tvori tak komplexni celek. Prvni tematicky okruh je vénovén jedli bélokoré v ménicim se
klimatu, jejim ekologickym souvislostem a hospodairskému vyznamu. Druhy tematicky okruh
se vénuje Skodam zvéii od okusu pies ohryz a loupani na mladych jehli¢natych porostech az po
vliv klimatické zmény. Tieti tematicky okruh je zabyva adaptacnimi opatfenimi v lesnich
porostech s vyuZitim porostnich smési a introdukovanych dfevin, a to pfedevsim jako ndhrada
za ustupujici smrk ztepily.

Ziskané poznatky z publikovanych studii byly nejen porovnavany se zahranicnimi obdobnymi
podminkami jako jsou v Ceské republice, ale do zahraniéi byl rozsifen i vlastni vyzkum
prezentovany v této praci. Publikace, ze kterych je tato disertacni prace slozena se tematicky
prolinaji a jsou diilezité z hlediska managementu a adaptace lesnich ekosystému na klimatickou
zménu s pouZzitim néstroji piirodé blizkych zpiisobli hospodateni a podpory biodiverzity. Praveé
z téchto diivodt je disertacni prace sloZzena ze Sesti publikaci roz¢lenénych do tii tematickych

okruhi.

Nize je uveden piehled tii tematickych okruhii a v rdmci nich Sesti publikovanych praci:

. Jedle bélokora v ménicim se klimatu: ekologické souvislosti a hospodarsky vyznam

Bledy, M., Vacek, S., Brabee, P., Vacek, Z., Cukor, J., Cemy, J., Sev¢ik, R., Brynychova, K.
(2024). Silver fir (Abies alba Mill.): review of ecological insights, Forest Management
Strategies, and Climate Change’s impact on European forests. Forests, 15(6), 998.

. Dopady zvére na lesni ekosystémy a jejich management

Cukor, J., Vacek, Z., Brabec, P., Veceta, S., Sevéik, R., Vacek, S., Brynychové, K., Skotak,
V., Havranek, F. (2024). Skody ohryzem a loupanim ve smrkovych porostech: Potvrzeni

posunu do mladSich porosti. Reports of Forestry Research/Zpravy Lesnického Vyzkumu,

69(4).
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Brabec, P., Cukor, J., Vacek, Z., Vacek, S., Skotak, V., Sev¢ik, R., Fuchs, Z. (2024). Wildlife
damage to forest stands in the context of climate change—a review of current knowledge in the

Czech Republic. Central European Forestry Journal, 70(4), 207-221.

. Adaptace lesii na klimatickou zménu: smiSené porosty a introdukované di‘eviny
Brabec, P., Brichta, J., Vacek, Z., Vacek, S., Simtnek, V., Hajek, V. (2023). Potential of mixed
Picea abies (L.) Karst. and Pinus sylvestris L. forests in lowland areas of Central Bohemia.

Journal of Forest Science, 69(11), 470-484.

Brabec, P., Vacek, Z., Vacek, S., Stefan¢ik, 1., Cukor, J., Weatherall, A., Gallo, J., Slavik, M.,
Sitkova, Z., Putalova, T. (2023). Growth-climate responses of Picea sitchensis [Bong.] Carr.
versus Picea abies [L.] Karst. in the British Isles and Central europe. Central European Forestry

Journal, 69(3), 167-178.
Zeidler, A., Boruvka, V., Brabec, P., Tomczak, K., Bedfich, J., Vacek, Z., Cukor, J., Vacek, S.

(2024). The possibility of using non-native spruces for Norway Spruce wood replacement—A

case study from the Czech Republic. Forests, 15(2), 255.
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5.1. Jedle bélokora (4bies alba Mill.): Ekologické poznatky, strategie lesniho
hospodareni a dopady zmény klimatu na evropskeé lesy

Bledy, M., Vacek, S., Brabec, P., Vacek, Z., Cukor, J., Cerny, J., Sevéik, R., Brynychova, K.
(2024). Silver fir (Abies alba Mill.): review of ecological insights, Forest Management

Strategies, and Climate Change’s impact on European forests. Forests, 15(6): 998.
Abstrakt

Jedle bélokora, kdysi dominantni jehlicnan stfedoevropskych lest, prosla ve 20. stoleti
vyraznym utlumem kvili primyslovému znecisténi, holosenému hospodateni a okusu zvéti.
Jeji podil v ceskych lesich klesl z historickych 30 % na soucasnych 1,2 %. V poslednich
dekédach se vSak jeji populace Castecné obnovuje diky sniZzeni emisi SO, a adaptivnim
lesnickym praktikam. Jedle hraje klicovou roli v udrZzovani biodiverzity a stability lesnich
ekosystémil, zejména na vlhkych stanovistich a v horskych oblastech, kde tvoti smiSené porosty
s bukem a smrkem. Jedle preferuje hluboké, vlhké piidy s rocnimi srazkami nad 1000 mm a
mirnym klimatem. Je extrémné stinomilnd — semendacky prezivaji 1 pti 1-5 % svétla, ale pro

rust potfebuji postupné prosvétlovani.

V minulosti jeji Gstup zhorSila synergickd kombinace kyselych dest, napadeni korovnici
jedlovou (Dreyfusia normannianae) a nadmérného okusu sparkatou zvéfi, ktery poskozuje az
88 % mladych jedinct. Naptiklad v Karpatech klesl podil jedle v pfirozené obnové z 60 %
(1935) na 20 % (1980). Jedlové porosty v sou€asnosti dosahuji zasoby porostu 237-657 m*/ha.
Klicové strategie pro jedlovou pfirozenou obnovu zahrnuji zejména redukci soucasnych stavi

zvete. Kombinace smési jedle, buku a smrku zvysSuje odolnost vici ptipadnym disturbancim.

Casté nartisty vysokych teplot a srazkovych deficitil oslabuji obranyschopnost stromt. TéZ
zvySuji nachylnost k napadeni hmyzimi Skidci napt. (Pityokteines spp.) a urychluji Sifeni
hnilob. V jiznich c¢astech aredlu (Stfedomoti) jedli vytlaCuje aridizace. Okus krajnich a
termindlnich pupentl, loupéani kiry redukuje zajisténi a vyskyt ptirozené jedlové obnovy.
Nejvyssi mira poskozeni (>75 %) je u jedle a javoru klenu, zatimco smrk je nachylné;si ke
Skodam loupani. Nékteré porosty jsou napadeny parazity jako jmeli bilé (Viscum album), které
oslabuje stromy mechanicky i chemicky, zejména v niz§ich polohach. Oteplovani umoziuje
expanzi jedle do vysSSich nadmotskych vysek (nad 900 m), ale v niZindch ji nahrazuji buk a
dub. Modelové scénate predpovidaji do roku 2050 pokles vhodnych stanovist’ v jizni Evropé o

30 %, zatimco v Karpatech vzrostl radialni pfirast jedli o 150-300 % po sniZeni emisi. Migraéni
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rychlost jedle (115-385 m/rok) je vSak pomalejsi nez posun klimatickych zon, coz vyzaduje

aktivni lesnicky management.

Ptestoze je jedle citliva na sucho, jeji schopnost prosperovat ve smisenych porostech a pozitivni
vliv na pidu z ni ¢ini kli¢ovy druh pro klimaticky odolné lesy. Systematicka podpora ptirozené
obnovy a adaptivni legislativa jsou nezbytné pro zachovani této vyznamné dieviny v evropské

krajiné.

Kli¢ova slova: Lesnicky management, ekologie, jedle bélokord, zména klimatu, biodiverzita,

choroby, postupy obnovy
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Abstract: The silver fir (Abies alba Mill.) is among the most valuable conifers in Europe for ecological and
economic reasons. In the course of history, primarily in the 20th century, its share in stands has been declining
due to ill-suited management practices, especially clear-cut management, air pollution, and wildlife-induced
damage. Based on recent knowledge of fir ecology and population dynamics, small-scale shelterwood and
selection management have been introduced in fir stands, which have also stabilized them. Fir is an essential
species for maintaining high stability and biodiversity, especially on planosols and in waterlogged habitats.
Due to its shade tolerance and environmental flexibility, particularly at higher altitudes, it can coexist very well
with many tree species in mixtures, which can increase the productive potential of stands. It can form stands
of heterogeneous structure, ranging from single to multi-layer to selection. For its successful natural
regeneration, it is essential to reduce cloven-hoofed game and thus prevent bud browsing damage. On the
other hand, fir is a species relatively resistant to bark stripping and the spread of secondary rot compared to
Norway spruce (Picea abies [L.] Karst.). During global climate change, fir is expected to shift to higher elevations
with sufficient precipitation, while in the southern part of its natural range or at lower elevations, outside
water-influenced habitats, it is likely to decline. This paper essentially reviews the description and distribution
of the species, its ecological requirements, threats and diseases, habitat and stand conditions, and close-to-
nature forest management practices with emphasis on ongoing climate change.

Keywords: forest management; silver fir ecology; climate change impact; biodiversity; threats and
diseases; regeneration practices

1. Introduction

From the ecological and economic perspectives, silver fir is one of the most significant coniferous
tree species in Europe [1-6] as well as in Czechia [7-10]. Originally, fir was the most abundant
coniferous tree species in Czechia; its share in the natural species composition is reported to be 19.8%
[11]. In contrast to other major tree species, fir never formed unmixed stands, i.e., pure fir stands, on
zonal sites [12,13]. According to Malka [14], significant changes are evident in the representation of
fir throughout history —year 1200: 20%, 1600: 30%, 1800: 23%, and 1900: 10%. The increase in fir
representation, up to 30%, was likely supported by more widespread grazing under deciduous trees
and raking of their litter, thus improving the conditions for the germination of fir seeds [13,15-17]. In
1950, the proportion of fir in Czechia was approximately 3%, in 1970, 2.1%, and in 1998, it had
declined to 0.9%. Currently, fir grows on 32,272 ha, i.e., 1.2% of the forest area of Czechia [11] and its
share in forest regeneration is gradually increasing [approximately 1500 ha annually; 11]. A similar
trend is also visible in other European countries.

Fir is a climax species [18] that cannot thrive at lower elevations and in warm regions (especially
in the Mediterranean), as it is limited by lower precipitation [19], but it can be compensated by higher
soil water content and sufficient air humidity [20]. However, fir does not grow on permanently
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waterlogged sites [21]. In Northern Europe and in mountainous areas, silver fir is limited by low
temperatures and late frosts that extend into the early part of the growing season [22,23].

Being an indicator of various types of air pollution [24], the distribution of fir was strongly
affected by the air pollution calamity in the second half of the 20th century [8,25-27]. Synergism of
air pollution with the occurrence of silver fir woolly aphid (Dreyfusia normannianae), balsam woolly
aphid (Dreyfusia piceae), and poor management practices have also been reported [4,5,9,28]. A
decrease in silver fir abundance is also hastened by game-induced damage through bud browsing,
bark stripping, browsing, and fraying [8,29-34].

Current fir dieback is mainly attributed to climate change [5,9,27,35,36]. In particular, warm
summers and recurrent drought have a significant negative impact on the health of silver fir [2,20,36-
38].

This literature review of 341 studies aims to assess the role, opportunities, and risks of silver fir
in European forestry. The secondary objectives focus on a detailed review of (i) species description
and distribution, (ii) ecological requirements, (iii) threats and diseases, (iv) habitat and stand
conditions, (v) seed production and nursery management, and (vi) close-to-nature forest
management with an emphasis on the ongoing climate change.

2. Description and Distribution

The silver fir is characterized by a solid, cylindrical trunk and a conical to cylindrical, very
regular crown (Figure 1). In old trees, the lateral branches overgrow the terminal and form a flattened
“stork’s nest” at the top of the crown. Fir grows 30-60 m tall and 1-2 m in trunk diameter. The root
system is formed by a tap or even heart-shaped root with deep-reaching lateral roots, which provide
stability. The bark contains resin canals, is smooth, whitish-grey, becoming longitudinally fissured,
and darker grey. The wood is yellowish-white, with sharply defined annual rings, without resin
canals. The annual shoots are smooth and brown with distinct dark hairs. The buds are ovate, brown,
and without resin. The needles grow in two rows, covering the shoot on fruiting branches. They are
18-30 mm long, about 2 mm wide, flat, dark green above, glossy with two pale bands of stomata
below, usually slightly notched at the tip, and rounded to pointed on fruiting branches. Male strobili
are 2 cm long and 0.6 cm wide, greenish-yellow, primarily on the margins of the mid to lower part of
the crown, at the base of the previous season’s branch twigs. Female strobili are 2.5-4.5 cm long and
1-1.5 cm wide, greenish-yellow to red, borne on uppermost branches on the previous season’s branch
twigs. Fir cones are 10-18 x 3-5 cm, erect. Initially, the cones are greenish to bluish in color, brown
when ripe, each scale with an exserted bract, usually turned down and pressed to the scales. The seed
is 7-10 mm long, triangular, glossy brown, and the wing is broad and asymmetrical. Flowering in
April-May, the cones ripen during September in the first year. Fir has a lifespan of 300-600 years
[3,18,39-42].
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Figure 1. Tree habitus, branch with cones, needle, and scales with the seed of silver fir (Abjes alba Mill.).

Silver fir grows primarily in Central and Southern Europe. Its distribution range is relatively
small, divided into larger and smaller areas, but its potential range is significantly larger (Figure 2).
In the south, it grows from the Pyrenees through Corsica, Southern Italy, and Macedonia to Bulgaria
and Greece. Its southernmost limit is in the Southern Apennine Peninsula in Calabria, while the
westernmost range closes up in the Eastern Pyrenees, where it also forms the upper boundary of the
forest. Further west, there is a small isolated area in the Normandy hills of northwest France and
another in central France. A more continuous distribution begins in the western foothills of the Alps
in eastern France and the Jura, Vosges, and German Black Forest. The northern boundary of the fir
goes through the Weser Uplands in northwestern Germany, the Thuringian Forest, the foothills of
the Ore Mountains (Krusné hory), and the Giant Mountains (Krkonose), on through the Malopolska
and Lublin Uplands in Poland. It reaches its northern limit near Warsaw and in the Bialowieza Forest.
The eastern boundary continues into the Eastern and Southern Carpathians. Inside the Alpine system
and in the Tatra Mountains, it grows sparsely. However, silver fir also occurs in the lowlands, for
example in France, Poland, and Ukraine [2,3,18,25,40,42-44]. It is the leading co-dominant tree,
primarily in the forest altitudinal zones 4-6 400-1200 m a.s.1.; [45]. In these typical fir habitats, it forms
mixed forests together with European beech (Fagus sylatica 1.) and Norway spruce (Picea abies [L.]
Karst.), characterized by a complicated internal structure, the so-called Hercynian mixtures [46-48].
Montane forests, composed of these three tree species, cover a total area of more than 10 million
hectares in Europe [49].
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Figure 2. Map showing the maximum habitat suitability for silver fir (Abies alba Mill.) in Europe [3].

3. Ecological Requirements and Production

Abies alba prefers a predominantly oceanic temperate cool and humid climate with mild winters,
ideally like the continental climate in Poland. It grows from 135 to 2900 m above sea level [39]. Fir-
beech forests in the central part of its distribution range are considered the optimal habitats for silver
fir, i.e., to the south from Czechia, at altitudes of about 800-1200 m a.s.l., with precipitation of 1000
mm or more [40,50]. At lower altitudes, silver fir occurs in cooler and wetter basins and also on
alluvial plains at the northern boundary of its range [51]. Severe and dry winters and dry, hot
summers are unsuitable for fir. It is sensitive to late frosts [18,40,42,52].

The silver fir is a tree species that could benefit from the anticipated climate change, especially
in terms of dispersal to higher altitudes with sufficient precipitation, except in areas with severe
winters [25,47,53]. However, it has considerable moisture requirements and is one of the species with
the highest air humidity requirements. The minimum precipitation varies between 500-1000 mm, the
optimum is 1000-2500 mm, and the need for precipitation increases from north to south. An exception
is the relatively xerophilous relict intra-alpine ecotype in the canton of Wallis (southwestern
Switzerland), in an area with low annual precipitation of 400-550 mm, of which only about 270 mm
comes during the summer [15,16].

The fir is known for its ability to tolerate shade for several decades [54]. Fir undergrowth can
grow in heavy shade for as long as 120 years, with a height of only 1-2 m. Its light requirements are
influenced by a complex of other climatic factors (heat, precipitation, soil moisture, humidity, and
airflow) and soil factors. The more favorable the habitat conditions, the lower the light requirements
of the fir. In contrast, at cooler, higher elevations or on drier and mineral-poor soils, even at the lower
limit of its range, the light requirements of fir trees are significantly higher [15,16]. Fir grows primarily
on deeper, moderately fertile to rich, moist to waterlogged soils. However, it can adapt and grow on
stony or peaty soils. In some areas, its optimal habitat is limestone (Western Alps, Jura). There is no
equivalent substitute for this tree species on heavier loess soils, especially on planosols at mid and
higher altitudes [16,50]. In mixed forest stands, the addition of fir needles stimulates the formation of
desirable forms of humus and, with regard to the penetration of root systems into deeper soil layers,
especially compared to spruce, fir positively influences soil properties and stand stability [55]. In
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mixtures, silver fir also positively contributes to creating and maintaining a desirable stand
environment, especially considering that it can thrive as a component of the lower layer for a long
time. It helps balance extremes in temperature, humidity, and airflow limitation [53].

Silver fir is a high biomass producing tree species, which is documented by data from numerous
growth charts and field measurements. For example, at a mean height of the main stand of 30 m, the
roundwood volume reaches 580 m? [56]. According to the overview in Table 1, the average volume
of mature fir stands ranges from 237-657 m? ha"! and the stand basal area from 20.6-70.0 m? ha-'.
However, timber processors are not yet able to adequately exploit the high-quality and standard
production of fir timber compared to spruce, and therefore, the produced mass is not sufficiently cost
efficient. An interesting feature of the change in the timber market during the years of the bark beetle
calamity in Czechia (2016-2020) is the fact that the price of fir timber in roundwood assortments has
increased significantly and is currently at the same level as that of spruce [57].

Table 1. Overview of selected available publications related to silver fir (Abies alba Mill.) production
parameters in Europe.

Basal

Aldside Age’ DBH Helght s Vohoie oy Climate

Study Country pnasi] fy] feml [ml] [m? [m*ha’] [trees clas.smcat
ha] ion
ha]
Bosnia
and max. 28.7-
[58] Fiexradi to 1078 165 45.7 274-590 588-732 Dfb
ina
+ 284- 194~
[10] Croatia 876-978 73-76 02 2.6 227-361 Cfa
: 289- 18.0- 434-
9] Czechia 660-710 56-146 407 26.0 533 486-594 336-816 Dfb
. 940-  158- 23.0- 13.0-
[59] Czechia 1100 189 270 15.0 450-560 Dfb
[60] Czechia 640-800 68 29-34 333 Dfb
. 258- 21.2-
[10] Czechia 660-790 63-76 318 236 346-398 Dfb
; 18.0- 17.0-
[61] Czechia 330 45 220 19.0 164-372 714-1042  Cfb
s 108- 154- 228- 20.6-
[8] Czechia 670-730 126 349 76 435 237-598 456-1624  Dfb
max. 35.0- 1175~
[62] Italy 1200 130 45.9 336-356 1215 Cfb/Csb
944 23.0- 18.7-
[10] Italy 1324 66-75 281 25.4 220-289 Csb
[63] Poland 337-889 40-115 >0 1= 355 o) 657 211-1852 CibDd

46.5 315 438
24.6- 249- 27.6-
[64] Poland 550-600 68-78 300 %55 379 362-533 569-752  Dfb

21.0- 273- 34.0-

[65] Poland 300-725 40-150 39.0 310 700 382-715 Cfb/Dfb
[66] Poland 194 60 33.1 222 301 378 Cfb
[8] Poland 520 124 345 352 433 591 464 Dfb

. 100~ 35.0-
[67] Romania 700-950 130 7.6-45.0 5.8-31.6 45.0 299 Dfb
[68] Slovenia 850 11(;82- 334 207 Dfb
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: 750~ 36.0-  28.0-
[69] Ukraine 1045 94-132 48.0 300 324-550 Dfb
Notes: climate classification according to Koppen [70]: Cfa—humid subtropical climate, Cfb—oceanic climate,

Csb—warm-summer Mediterranean climate, Dfb —warm-summer humid continental climate.

Fir is the slowest growing tree species in the first 10-15 years compared to beech and spruce,
although it can tolerate the lack of light for a long time. Therefore, it can only succeed in the
regeneration if it has a time lag of at least 15-20 years over other tree species that are more vigorous
in their youth [71,72]. Another prerequisite for its successful growth is sufficiently differentiated
stands in which fir can maintain a long crown [9,73]. Subsequently, the height increment of fir
accelerates until around year 15, peaks at 30-40(-70) years or much later in unfavorable conditions,
and persists for over 100 years. Volume increment peaks at around 55-65 years, i.e., relatively late
[40]. As a result of climate change, a significant increase in annual volumetric increment of fir trees,
from 7.2 to 11.3 m* ha'y-, has been recorded in Europe from 1980-2010 [49].

Fir's ability to tolerate shading and regenerate under it makes fir suitable for multi-layer, all-
aged stands and for single and group mixed selection forests [4]. In mixed stands, its strengthening
function against windthrow and its beneficial effect on the soil is highly valued [55,74]. This is also
true in the case of the Hercynian mixture, which used to be the most common composition of natural
stands at mid and mountain altitudes in Central Europe. In ravines and on scree, fir mixtures were
formed, e.g., with maples (Acer spp.), in warmer habitats with European hornbeam (Carpinus betulus
L.), and in poorer habitats also with Scots pine (Pinus sylvestris L.). Limes (Tilia spp.), sessile oak
(Quercus petraea [Matt.] Liebl.), rowan (Sorbus aucuparia L.), or hazel (Corylus avellana L.) occur as
subsidiary species. In the Pyrenees, it accompanies the mountain pine (Pinus uncinata Ramon ex DC)
on the uppermost border. In other habitats, fir is usually found only as an admixed or interspersed
tree species [75]. It maintains its presence here primarily due to its ability to survive in the understory
for a long time or its ability to grow on alternately wet and waterlogged soils [9,13,47,76].

In forest stands, fir affects the soil mainly by the quality of litter and its relatively low
decomposition rate [64,77,78]. In particular, fast-decomposing deciduous species decay within a few
months (C/N ratio = 12-25), whereas it takes several years to slow decomposers, mainly conifers (C/N
ratio > 40), including silver fir [79]. Spatial structure also influences soil conditions through litter [80].
The amount of litter is higher under the tree canopy than in the openings [81,82]. Different spatial
structure of stands greatly influences thermal, light, and moisture conditions, and thus affects the
rate of litter decomposition [83-85]. Stand gaps are characterized not only by increased light, heat,
and precipitation but also by faster decomposition of organic litter [86,87] and higher nutrient
concentrations in the soil solution [88]. In addition, soil heterogeneity of stands is enhanced by the
cluster distribution of concentrated roots and, thus, higher water and nutrient consumption [89,90].

Generally, the success of natural regeneration, apart from ground vegetation [91], depends on
the properties of the topsoil horizons [92], which is a condition for seed germination, root
development, relationships with soil microflora, and the availability of water and nutrients [85].
Compared to spruce, fir is characterized by a lower acidification capacity and a higher C/N ratio [93].
Tiestik and Podrazsky [94] reported a lower (54%) accumulation of forest floor humus in fir stands
and significantly higher total nitrogen and calcium contents compared to spruce.

In the natural species composition, fir reached the highest proportion in the ecological series of
gleysols and planosols, up to 70%. The groups of forest habitat types include (Fageto-) Abietum
varichumidum mesotrophicum, Abietum piceosum variohumidum acidophilum, Abietum piceosum
variohumidum oligotrophicum, Abietum quercino-piceosum paludosum mesotrophicum, and Abietum
quercino-piceosum paludosum oligotrophicum [50]. In these habitats, fir formed a full spectrum of mixed
stands, with beech, spruce, oaks, sycamore maple (Acer pseudoplatanus L.), black alder (Alnus glutinosa
[L.] Gaertn.), silver birch (Betula pendula Roth.), European aspen (Populus tremola L.), and Scots pine
[75]. Itis often the main species of montane forest phytocenoses, such as silver fir and European beech
(Abieti-Fagetum), subcontinental silver fir forests (Galio-Abietion), upland fir forests (Querco-
Abietetum), and slope forests of silver fir (Abietetum albae) in Switzerland [95]. It also forms forest
phytocenoses with spruce [Piceetunt subalpinum sphagnetosum; 95].
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As a long-lived species, fir is considered an important ecological and functional stabilizer of
European forests [3]. It stabilizes soil, retains water, and is less susceptible to snow and ice damage
than Norway spruce [7,96,97]. Silver fir is an essential species for maintaining high biodiversity in
forest ecosystems due to its tolerance to shade, ability to survive extended periods in the understory
and respond when light conditions become more favorable, plasticity to environmental conditions,
and ability to coexist with numerous tree species [8,54,98].

Fir is normally the most differentiated tree species in terms of age, height, and diameter, which
makes the natural forest with a higher proportion of fir trees close to a selection forest in its structure
[99-101]. With a higher representation of beech at the expense of spruce, the regeneration and growth
of fir is more continuous, creating a vertical and multi-layered canopy [102]. A higher spruce share
creates a typical horizontal fir and spruce canopy at the optimum stage—as a consequence of the fact
that the lifespan of trees is longer than the duration of their height growth [103]. The optimum stage,
also characterized by stagnation of natural regeneration, usually occupies about 20% of the area of
the natural forest, and its duration is expressed in the same period over the entire development cycle,
i.e., about 80 years [76,103,104].

At the main level of the stand of both selection and cultural forests, we normally see a gradual
rotation of the principal tree species in larger or smaller areas [99,105]. It is clear that especially in
forest altitudinal zones 5 and 6, there is a gradual rotation of generations of fir, spruce, and beech in
their typical stand mix at the main stand level. This is likely due to the shorter lifespan of beech and
its requirements for specific light and soil conditions [46,76,103,106-108].

The interchangeability of tree species in the same stand is also seen in the context of their
different light use [47]. Firs primarily use the short-wavelength blue component of the solar spectrum
400-430 nm; [109] and, according to research, are more sensitive to the lack of this component than
to the overall reduction in light intensity that occurs in shaded conifer stands [75,99,110]. This fact
also explains the better regeneration of firs under spruce than under fir canopy, a historically
observed phenomenon [4,52,111]. Since the spontaneous interchange of these two tree species in the
same stand cannot be explained by different lifespans (both tree species naturally live to the same
age, on the average of 300-400 years, although some firs live up to 500 years), the different use of the
components of the solar radiation spectrum is one of the causes of this phenomenon [99].

The competitive abilities of tree species in the mixture also change depending on the soil
properties [112]. Acidic soils reduce the vigor of beech, and calcareous soil, the vigor of spruce. With
increasing acidity and excessive soil moisture, fir and spruce establish at the beech optimum, while
nitrogen-rich soils reduce conifer vigor [46]. According to Ellenberg [113], Tinner and Lotter [114], fir
is more competitive than beech in locations with lower temperatures and higher summer rainfall.
According to historical records, the abundant summer precipitation is more crucial for fir than low
temperatures. For example, in the Insubrian Alps, palaeobotanical studies documented fir dominance
that lasted for several millennia before vanishing due to human-induced forest fires. Summer
precipitation reached 800 mm, and the average June temperature was 22 °C, 4 °C higher than in
Central Europe [114].

In more complex layered stands, where the growth space is fully utilized, the amount and
biomass production of the understory (lower story) is inversely influenced by the biomass of the main
stand upper stories; [64,115-118]. Changes in the upper story, combined with canopy disturbance,
are quickly reflected in a changed light regime of the understory, and, thus, in an increase in its
biomass. Hence, the reduction of the canopy, whether natural or artificial, affects the structure and
vigor of natural regeneration [71]. In forests of the typical Hercynian mixture of forest altitudinal
zones 5 and 6, the requirements of fir, spruce, and beech for light, nutrients, and water, do not differ
substantially, while light intensity plays the most important role in growth [47,119,120]. Tree species
differ significantly in their ability to survive in the long term under reduced light conditions while
maintaining fully functional and efficient photosynthetic processes [121]. Research indicates that fir,
an extremely shade-tolerant species, has a distinct competitive advantage, especially over spruce
[46,115,120]. This fact is also confirmed by the preserved montane mixed forests of the Romanian
Carpathians by Stancioiu and O'Hara [117]. These studied stands lie at an altitude of 800-1300 m

77



Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 24 April 2024 i:10.20944/preprints202404.1584.v1

8

as.l, and the age of the main stand is 70-350 years. Their results show that at low light intensity
(Percentage of the Above Canopy Light, PACL < 20-35%; BA > 30 m? ha"'), fir and beech clearly
outgrow spruce, and the latter can even be eliminated from the regeneration as it develops. Under
medium light conditions (PACL = 35-70%; BA =15-35 m* ha"!), the growth abilities of all three species
are equal, while under open conditions (PACL > 80-90%; BA < 15-20 m*ha™'), all of the three species
show the same development, with the spruce tending to outgrow the other two shade-loving species
[117]. Another factor is the reduction in height increment of fir under direct sunlight (PACL > 80—
90%) compared to maximum growth when shaded PACL = 50-80%; [117]. The fact that strong
interventions into the main stand canopy are more favorable for spruce and beech than for fir has
been noted by many authors [99,115,121-124].

Numerous studies confirmed that mixed stands can have higher biomass productivity than
monocultures in suitable habitats [107,125-128]. Silver fir and Norway spruce also grew faster in
mixed stands than in monocultures, and their complementary effect increased with improved
growing conditions, i.e., resource availability or climatic conditions [129-131]. However, an increase
in complementarity and productivity can occur in these species if the interactions affect the
absorption of photosynthetically active compounds by radiation or light use efficiency [126].

Changes in species composition also cause dissimilarities in growth characteristics and ideal
conditions for the initial and subsequent growth of natural regeneration of tree species [71]. In the
last 40-60 years, a significant decline of fir in forest stands and its gradual replacement by spruce or
dynamically spreading beech has been observed, both in the Hercynian and Carpathian regions
[7,8,30,132-137]. Especially in forest altitudinal zones 5 and 6, the predominance of beech
regeneration over fir regeneration has been documented. In the well-preserved Dobro¢ Primeval
Forest in Slovakia, the percentage of fir in the regeneration was around 60% in 1935, followed by a
significant decline. Korpel [76] reported only a 20% share of fir in the late 1970s and 1980s. This
phenomenon has been interpreted as a common substitution of tree species occurring during the
development cycle in virgin forests [76,104]. However, the negative influence of game on fir
regeneration was evident at the time, and as the regeneration continues to decrease in many areas,
this has been assessed as an unnatural and negative development that is unlikely to be reversed
naturally within the evolution of the forest stand [8,30,102,132].

4, Threats and Diseases

One of the most striking aspects of the ecology of the silver fir is its recurring decline, observed
in Europe since the 1500s [111,138-140]. The rapid decline of fir in Central Europe has been associated
primarily with the intensification of human activity in forests and the development of industry [141-
145]. However, data on fir dieback dates from well before the mass industrial expansion of the 20th
century [8,9,13,25,99,146-148]. Fir dieback and its problematic natural regeneration have been
observed from the 1960s to the 1990s. The decline was first interpreted as a marginal effect of the
natural range of fir [149], but in the 1970s and 1980s, fir dieback of varying intensity was observed
across the entire natural range of the species [139,150]. While the exact cause of silver fir dieback has
not yet been established, it is generally believed to be a combination of abiotic, biotic, and
anthropogenic factors [8,96,151,152].

Very sensitive to air pollution [153,154], fir was believed to be in decline due to its subsequent
stress [9,26,27,52,151,155-157]. In particular, SOz pollution was a critical factor in the decline of silver
fir in the 20th century [151]. The worsening situation was reflected in reduced growth and increased
tree mortality [5,151]. There were predictions that silver fir would eventually experience general
dieback due to air pollution [158], but in the interim, SO: concentrations declined significantly. In
Europe, SOz emissions peaked in the early 1980s and from that point until 1995, decreased by 50%
[159,160], which triggered a rapid recovery in fir growth and vigor [26,38,161].

When the air pollution decreased, fir stands regenerate, even in the most affected areas
[7.8,30,148,151]. According to Bosela et al. [26], Bountgen et al. [38], and Mikulenka et al. [9], this was
due to the combination of air pollution reduction and an increase in temperature. Bosela et al. [26]
cited that the most significant factors which positively affect radial growth in the four regions of the
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Western Carpathians are the reduction in air concentrations of SO: and NOs and an increase in
temperature in April, June, and July. Although there are differences between the areas in all four
regions, a rapid acceleration of the increment in the last two to three decades was observed, reaching
values between 150 and 300% compared to previous periods. Similarly, in the forests of the Sudeten
system, there has been a significant regeneration of silver fir since the high annual SO: concentrations
(30-50 pg.m?) subsided [148,162,163].

In recent years, silver fir has increased its dominance in Pyrenean forests, in some mixed forests
in Spain [164,165], and in other European forests [59]. However, some studies suggest a different
response of silver fir along the borders of its natural range [166]. The retreat of silver fir from warmer
and drier areas has been observed in Slovenia, especially in fragmented forests and at the limits of
fir's distribution range [167]. Its dieback is often attributed to climate change [27,35,36,168-171]. The
negative impact of climate warming has been observed in southwestern Europe [2], chiefly in the
Mediterranean region, where the decline of silver fir is related to increased aridity [161]. In particular,
warm summers and recurrent drought have had a significant impact on the health of silver firs [2,36—
38,172]. Also, the narrow genetic variation of silver fir in Europe may have limited its adaptability to
current conditions [139,173-175].

However, pathogens and insect pests can also contribute to the loss of vitality and increase the
susceptibility of fir to subsequent stress. Infestation by bark beetles (Pityographus pityographus Ratz.;
Pityokteines vorontzovi Jac.; Pityokteines spinidens Reitt.) has been observed in southern France, which
could partly explain the high mortality [176,177]. The decline of firs during the period of the
ecological calamity has often been associated with the damage to fir stands by the silver fir woolly
aphid (Dreyfusia normannianae) and balsam woolly aphid Dreyfusia piceae; [178,179]. In the northern
Carpathians (Czechia, Slovakia), Slovenia, and Croatia, silver fir has declined due to the spread of
beech and, to a lesser extent, Norway spruce, and due to the failed regeneration as a result of the
cloven-hoofed game population increase [8,30,102,132,167,180,181]. The retreat of silver fir from
natural fir stands, as well as from artificial regeneration, is aggravated in many locations by game-
induced damage through bud browsing, bark stripping, browsing, and fraying [8,29,30,32-34,182-
184]. Table 2 clearly shows the high attractiveness of silver fir in terms of bud browsing damage (49%)
across Europe. Higher damage in montane forests was also recorded for rowan (57%) and sycamore
(57%) compared to minimal damage in Scots pine (5%) and Norway spruce (12%).

Table 2. Overview of selected available publications related to the proportion of browsing damage
(%) in selected tree species with an emphasis on silver fir (Abies alba Mill.).

Study Country clafslil;?c:tt?on Altitude Fir Beech Spruce Rt;wa Maple Ash Pine
[185] Czechia Dib 450-1033 41 16 14 31 22 42 0
. 1000~ _

[186] Czechia Dfb 1257 8§ 44 0 35 64

[187] Czechia Dfb 725-765 36 12 3 57 100

[59] Czechia Db 940-1100 100 78 48 76 91

[8] Czechia Dfb 520-730 88 30 9

[102] Czechia Dfb 740-920 100 56 18 94

[31] Czechia Dib 420-440 53 23 25 50 34 23
[188] Czechia Dfb 640-810 68 6 2 82 100

[182] Italy Dfe/Dfb - 900-2300 42 14 2
[189] Italy Dfc/Dfb  800-2500 41 15 13 46 46 39 14
[190] Poland Dfb 223-364 19 15 48

[191] Poland Dfb 800-1600 33 1 1 40 39

[192] S“'“Ze“a“ Dfc/Dfb 3803000 6 3 1 62 29 19
Mean 49 25 12 57 57 31 5
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Notes: climate classification according to Koppen [70]: Dfb—warm-summer humid continental climate, Dfc—
subarctic climate.

One of the most serious threats not only to fir stands but to all conifers is the removal of bark
from the tree trunks by cloven-hoofed animals (browsing and bark stripping), which happens at a
very young age. As a result of this damage, not only is the vascular cambium disrupted, but above
all, the quality of the timber is compromised by secondary infestation with fungal pathogens and the
development of stem rot. This is especially true for Norway spruce, whose value as merchantable
timber decreases rapidly due to bark damage and subsequent decay [193-198]. In contrast, there is
minimal knowledge of the effects and consequences of game-induced bark removal on silver fir.
Bazzigher, Schmid [199] and Kohnle, Kandler [200] only report that bark damage in silver fir is less
threatening than in Norway spruce, while also suggesting that fir timber is less susceptible to stem
rot. However, neither the reasons for the increased susceptibility of Norway spruce to decay nor the
mechanisms of resistance of silver fir to the spread of rot and subsequent decay are currently known.
Metzler et al. [201] reported that, unlike silver fir, Norway spruce has resin canals, which may be the
reason for the spread of fungal pathogens after bark damage by game. Game-induced bark damage
to silver fir was partially studied in terms of histological changes by Oven and Torelli [202,203], and
concerning growth and vitality by Pach [204-208], who pointed to a decrease in timber quality,
reduced vitality and growth of fir trees, and the spread of rot. This rot can manifest itself in timber
discoloration, a more advanced level of its development, and even the decomposition of the wood
mass (so-called soft rot), which very negatively affects the mechanical stability of the affected stands
[209]. Timber discoloration as the initial stage of rot can be the result of fungi, bacteria, and wood
reaction to pathogens [194,210-212].

Thus, bark damage is less harmful in silver fir than in Norway spruce, and its timber is also less
susceptible to stem rot [200]. Trees damaged by browsing and bark stripping are generally more
vulnerable to lack of precipitation, while healthy trees are more responsive to temperature [197,213],
which may play a significant role in terms of climate change. Various measures are taken in an
attempt to prevent damage to forest stands by wildlife, notably methods of individual or group
protection and the use of commercial repellents [214-217]. However, these short-term measures do
not address the long-term problem of continuous increase in population density as well as the
distribution range of wild ungulates [218,219]. These changes in the population dynamics of
ungulates are driven by many factors, including changing climatic conditions [220,221].

Silver fir decay results from the spread of rot through injured bark. Heterobasidion abietinum
infects primarily silver fir and causes stem rot, particularly in Southern Europe [222-224], where firs
are often affected by drought during summer. However, in Central Europe, this fungus does not
cause any tangible problems in fir, likely due to more favorable climatic conditions or to the low
abundance of this fungus [223,225]. Phellinus hartigii occurs on silver firs with injured bark in Central
Europe [226,227]; Figure 3.
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Figure 3. Intensive, repeated bud browsing by game (left), earlier damage by browsing and bark
stripping (middle) and subsequent infestation by Phellinus hartigii (right) (Photo: Stanislav Vacek).

Fir stands can also be infested by the hemiparasitic mistletoe (Viscum album L.), which attacks a
wide range of woody plants [228-230]. This parasite and the subsequent invasion of
microorganisms—such as fungi or bacteria—cause mechanical and aesthetic damage to the timber,
reducing its increment and commercial value [231-234]. The greatest damage to fir trees by mistletoe
occurs at lower elevations with lower annual precipitation [234].

It is also a fact that forests, including fir forests, have always been exposed to natural and
anthropogenic disturbances. These play a principal role in the dynamics of forest ecosystems and
influence stand structure and regeneration processes. In Europe, wind and fire are the most severe
abiotic disturbances [2,235], and insect infestation is the primary driver of biotic disturbance [108].
Silver fir is relatively resistant to wind, snow, and ice storms compared to other dominant tree
species, such as Norway spruce. Disturbance regimes in forests dominated by silver fir are
characterized by small-scale events, such as a single tree falling, while large-scale events, such as
windstorms or forest fires, are rare [236].
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5. Impacts of Ongoing Climate Change on the Well-Being of Fir Trees

Ongoing climate change is currently exhibiting widespread impacts on forest ecosystems and,
thus, on all forest management, which should adapt to changing conditions. Existing climate models
predict an increase in average air temperatures during the 21st century, as well as an increase in the
frequency of extreme weather events such as storms, floods, heat waves, and dry periods [108,237-
239]. Appropriate forest management measures include abandoning monocultures, establishing
mixed stands, and promoting the cultivation of natural regeneration [240,241]. A large number of
studies report positive relationships between species diversity and forest productivity [107,242], and
it has also been confirmed that diversity in forest species composition increases resilience to biotic
insect pest calamities [240,243]. Therefore, declining forest stands in Central Europe are often
replaced by mixtures of tree species in an attempt to adapt forests to climate change [244]. Much of
the Central European forest landscape is still dominated by Norway spruce despite its documented
susceptibility to drought, wind, bark beetles, etc. Numerous studies from across Central Europe
confirm that the area suitable for growing Norway spruce will continue to decrease with ongoing
climate change [35], even at higher altitudes [245]. Compared to Norway spruce, silver fir and
European beech are less susceptible to short summer droughts [246-248]. Therefore, silver fir and
European beech with natural mixtures of other habitat-suitable species have been recommended in
many European montane and alpine ranges in Central Europe [245,246]. However, as a result of
global climate change, fir is predicted to retreat to higher elevations and northwards [249].

In the present situation, fir is not usually considered a main tree species in most European
countries, nor will it be in the future, but only an interspersed or admixed species in mixed stands.
In nutrient-rich and gleyed habitats of mid and higher altitudes, a slightly higher proportion of fir is
expected due to its ameliorative and stabilizing properties [250]. However, in stands with a high
proportion of fir, it is necessary to maintain its share through natural regeneration [9]. When
establishing and maintaining its intended proportion in forests, it is imperative to have a thorough
knowledge of its specific ecological requirements (especially with regard to the complicated
interspecific relationships of the main tree species) and also to use silvicultural practices that ensure
its vital and persistent growth and development [9,47,251]. A set of adaptation measures has to be
adopted mitigating the negative impacts of climate fluctuations. The issue of forest adaptation to
global climate change has long been addressed by many authors [173,244,252-255]. For example, in
Czechia, the strategy of adaptation measures to global climate change in forest stands is part of the
National Forestry Programme [256]. Adaptation to climate change is broadly defined as “finding
solutions to and ensuring preparedness for the adverse effects of climate change, enhancing
resilience, taking appropriate action to prevent or minimise the damage such effects can cause and
taking advantage of any opportunities that may arise.” [257]. It is a set of measures that take into
account the variability of climatic conditions, aim to increase the flexibility of forest management,
and reduce the risk of damage or destruction of forest stands.

In a rapidly changing environment, living organisms can choose between two strategies for
survival: migration to more suitable habitats or local persistence through adaptation [258]. The third
option is extinction. These potential strategies apply to trees in forest ecosystems that have limited
migratory capabilities, although significant climate change makes them very relevant [259]. Tree
populations begin to migrate when existing habitat conditions are unsuitable for survival [260]. Our
knowledge of tree migration rates under global climate change is still limited. Yet the differences
between observed migration rates and tree habitat displacement rates under ongoing climate change
are considerable [261]. Among others, Feurdean et al. [262,263] estimated the maximum migration
rate for early successional stages of pioneer trees such as birch, willow, or Scots pine to be 225-540 m
yr1, while for climax trees such as silver fir and European beech, it ranges between 115 and 385 m
yr! depending on the mode of seed dispersal by wind or animals. Numerous climate change
scenarios predict the horizontal spread of up to several kilometers and a vertical spread of up to tens
of meters per year [264,265]. For these reasons, tree migration is significantly slower than the rate of
forest habitat change [266]. Moreover, the significant forest fragmentation of much of Europe
substantially reduces the rate of tree migration [267].
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6. Seed Production and Nursery Management in the Context of Climate Change

Fertility in fir stands occurs at about 60 years and is maintained into old age. As a solitary tree,
it reproduces at the age of 30 years [268]. Depending on latitude and altitude, fir trees flower from
May to mid-July. Seed years occur at two-year intervals at lower altitudes, while at higher altitudes,
every 3-5 years [269,270].

The cones mature from September to October. They grow on the upper third of the crown, from
where, after the disintegration, the seeds are released by May of the following year [271]. Therefore,
the best time to harvest cones is in September, ideally just before they fully ripen while the cones are
still intact [272-275]. At this time, the cones contain 30-70% water [272,276] and the seed about 40%
[277]. The harvesting period depends on the altitude and the amount of precipitation in a given year.
The cones can be harvested as early as mid-August and at higher altitudes as late as October [269,278].
The harvesting period is closely related to the cone-to-seed ratio and the germination capacity of the
seed. The later the harvest, the higher the cone-to-seed ratio and germination. A recurrent level of
14% is reported for fir cones [279,280]. If the cones are harvested in August, a 50% cone-to-seed ratio
must be considered due to the high water content in the cones. The limit of 14% is reached when
harvested just before the cone disintegrates. Standard harvesting in early August results in a cone-
to-seed ratio of 6-8%, and from mid-September, we reach values of 10-12% [57]. An unseasonable
harvesting time is one of the vital factors that can negatively affect seed quality. Seeds are at their
highest quality immediately after ripening. Fir seeds should be collected at morphological (hard)
maturity, which precedes physiological maturity when the seeds can germinate [276]. Fir cones are
usually collected manually by picking from standing or felled trees [281] or from seed orchards
established for this purpose [282]. The best way to harvest them is to stretch tarps underneath the
crowns and shake the disintegrating cones down on them. Using Czechia as an example, the
expanding production of silver fir seed material points to rising demand for fir seed material in the
context of an increased need for seedlings for reforestation of large clearings following the 2017-2019
bark beetle calamity [283]; Table 3.

Table 3. Production of seed material, estimated weight of seed (in kg) (cone-to-seed ratio of 10%) and
average seedling yield, according to the standard of the silver fir quantity in Czechia in 2010-2022.

Year 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022
Productio
n(thous. 421 59.0 305 953 7.7 486 195 152 79.0 59 1157 427 1345
kg)

Seed

amount

(thous.

kg)

Seedling

numbers 126 177 92 286 23 146 58 46 237 18 347 128 403
(mil. pcs)

59 31 95 08 49 19 15 79 06 116 43 134

In Czechia, the trend in artificial regeneration fluctuated at 4.8% for 2010-2022. Table 2 shows
that fir reproductive material can be used for the regeneration of approximately 5000 ha per year. The
annual regeneration of fir in Czechia ranges from 872 to 1635 ha per year. These figures show a
substantial overproduction and the supply of other EU member states with silver fir reproductive
material. The productivity of stands under ongoing global climate change is highly variable across
various locations in Czechia. The need for collecting high-quality reproduction material is constantly
increasing [11].

Seed quality is influenced by the forest altitudinal zone, which reflects the amount of
precipitation and air temperature during the growing season. The highest seed quality in Czechia
was recorded in forest altitudinal zones 2 and 3 (200-500 m a.s.l.), where water-affected habitats
suitable for fir are often found [284]. The germination of fir seeds, which depends on provenance and
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pre-sowing preparation [285,286], is generally low, around 40% [287,288], and on the southern border
of the distribution range, it is even lower, reaching only ca. 28% [289]. Bezdéckova and Reznitkova
[285] tested the effect of two temperature regimes (constant and alternating) on the germination of fir
seeds for different time spans of stratification. However, the authors did not observe a significant
effect of temperature on germination, as seeds stratified for 3 to 4 weeks at 3 °C germinated better at
20/30 °C (alternating temperature) than at 20 °C. Long-term storage of fir seeds is accomplished by
gradually reducing the water content in the seeds to 9-11% and storing them at -8 to -15 °C in cooling
boxes [280].

Seedlings are usually grown from substrate sowings at pHcy = 6.0 = 0.2 [290], while the most
suitable for nursing bare-rooted seedlings are soil-based substrates, and for growing of containerized
planting stock, there are the peat-based substrates [291]. To increase the quality of the planting stock
and its survival rate after planting, inoculation with ectomycorrhizal fungi is recommended [292],
e.g., genus Lactarius spp. [293,294]. However, sowing can also be performed on mineral soils and is
generally implemented in the autumn when natural stratification occurs in the seed. If sowing is
carried out in spring, e.g., to avoid spring frosts, it is essential to stratify the seed artificially. Without
this step, germination is significantly reduced [295]. Fir seed is usually stratified at a temperature of
3-5 °C for 21 days [279,280]. Fir seedlings are susceptible to late frosts upon emerging from the
ground, and their hardiness varies depending on provenance [296]. Furthermore, they need constant
moisture and sufficient shading to maintain their physiological quality [297]. In the first year, the
above-ground part usually grows to a height of 5 cm. A good quality seedling with sufficient
dimensions for nursery production is rarely produced in the first year. In the second year of life, it
usually grows to 8-15(25) cm [278]. The sowing rate is determined by the quality of the seed (purity
and germination capacity) and the targeted maturity of the seedlings and ranges from 0.15-0.23 kg
m? [57].

The standard method of producing bare-rooted fir seedlings is in nurseries. Better growth and
vigor of planting stock have been observed in a shaded bed [297]. Fir seedlings typically receive two,
sometimes three years of nursing [298]. There are no significant losses following transplanting if all
agrotechnical deadlines and precautions are observed [299]. Seedlings from the substrate and mineral
so0il can be plucked manually or mechanically when broadcast-sown in mineral soil. The collection
period is usually March-April. In busy nursery schedules, seedling retrieval from soil can be even
done in January and February in mild winters, as long as the soil is warm and there is no risk of
excessive root hair damage [299,300].

The individual manual reduction of the root systems of seedlings is another salient point of the
silvicultural technology for the after-cultivation of seedlings in containters. Frequently, the root
systems are reduced by up to 50%. Along with the reduction in the taproot length, other roots are
also shortened. The individual reduction of root systems involves both the skeletal roots and the fine
fascicular roots growing from the removed parts of the root framework. This reduction prevents root
deformation and inappropriate root growth after replanting the seedlings into the container and to
the bed [300].

In Czechia, the spring plucking is the best option in forest nurseries. Dormant seedlings tolerate
handling better, and early plucking is absolutely necessary for seedlings intended for storage. It is
not advisable to pick up seedlings and saplings from frozen or excessively wet soil [301]. Before
picking up, it is necessary to check the health of the planting material, i.e., to watch for the occurrence
of quarantine pests, or apply chemical, cultural, and biological pest control [301,302]. This is
recommended primarily for seedlings intended for storage [301], which needs temperatures just
above or below freezing [303]. Early and sufficient irrigation (watering of seedlings) or treatment of
above-ground parts of seedlings with antitranspirants is also recommended [301] and can increase
the survival of containerized seedlings up to over 90%, as in the case of Japanese larch [304]. The roots
must be protected after plucking (established, covered, and containerized) immediately after retrieval
from the bed [onto a moist substrate or soft foam at the bottom of the crates; 301], possibly treated
with antidesiccants [305].
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The standard period for growing bare-rooted silver fir seedlings is five years, or seven years, in
the case of large-sized plants [306]. In response to the accelerated need for seedlings, a revolutionary
method of growing fir trees on an air cushion in a shorter time has been developed [307]. Stratified
seed is sown directly into seedling trays with a small cell size (20-50 ml). After one year, the seedling
is placed into a standard-size container, usually 200-330 ml, where, as a biennial seedling with an
arranged root system, it reaches a height of 10-25 cm. The plantable part of the production is shipped
at this age, and the remaining seedlings are kept in the containers for another year, where they usually
reach a height of 20-50 cm [299].

The critical stage in growing planting stock is between picking it up from the nursery to the
moment of planting. Inadequate protection from weather conditions often results in irreversible
damage to seedlings, leading to death or severely reduced growth [308-310].

7. Close-to-Nature Silvicultural Methods in the Context of Climate Change

The most crucial factors for fir regeneration, its survival for advanced growths and further
development are suitable habitat, light, soil, and air humidity. For the light requirements of fir,
Jaworski [311] states that seedlings emerge at light intensities of 1-5% of maximum light. They
require at least 5% of maximum light to survive until the following year. Up to the age of 15, optimum
conditions for fir are 15-25% of maximum light. In the shade, growth is suspended, and saplings tend
to form a flat crown [312]. Its emergence in the third year of life is an indicator of adequate light
conditions of the regenerating stand. For the next 10 to 20 years, the height growth of the fir remains
relatively low. When a height of about 50 to 80 cm is reached, illumination should be increased by
slow, gradual opening of the parent stand, thus initiating height increment. The transition to full
release must be slow and smooth [313]. The critical consequences of changes in the growth rhythm
of trees in Saxony were addressed by Meyer [111], who searched for causes of fir dieback at the
northern limit of its distribution. Informed by numerous analyses of fir trunks with normal crowns
and growth dependencies based on Backman’s function, Meyer derived the course of a “normal
development line” [314]. He did the same for diseased and poorly growing fir trees. From the
developmental line of healthy and diseased trees, he concluded that the development of all healthy
trees was slower in youth than that of diseased trees with deformed crowns. This implies that fir trees
in the studied same-aged stands did not experience a period of suppressed growth in their youth.
Too rapidly releasing growth and even stimulating seedling growth already in the nursery alters the
growth course of fir trees in the early years of development [47,315]. This presumably sets a specific
growth rhythm of fir trees, whereby, as a shade tree, they respond to altered conditions. It is possible
that in this way, a climax tree can become a pioneer tree, i.e., with an altered growth rhythm in youth
and early maturation, but also with premature senescence and a smaller final wood mass. A violent
change in the development can cause reduced resistance, increased susceptibility to diseases, and a
likely change in hereditary characteristics [314].

In natural conditions, the fir can tolerate long periods of oppression without weakening their
vital energy. However, firs which evolved in clear-cut forests for several generations did not
experience a long-term shelter from the parent stand, i.e., changed their nature and required
increased illumination from the beginning of their growth. If they are suddenly exposed to the
oppression of the shelterwood for a longer period, they fail to adapt and become critically weakened
[99]. Annual-ring analyses indicate that withering firs with dried-out crowns and a more pronounced
decline in recent increment generally showed significantly higher diameter increment in their youth
than relatively healthier firs with less weathered crowns in the same stand [148,316]. This implies a
greater threat to fir trees that were released more rapidly in youth than those that were gradually
thinned and experienced slower development.

In close connection with light, fir's requirements for the other component of radiation—heat—
must be considered. From this point of view, fir is a relatively demanding tree species, especially
when compared to spruce [99]. Because fir assimilates well in the shade, it also requires a reasonable
moisture regime, as it transpires more and has a higher demand for CO: and water. Higher
transpiration is predominantly characteristic of self-seeding firs. They transpire more than older trees
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[317,318]. Therefore, its regeneration and quality growth depend not only on light but also on the soil
and air humidity, and —above all —sufficient precipitation during the growing season, at least 350 to
400 mm [313]. Firs are susceptible to short-term droughts, severe winters, late frosts, and air currents
[319,320]. Therefore, fir can be considered one of the most sensitive and demanding coniferous tree
species because, in addition to the already mentioned requirements for light, moisture, and heat, it
needs deep, nutrient-rich, loose soils with sufficient water in the upper soil layers for successful
growth, preferably around springs in flat terrain, on slopes with water-holding soil, and generally on
sites influenced by water [50,321,322].

Regarding silvicultural practices, fir is not suitable for the clear-cut management method with
artificial regeneration, which was widespread in Central Europe in the past [73,102,152,323,324].
Contrarily, shelterwood, selection, or even border (group) management methods are suitable
[4,8,187,325,326] or as underplanting under pioneer tree species in the restoration of salvage clearings
[327].

Silver fir stands, especially in forests with rich structures, cannot be effectively managed without
a thorough understanding of the ecological requirements of the tree species represented and their
specific responses to climate change [328]. In particular, the combination of shade-tolerant tree
species, fir, beech, and spruce creates good conditions for stable stand formation, even under
anticipated climate change [20,329]. Yet, the optimal representation of these tree species under the
given habitat conditions is crucial [251]. At the same time, their cenotic position and the
morphological and physiological differences of trees of different dimensions and levels are
important, which is reflected in their growth rhythms and responses to climate change [245,330-332].
In the context of climate change, and particularly, the increasing drought, fir can be expected to
replace spruce in many locations [333] unless subjected to extreme climatic conditions [334]. This is
because the surface root system of spruce does not allow drawing water from greater depths, as is
the case for fir or beech [335,336]. Mixing different tree species in structured stands allows for more
efficient use of different resources, such as water nutrients, which can ultimately reduce the stress of
individual tree species and enhance the resilience of the entire stand [329,337]. Fir has locally been
observed to shift to the sub levels, in both managed and unmanaged stands [8,135,136]. Dominant
trees are generally considered more susceptible to drought [332]. In addition to dominant spruces,
Vencurik et al. [251] also report a negative effect of drought in subdominant trees in the late summer
of the current year.

From the perspective of future forest management principles, it is therefore essential to know
the forest types that will be most suitable in terms of their species, age, and spatial composition under
future climatic conditions [108,213,338]. On the one hand, this is very difficult to determine under the
increasing pressure of rapid climate change [339]. On the other hand, forest conversion and
management measures to increase the ecological stability and adaptability of forest stands have been
underway for quite a long time in many places [108,187,188,340,341].

8. Conclusions

Silver fir, due to its relative resistance to abiotic and biotic factors, may play a crucial role in the
future tree species composition of Central European forests compared to declining stands of Norway
spruce. This greater importance is also reflected in an increasing share of fir in forest regeneration.
Due to its character, shade-loving nature, and adaptability, it has great potential to fulfil both
productive and non-productive forest functions in mountain areas and on water-influenced habitats
at lower altitudes. Adaptive management favors the establishment of structurally differentiated
mixed stands with silver fir. In close-to-nature silviculture (small-scale shelterwood and selection
management methods), it is necessary to promote structural differentiation of stands and to achieve
not only higher production potential but also increased stability and biodiversity of these forest
ecosystems by cultivating mixed forests. In particular, silver fir, beech, and spruce represent an ideal
type of mixture due to the combination of deciduous and coniferous species with different ecological
requirements and different root system morphologies. However, natural regeneration and its
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subsequent successful growth are impossible without the combined principles of active silvicultural
and hunting management.
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5.2. Skody zvé&i na lesnich porostech v souvislosti se zménou klimatu —

prehled soucasnych poznatki v Ceské republice

Brabec, P., Cukor, J., Vacek, Z., Vacek, S., Skoték, V., Sev&ik, R., Fuchs, Z. (2024). Wildlife
damage to forest stands in the context of climate change—a review of current knowledge in the

Czech Republic. Central European Forestry Journal, 70(4): 207-221.
Abstrakt

Tato komplexni studie analyzuje interakce mezi sparkatou zvéii a klimatickou zménou v Ceské
republice na zdklad¢ analyzy 133 védeckych praci. KliCova zjisténi ukazuji, Ze kombinace
rostoucich populaci zvéfe a ménicich se klimatickych podminek vyznamné ohrozuje stabilitu
lesii. Omezuje také ptirod¢ blizké hospodateni a zptisobuje rocni ekonomické ztraty presahujici

2,5 mld. K¢.

Okus postihuje predevsim jedli bélokorou (Abies alba Mill.) a javor klen (Acer pseudoplatanus
L.), pfi¢emZ mira poSkozeni ptesahuje 75 % u téchto druhti. Okrajové ¢asti porostll vykazuji o
40 % vyssi Skody neZ vnitini ¢asti porostl, coz souvisi s vyS$si koncentraci zvéte v pfechodnych
biotopech. Loupani a ohryz nejvice poskozuje smrk ztepily (Picea abies [L.] Karst.) — v
lokalitach Stfibro a Klasterec nad Ohti bylo poskozeno 77-89 % jedincl. Néasledna hniloba
poskozenych jedincii redukuje produkéni potencial smrkovych porosti o 50-71 % a urychluje
Sifeni klirovcovych kalamit. Vyryvani a vytahovani sazenic ¢ernou zvéti zpisobuje az 80 %

ztrat v nove zalozenych kulturach, zejména béhem prvnich 4 tydnti z kraje vysadby.

Mirné zimy a prodlouzena vegetacni sezoéna o 15-20 dnti (1990-2020) zvysuji prezivani mlad’at
a umoziuji expanzi zvéie do vyssich nadmotskych vysek. Napiiklad populace daiika skvrnitého
(Dama dama L.) vzrostla mezi lety 2018-2022 o 62 %, zatimco sika japonsky (Cervus nippon
Temminck) expandoval do nadmoiskych vysek i nad 900 m. Klimatické extrémy, jako jsou
viny vysokych teplot a sucha, zaroven oslabuji obranné mechanismy stromd, coz zvySuje

nachylnost k sekundarnim skiidctim.

Zav€rem je navrzena revize mysliveckého managementu s intenzivnim odlovem vazanym na
miru poskozeni porostl. Pilotni projekt v KrkonoSich prokéazal 40 % redukci Skod po zavedeni
intenzivniho celoplo$ného odlovu. Cilené zraniovani kliry smrku snizily vyskyt loupani o 58 %,

zatimco vysadba pionyrskych dievin (vrba, osika) jako okusové plochy vykézala 72 % tG¢innost.
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Kli¢ovym problémem stile zlstavd nesoulad mezi lesnim a mysliveckym hospodafenim —

vlastnici lest ¢asto nemohou efektivné regulovat stavy zvéte kvili legislativnim omezenim.

Studie zdiraziuje nutnost systémového pristupu technologické inovace (ochranné repelenty) a
mezioborovou spolupraci. Dlouhodobd stabilita lesnich ekosystémi bude zéviset na schopnosti
integrovat adaptacni opatfeni do lesnické praxe pii respektovani dynamiky klimaticko-
ekologickych interakei. Prioritou vyzkumu ztistdva hodnoceni efektivity ochrannych opatieni
v ménicich se klimatickych podminkéch a analyza kompeti¢nich vztahli mezi introdukovanymi

a pivodnimi druhy zvéte.

Kli¢ova slova: Ohryz, loupani, lesni hospodaistvi, vytloukani
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Abstract

Wildlife damage to forests has become an increasingly serious problem in recent years, and its impact is exacerbated
by ongoing climate change. Rising temperatures, prolonged droughts, uneven precipitation distribution, and other
factors affect forest ecosystems, which, in turn, affect cloven-hoofed animal populations, their food preferences,
and ultimately, the extent of damage they cause. Based on 133 references, this review article focuses on the rela-
tionships between wildlife damage and climate change and presents possible strategies to address this issue in the
Czech Republic. Wildlife damage includes not just browsing and fraying in natural and artificial regeneration but
also damage to trees from bark stripping and the lesser-known rooting of seedlings. Concerning tree species, brows-
ing is most damaging to silver fir (Abies alba Mill.) and sycamore maple (Acer pseudoplatanus L..). The enticement
to wildlife increases as the proportion of the tree species in the stand decreases. Browse damage is more severe at
the edge of the stand. Bark stripping and secondary rot cause the most damage to the production quality of Norway
spruce (Picea abies [L.) Karst.). Total wildlife damage increases with elevation. Combined with the progress of climate
change, game-induced damage significantly restricts close-to-nature forest management practices and limits the
use of adaptive measures in response to climate change. In addition, mixed forests with species that attract wildlife
and the rapid increase in the number of clearings following bark beetle salvage logging significantly increase game
pressure. This is primarily the result of the overpopulation of native and introduced game species and the consider-
able inconsistency between forest and hunting management practices, with the latter not respecting the principle
of ecologically tolerable game damage.

Key words: browsing; bark stripping; fraying; rooting; forest management

Editor: Bohdan Kondpka

1. Introduction

Climate change, especially increased average tempera-
tures, short-term temperature extremes, changes in pre-
cipitationdistribution and totals, as well as other adverse
climatic events, have a critical impact on the health of
forest ecosystems (Seidl et al. 2017; Hartmann et al.
2022;Vaceketal. 2023). Inthe context of climate change,
periods of droughtare frequent, particularly in low-lying
areas, and the risk of tree infestation by secondary pests
and fungal pathogens increases (Sturrock et al. 2011;
Lindner et al. 2014). Therefore, it is imperative to adapt
forests so that they become more stable not only in terms

*Corresponding author. Zdenék Vacek, e-mail: vacekz@fld.czu.cz

of health but also long-term sustainability of timber pro-
duction under the new environmental conditions (Bolte
etal. 2009; Lindneretal. 2010; Vaceketal. 2021b, 2023).

The forestry sector faces considerable challenges that
derive, on the one hand, from the existing forest structure
influenced by previous management practices and, on
the other, from the effects of climate extremes (Moomaw
etal. 2020). The species composition of newly established
stands shifts towards diversity in species and structure,
differentiated in height, diameter, and age (Lindner
et al. 2014; Vacek et al. 2020b). Mindful of the greater
exposure to climatic extremes on open land, even-aged
management practices are becoming eliminated in favor

© 2024 Authors. This is an open access article under the CC BY 4.0 license.
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of “uneven-aged,” shelterwood, or selection methods.
The aim is to allow the growth of stands with high eco-
logical and static stability and, at the same time, substan-
tial economic value (Pretzsch et al. 2017, 2021; Vacek
et al. 2021a). For these reasons, the process of replac-
ing declining stands of Norway spruce (Picea abies [L.]
Karst.) atlowerand middle altitudes with mixed stands of
suitable deciduous and coniferous species is accelerating
in Central Europe. However, in order for these transfor-
mation processes to occur, it is necessary to implement
a different forest management approach and to signifi-
cantly reduce game populations, which are often a crucial
limiting factor for natural forest regeneration, notonlyin
Central Europe (Beguinetal. 2016; Ramirezetal. 2018).

Large, even devastating damage is generally due to
the significant increase in cloven-hoofed populations
across Europe that has occurred over the last few decades
(Valente et al. 2020; Carpio et al. 2021). Apart from the
damage to forest ecosystems, even more serious damage
occurs to agricultural crops and damage to solitary trees
inagriculturalland (Amicietal. 2012; Maradaetal. 2019;
Mikulka et al. 2020; Mansson et al. 2021). Numerous
factors have contributed to this situation and are closely
linked to forest management methods. Farmland offersan
abundance of energy-rich food for game, and even though
this is only a seasonal supply, game can respond quickly
by population growth. The mosaics of relatively small
forest stands surrounded by agricultural landscapes face
escalated pressure in the off season (Massei et al. 2015).

It can be observed that both native and introduced
wildlife species are exhibiting an increased abundance
(Machacek et al. 2014; Dvorak & Palyzova 2016).
Introduced ungulate species thus exacerbate the nega-
tive impacts on natural forest regeneration, which was
previously influenced only by native species. In Europe,
wild ungulate populations grow due to changing agri-
cultural management methods and hunting approaches.
Climate change leads to shifts in the animal ranges and
often increases the viability of their species (Rupre-
cht et al. 2020; Bright Ross et al. 2021). In Japan, the
population dynamics of sika deer (Cervus nippon nippon
Temminck) can serve as an example. Between 1873 and
1878, 60,938 to 110,002 sika deer were hunted annu-
ally. In 1879, there was a dramatic decline in the sika
deer population due to high snow cover and associated
winter mortality. The climatic fluctuations pushed the
population to the very limit of sustainability, to which
the Japanese government responded with a total ban on
huntingin the periods 1890-1900 and 1920-1952. Inthe
following decades, periods of prolonged high snow cover
have become less frequent, and the sika deer population
in Japan is now managed through a landscape pest con-
trolapproach, with less than half of the population being
hunted in a standard hunting mode (Kaji et al. 2010).
Due to mild winters and abundant food, sika deerbecame
a successfully introduced game species in Europe, but
not without significant negative impacts on native for-
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est ecosystems (Cukor et al. 2019b; Vacek et al. 2020a).
Numbers of sika deer continue to rise, as does its range
(Biedrzyckaetal. 2012), but sika are hunted only as part
of standard hunting management. Forced population
reduction, preventing the damage to forest stands, has
not yet been undertaken.

The distinctive population dynamics encouraged by
climate change are also documented for wild boar (Sus
scrofa L.) (Masseietal. 2015). Climate change increases
the frequency of seed years in oak and beech stands,
which in turn is reflected in better welfare of the wild
boar and higher abundance of piglets, which also reach
sexual maturity earlier (Frauendorf et al. 2016). At the
same time, wild boars spread to other areas in Northern
Europe where unsuitable climatic conditions prevented
their presence (Markov et al. 2019). Recently, wild boar
and other animals occur all year round at higher altitudes
where they were previously absent. The average increase
intemperatures also allows wild ungulates thatare notin
optimal health to survive the off season (Biintgen et al.
2017; Zhou et al. 2022).

This literature review is based on 133 studies and
aims to focus on the abundance of game as a principal
factor of damage to forest ecosystems in the context of
ongoing climate change, and summarize current knowl-
edge on different types of damage such as (i) browsing,
(ii) bark stripping, (iii) fraying, and (iv) rooting of seed-
lings in conditions of Central Europe with a focus on the
Czech Republic.

2. Game abundance as a key factor
in stand damage

In recent decades, forest ecosystems have been increas-
ingly damaged by both biotic and abiotic factors that sig-
nificantly threaten their stability (Siminek et al. 2020;
Vacek et al. 2023). Some of these factors (especially abi-
otic) can only be influenced to a limited extent. Others,
like wildlife, can be mitigated by improved protection of
stands or adjustments to hunting management (Vacek
et al. 2017). Generally, numbers of the most prevalent
cloven-hoofed game species are on the rise across Europe
(Valenteetal. 2020; Cukoretal. 2022a), in particular, the
native European deer (Cervus elaphus L.) and introduced
species, such as the sika deer and fallow deer (Dama
dama L.). In some parts of Europe, the abundance of
these species already reaches the biological, ecological,
or socio-economic criteria defined for game overpopu-
lation (Carpio et al. 2021). In the Czech Republic, an
increasing trend is evident for nearly all species of wild
ungulates, where the most dynamic development has
been documented for the fallow deer over the last five
years (Table 1).

The greater the abundance of cloven-hoofed animals,
the more pronounced the negative impacts on forest eco-
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Table 1. Numbers of hunted game in the Czech Republic between 2018 and 2022.

I ¢ Year
Segpe 2018 2019 2020 2021 02

Sus scrofa L. 137,823 239818 160,811 230,905 177,877
Cervus elaphus L. 28,287 29,017 29,842 30,792 32,884
Capreolus capreolus L. 102,229 103,018 105,570 107,433 114,100
Cervus nippon nippon Temminck 18,368 17,535 19,382 18,510 19,720
Dama dama L. 23,800 28978 30,982 33,250 38,653
Ovis musimon Pallas 9,531 10,105 10,580 10,019 10,245

Note: Data are available on the web portal of the Czech Statistical Office (https://www.czs0.c2/).

systems and farmland (Heurich et al. 2015; Thulin et al.
2015; Cukoretal. 2017; Maradaetal. 2023). Wild ungu-
late populations in some areas of Europe have reached
levels that can be defined as considerably overpopulated
(Valenteetal. 2020; Carpioetal. 2021). Thisis not solely
attributable to environmental changes, such as altera-
tions in habitat and vegetation conditions. Other factors,
including the low numbers of large predators, also play
arole (Kuijper et al. 2013; Martin et al. 2020).

The most common types of damage are browsing,
winter bark stripping, spring/summer bark stripping,
fraying and rooting of seedlings (Gill 1992; Vacek et al.
2014; Skotak et al 2021; Cukor et al. 2022b). However,
wildlife influences forest ecosystems also by defecation,
urination, carcasses, disturbance of soil surface by rapid
increase erosion rate and seed dispersal (Danell et al.
2006; Heinken et al. 2006; Melis et al. 2007; Linnell
etal. 2020). Generally, the extent of damage is positively
correlated with the population density of the particular
damage-inducing game species (Gill 1992). Of the four,
browsing and bark stripping are crucial because they lead
to the development of secondary damage (Cukor et al.
2019a,b; Vacek etal. 2020a). When the bark is removed,
the tree becomes vulnerable to fungal pathogens and the
subsequent development of stem rot, and ultimately, the
stability of the damaged stand is reduced (Cukor et al.
2020; Hahn et al. 2023). At the same time, the extent of
browsing and bark stripping reduces radial increment
and production capacity of such damaged trees, particu-
larly Norway spruce (Cukor et al. 2019a,b; Vacek et al.
2020a). Compared to healthy trees, trees damaged by
bark stripping suffer primarily from a lack of rainfall in
the summer months (Vacek et al. 2020a). Significantly
increased game density greatly enhances intraspecific
competition and forces herbivores to browse on plants
they do not normally seek. Food resources become
overexploited, and animals are forced to seek and con-
sume alternatives (Findo & Petras 2011). In the case of
extremely high game population density, not only pal-
atable but also less attractive tree species are browsed
(Borowski et al. 2021). This is common, for example, in
the case of a high abundance of fallow deer, which are
known to gather in large groups and move and forage in
several favored places.

Presently, the interests of forest and hunting man-
agement may appear to contradict each other. It must
be emphasized that the problem arose either from mis-
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understanding or narrow, selfish interests. Only a long-
term agreement and a joint solution of the stakeholders
involved (foresters, hunters, conservationists, and, par-
ticularly, landowners) canresult in ecologically sustaina-
ble game numbers, whichisin the interest of both the for-
est and the game, as well as the whole society (Kondpka
etal. 2015; Vacek et al. 2017). However, game numbers
should be primarily proportional to the carrying capacity
of hunting grounds to prevent game-induced damage.
Thus, currently, damage caused by game is a limiting
factor for successful forest regeneration, primarily in
the conversion of spruce-dominated to species-diverse
stands, stable and economically sustainable in the long
term (Beguin et al. 2016; Vacek et al. 2019b).

3. Browsing

Browsing is a fundamental aspect that affects the natu-
ral regeneration of forest ecosystems (Fig. 1; Ammer
1996; Motta 2003; Bddeker et al. 2021). The process of
regeneration is a highly stochastic phenomenon of forest
dynamics that depends not only on damage caused by
herbivores (and other wildlife species) but also on the
habitus of the parent stand, other stand characteristics,
including forest structure, story structure, and land use
history (Paluchetal. 2019). Spatial and temporal interac-
tions between species are largely dynamic and variable to
soil, climate, and stand conditions (Forresteretal. 2017).

Wildlife often damages forest regeneration, hinder-
ing regrowth from multiple perspectives (Vacek et al.
2020a). The terminal shoot browsing negatively affects
the growth process as such. It slows down the growth
of the damaged tree in a given growing season, which
is the main negative impact (Schulze et al. 2014). The
damaged tree is threatened by reduced vigor and, in the
case of repeated browsing, is at mortality risk in subse-
quent years (Vacek etal. 2014, 2015). However, the sec-
ondary effects of damage are crucial, manifested by the
suppression of the tree species in natural regeneration.
The browsing of woody plants by deer has direct effects
on the existence or conservation of plant species in spe-
cific habitats and indirectly influences other organisms
(Lessard et al. 2012). Cloven-hoofed game — and, espe-
cially, browsers — prefer certain species, which results in
changesin species composition and consequent uniform-
ity of the surviving stand, depleted of interspersed woody
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species. Changed species composition is detrimental to
lessabundanttrees that are attractive to wildlife. Asarule,
itissilver fir (Abies alba Mill.), rowan (Sorbus aucuparia
L.), sycamore maple (Acer pseudoplatanus L.), and other
species desirable for forest ecosystems that are browsed
(Motta 2003; Kondpka & Pajtik 2015; Vaceketal. 2015).
It was confirmed that the foraging attractiveness of tree
species often increases with decreasing abundance of
a given species in natural regeneration (Ammer 1996;
Cermak et al. 2009).

Therefore, browsing can strongly influence not only
the species composition, but also the spatial and age
structure (Skarpe & Hester 2008; Vacek et al. 2014;
Fuchs et al. 2021), which is crucial in terms of forest
stand growth under ongoing climate change (Vacek et al.
2023). Preferred tree species are losing competitiveness
primarily due to terminal shoot damage (Schulze et al.
2014). The intensity of browsing damage increases with
the abundance of cervids in a given location. Damage is
not only dependent on the tree species but also on the
ungulate species. Thus, cervids may alter interspecific
competition between tree species in favor of those they
avoid (Vacek 2017; Fuchsetal. 2021). Thisis trueif there
is sufficient food supply and extensive natural regenera-
tion. Inthe case of scarce suitable food and large herbivore
populations, less attractive tree species, such as Norway
spruce, are also browsed, which results inan overall deci-
mation of newly established stands (Vacek et al. 2022b).

Suppression of species diversity by wildlife or
humans leads to the unification of the tree layer (Poleno
et al. 2009). Reduced species diversity, in turn, brings
about a change in the stability and vitality of the for-
est ecosystem. Heterogeneous ecosystems have higher
productivity at a later stage of development compared to
monocultures (Pretzsch etal. 2010; Danescu etal. 2016;
Vacek et al. 2019a; Zeller & Pretzsch 2019). Mixed and
richly structured forests are also more resilient to ongo-

ing climate change, manifested by higher mean annual
temperatures, uneven distribution of precipitation, and
more frequent occurrence of climate extremes. A higher
resilience is documented by stable radial increment and
increased production capacity of tree species in mixed
stands, which is true, for example, for mixtures of Euro-
pean beech (Fagus sylvatica L.) and Norway spruce
(Pretzschetal.2013; Seidletal. 2017; Vaceketal. 2020b).

Substantial effects of intensive browsing on the struc-
ture and dynamics (abundance, height, height growth,
and species composition) of natural and artificial regen-
eration have been described by numerous authors in
many locations (Burschel et al. 1990; Modry et al. 2004;
Machar et al. 2018). A more significant damage of arti-
ficial regeneration compared to natural regeneration has
been confirmed. To some extent, this is because plants
from artificial regeneration are usually more developed,
show largerannual shoots, and their growth is thus more
visually striking, attractive, and nutritious (Cermak
2000; Cermak et al. 2011).

In the Czech Republic, the fifth national inventory of
game damage confirmed the considerable influence of
game on the health and development of the mixed and
deciduous stands, primarily their youngest developmen-
tal stages. Compared to the previous survey, the dam-
age caused by wildlife (of any kind) to young stands has
increased and exceeds 50% for most tree species. Bud
browsing damaged 32% of principal tree species and
57% of the soil-improving ones. Browsing of any kind,
i.e. terminal-bud orlateral-branch, was confirmed in 56%
of the principal species in the regeneration and 63% of
the soil-improving ones (Cerny et al. 2016).

An investigation by the Forest Management Insti-
tute showed the enormous extent of damage caused
by wildlife (Turek et al. 2022). The investigation was
accomplished on 1,383 control and comparison plots
(CCP) located throughout the Czech Republic. In 70%

Fig. 1. Repeated browsing on the shoot of Norway spruce (left) and European beech (right) in the Sudeten system (photo: Z. Va-
cek, S. Vacek).
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of the tree species, a greater number of individuals were
confirmed in the deer fence than in the open, unfenced
parts. Browsing or fraying damaged 46% of the willows
(Salix spp.), 34% of the firs and Douglas firs (Pseudot-
suga spp.), 29% of the field maples (Acer campestre L.),
21% of the elms (Ulmus spp.), 19% of the wild cherries
(Prunus avium L.), and 14% of the ashes (Fraxinus spp.)
in the regeneration. The average height of saplings of all
trees in the fenced part was 90 ¢cm, and in the unfenced
part, 65 cm, i.e. in the open areas, the saplings were 28%
smallerthanin the fences. For 95% of the tree species, the
average height in the fenced part of the CCP was higher
thanin the open area. According to Burschel (1975), Stipl
(1999), or Findo & Petras (2011), the critical limit for
increment size loss is considered to be 25-27%. A greater
loss of increment of a specific tree species means the indi-
vidualsin the stand are damaged so extensively that they
start to die. In the surveyed CCP, the critical increment
loss threshold was reached or exceeded for 78% of the
more frequent tree species. The trees most affected by
excessive growth loss are Norway maple (Acer plata-
noides L.) and sycamore maple (Acer pseudoplatanus
L.) - 58%, wild cherry Prunus avium L.—53%, European
hornbeam (Carpinus betulus L.) - 52%, poplar (Popu-
lus spp.) = 51%, rowan (Sorbus spp.) — 50%, field maple
Acer campestre L. — 44%, lime tree (Tilia spp.) — 40%,
birch (Betula spp.) — 39%, oak (Quercus spp.) — 34%,
ash tree (Fraxinus spp.) — 31%, elm Ulmus spp. — 25%,
fir Abies spp., Douglas fir (Pseudotsuga menziesii [Mir-
bel] Franco), European larch (Larix decidua Mill.), and
European beech Fagus sylvatica L. — 25%. Browsing
terminal shoots causes a reduction in tree increment in
forestregeneration across avast majority of sites. The dis-
proportionate loss of increment occurred not only locally
but in most of the country (Turek et al. 2022).
Furtherextensiveresearchinvolving 78 research plots
across the Czech Republic shows that sycamore maple
and silver fir can be devastated by browsing (77-76%
of individuals damaged), while the lowest damage by

browsing occurs in European larch (26%) and Norway
spruce (28%) (Table 2); Vacek etal. 2022b; unpublished
data). According to our review, higher browsing dam-
agehasbeen recorded at the stand edges. However, most
pioneer tree species, such as aspen, rowan, and willow
(with the exception of birches), are highly attractive for
browsing. Therefore, stand management could utilize
their potential for the biological protection of commercial
species (Mykingetal. 2011, 2013; Kondpkaetal. 2022).

4. Fraying

In regular game resting haunts and their vicinity, bark
damage caused by antlersis typical (Fig. 2; Motta & Nola
1996). Fraying damage is evident on thin stems, where
the bark is usually stripped from 30 (40) cmupto I m
above the ground (Zatloukal 1995). Fraying can cause
reduced growth rate and tree deformation. It requires
additional management measures, the need forimprove-
ment by artificial regeneration, or even loss of the mix,
depending on which species of trees the animals choose
(Reimoser et al. 1999). Abundant fraying occurs on
larches, pines, or Douglas firs (Zatloukal 1995). Territo-
rial marking is analogous to this phenomenon, whereby
the bark is torn with antlers on thicker trunks. This dam-
age s typically observed in spruce stands in conjunction
with bark stripping, and it is indicative of aggressive
behavior, particularly during the rut. Concerning the
problem of damage to forest stands, Vodnansky (1997)
mentions the danger of incorrect supplemental feeding.
Improper methods and timing can result in an increase
in browsing and bark-stripping intensity of forest trees.

According to the national forest inventory in the
Czech Republic, coniferous trees have a significantly
higherdamagerate (10.8%) compared to deciduous trees
(3.0%) due to winter and spring/summer bark stripping
and fraying. Norway spruce is the most affected species,

Table 2. Basic characteristics of areas of interest where permanent research plots are located, and the proportion of browsing
damage (%) for selected tree species in the Czech Republic (Vacek et al. 2022b; unpublished data).

Area Akade Plots A FS PA SA AP BP LD QE FE B PS
(mas.l)
Orlické hory Mts. §10-820 4 87.7 98 184 867 — - - — — — —
Krkonose Mts. 940-1,110 K 1000 784 14.1 76.0  91.1 - — — - - —
Broumov area 530-655 6 66.7 51.2 12.0 — 468 332 7.3 — — — —
Jizerské hory Mts. 640-810 8 68.0 6.0 30 820 1000 410 — — — — —
Krusné hory Mts. 635-804 8 — 81.0 310 890 98.0 83.0 — 500 — — -
Kivoklit area 444478 8 — 930 — 66.0 97.0 830 — %40 810 970 —
Brdy Hills 515-550 8 1000 910  87.0 - 910 — 570 980 89.0 9.0 1000
Cesky kras 412-433 3 - 2.1 — — 644 - — 293 405 467 1000
Kostelec Pine 410-425 6 - 928 194 — - 23 - — - - 122
Trebechovice area 575-630 6 100.0  100.0 80 65.0 — — 400 - — — 6.0
Zdirské vrchy 594-620 5 120 420 150 57.0 — - — — — 430 —
Karlovarski Hills 502-652 6 — 80 930 910 920 - 0.0 830 — — —
Tabor area 640-650 6 — 20.0 9.0 330 13.0 — — 130 250 — —_
Mean 76.3 574 282 71,7 77.0 485 26.1 61.2 589 702 54.6

Note: AA - Abies alba Mill,, FS - Fagus sylvatica L., SA - Sorbus aucuparia L., AP - Acer pseudoplatanus L., BP - Betula pendula Roth, LD - Larix decidua Mill.,
QE - Quercus spp., FE - Fraxinus excelsior L., CB - Carpinus betulus L., PS - Pinus sylvestris L.
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Fig. 2. Damage to Douglas fir (left) and Scots pine (right) by fraying (photo: S. Vacek).

with a 13.7% damage rate, which is mainly due to bark
stripping. As the altitude increases, the damage rate due
to fraying and bark stripping also increases. The most
severe damage (17.2%) is found above 700 ma.s.l., while
the least damage rate (3.5%) occurs below 400 m a.s.l.
(UHUL 2016).

5. Bark stripping

Bark removal by deer from the trunk of coniferous trees
in their young to middle age is one of the most press-
ing problems for silviculture and hunting management
(Welch et al. 1988; Gill 1992; Kondpka et al. 2022). As
a result, not only is the structure of the wood mass dis-
rupted during the regeneration and wound closure pro-
cess, but the quality of the wood infected by rot patho-
gensis also impaired, which is subsequently reflected in
economic terms, i.e. by a reduction in the monetization
potential of the damaged assortments. Norway spruce
is considered to be the most susceptible and most com-
monly damaged species (Gill etal. 1992; Verheydenetal.
2006; Krisans et al. 2020).

The incidence is determined by various factors, par-
ticularly, the abundance of the red deer population and
other cloven-hoofed species that cause this type of dam-
age (Cukoretal. 2019b; Vaceketal. 2020a). Other factors

[
=)

include, for example, the species and age composition of
forest complexes, their acreage, and, of course, the con-
figuration of the surrounding landscape. The most com-
monly reported age of damaged stands is 18 to 38 years
or 10 to 45 years. The diameter of the damaged trunk is
adecisive factor. Earlier studies described that, in young
stands, trees with larger diameter at breast height (dbh)
tend to be preferred, and as the stand matures, trees with
lower dbh are damaged, too (Gill 1992).

However, in the case of bark stripping, secondary
effects caused by fungal pathogens have a decisive influ-
ence on the further development of the stand, contrib-
uting to the decomposition of the wood mass and the
gradual deformation of the trunk (Fig. 3; Cermék et al.
2004; Cukor et al. 2019a). The wood of spruce stands
damaged in this way can be infested by bleeding coni-
fer crust (Stereum sanguinolentum [Alb. & Schwein.]
Fr.) during the first year after bark damage. An area of
50 cm? of the removed bark can be a sufficient gateway for
fungal pathogens (Vasiliauskas & Stenlid 1998). Large
wounds in trees at a younger age enhance the probabil-
ity of rot infections (Vasiliauskas & Stenlid 1998; Lygis
etal. 2004) and therefore, damage to very young stands
is perceived as particularly disastrous. The range of most
suitable temperatures for infection by bleeding conifer
crust is between —8.3 and 5.0 °C (Vasiliauskas & Sten-
lid 1998). This temperature range corresponds to the
long-term average in the Czech Republic during the off
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season, which is 1.7 °C (CHMI 2023). For this reason,
winter bark stripping appears to be significantly more
problematic compared to spring/summer bark stripping.
Stemrot canalready extend to 6 min height oreven more
in young (ca. 50 years old) intensively damaged spruce
stands (Cukor et al. 2019b).

Asindicated above, significantimpacts on wood qual-
ity have been confirmed, especially for Norway spruce,
whose value as merchantable timber rapidly decreases
due to bark damage and subsequent rot (Cukor et al.
2019a,2019b; Vacek et al. 2020a). Compared to Norway
spruce, Scots pine is significantly less devalued by bark
stripping and shows considerable resistance to the spread
of stem rot (Metslaid et al. 2013; Cukor et al. 2022b).
However, in contrast to the available knowledge on the
effects of bark stripping damage to Norway spruce and
Scots pine, there is minimal data on the effects and conse-
quences of this damage on silver fir stands. For example,
Kohnle & Kandler (2007) report that damage to the bark
of silver fir is less severe than that of Norway spruce and
pointout that firwood is less susceptible to stemrot. Met-
zleretal. (2012) cite that Norway spruce, unlike silver fir,
has resin canals, which may be the reason for the spread
of fungal pathogens after bark injury by game. Injury
to silver fir bark by wildlife has been studied in terms of
histological changes by Oven & Torelli (1999) and of
growth and vigor by Pach et al. (2005, 2008), who point
to a decrease in wood quality, reduced vitality, growth of
fir trees, and the spread of rot.

This rot typically manifests by discoloration of the
wood and faster development up to the complete decom-
position of the wood mass. Wood discoloration at the ini-
tial stage of decay can be the result of fungal and bacterial
presence and the reaction of wood to the negative effects
of pathogens (Cermék etal. 2004). Simulated damage to
the bark of Norway spruce and silver fir at the tree base
by logging and transport machinery and their subsequent
healing over a period of two years was investigated by
Metzler et al. (2012). Damage to the trunks of silver fir

and Norway spruce during logging operations in Ger-
many, withemphasis on bark damage and the occurrence
of rot, was addressed by Kohnle & Kandler (2007).

A more detailed description of the bark stripping
damage on spruce is given by Vacek et al. (2020a): at the
Stiibro location (sika deer), where 77% of spruce trees
were damaged, and at the Klasterec nad Ohfi location
(red deer), where as many as 89% of trees were affected.
The mean damage circumference ranged from 28%
(Stribro) to 32% (Klasterec). The rate of stem rot spread
was 5.7 cm yr~' in Stribro and 9.6 cm yr~' in Klasterec.
The extent of damage was even more pronounced, with
the volume reductions of 50% at the Stfibro location
and even 71% at Klasterec (Vacek et al. 2020a). Con-
trastingly, damage to Scots pine in the Stfibro location
was less extensive (Cukor et al. 2022a). Of the number
of trees assessed, 62% were healthy (including dam-
age of up to 1/8), and 29% were moderately damaged.
Extensive circumferential damage was confirmed inonly
9% of pine trees. Again, the spread of rot in pine trunks
demonstrated the considerable resistance of this tree spe-
ciesto deer-induced damage. The average rate of vertical
spread of rotin the tree trunk was only 0.86 cmyr'. Pines
with low damage rates showed an 11% reduction in vol-
ume, while trees with high damage rates showed a 17%
reductioninvolume compared to undamaged individuals
(Cukor et al. 2022a).

Researchin the Jeseniky Mountains showed that 81%
of firand 40% of spruce were damaged by bark stripping
(Vacek et al. 2022a). On average, the rot reaches from
the base of the tree to a height of 1.5 m in fir, while in
spruce, 2.5 m. The mean production quality parameters
with emphasis on the occurrence of rot after bark strip-
ping damage compared to Norway spruce, silver fir, and
Scots pinein the forest district of Janovice (Jeseniky) and
of Stiibro (Pilsen) are presented in Table 3. High bark
stripping damage together with silver fir also occurs in
Douglas fir in condition of Central Europe (Kondpka
etal. 2024).

Fig. 3. Cross sections with marked rot — Norway spruce (left) and silver fir (right; photo: S. Vacek).
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Table 3. Bark stripping damage and rot incidence in the study plots (Vacek et al. 2020a, 2022a; Cukor et al. 2022a; unpublished

data).
Indicator of damage Jesenily (roddee) il (ska decr) -
fir spruce spruce pine
Percentage of damaged trees (%) SL1 40.2 713 380
Length of damage (cm) 50.1 46.3 39.0 433
Initial height of damage (cm) 91.0 105.2 87.9 89.8
Circumferential damage (%) 49.7 239 278 2.1
First damage (age) 14 13 1 )
The largest extent of the damage (age) 20-28 18-26 16-24 14-22
Mean length of rot (m) 1.5 25 19 0.7
Maximum length of rot (m) 26 54 45 1.9
Mean volume affected by rot (%) 193 336 30.1 147
Rot spread in the trunk (cm yr™') 6.3 11.3 5.7 0.9
6. Rooting This type of damage has become widespread in recent

In the Czech Republic, this type of damage is caused
only by wild boar (Fig. 4). It is a systematic destruction
of planted seedlings (Fern et al. 2020). In most cases,
seedlings are simply uprooted and left on the edge of the
hole. Consumption of the above-ground parts of seed-
lings and roots occurs only to a small extent (Skotak et al.
2021). The reason why boars uproot seedlings has not
yet been fully explained. According to one hypothesis,
the animals chew the roots to access sap and starches
(Wood & Roark 1980) and spit out the remaining part
of the damaged seedlings. Another reason may be the
aromaticity of some tree species or the way the site is pre-
pared before planting (Mayer et al. 2000). The intensity
of seedling damage is likely related to a combination of
environmental conditions (food supply, availability and
age of seedlings, season, wild boar population density,
hunting pressure, soil cover, soil moisture, etc.) (Fern
et al. 2020). The rooting of forest tree seedlings occurs
in young plantations (Mayer 2009), with the initial four
weeks representing a particularly vulnerable period (Sko-
tak et al. 2021).

years. In heavily affected sites, up to 80% (but normally
around 5%) of planted trees can be damaged (Skotak
etal. 2021). However, the further development of seed-
ling rooting damage is difficult to predict due to multiple
factors related to wild boar population dynamics. On the
one hand, a population increase of wild boar has been
documented in Europe (Massei et al. 2015), and on the
other, Europe has been facing the spread of African swine
feverin recent years with fatal impacts on local wild boar
populations (Cukor et al. 2021).

7. Management of stands endangered by
game in the context of climate change

Wild ungulates represent a significant limiting factor to
forest growth and, in some cases, to the survival of the
forest itself. This is made clear by their impact on forest
health, including browsing, bark stripping, and fraying
(Tanentzap et al. 2009; Jarnemo et al. 2014; Ramirez
etal. 2018). The root cause of the problem, however, is
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Fig. 4. An uprooted European beech seedling without (left) and with (right) consumption and spitting out of the roots (photo:

V. Skotak).
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not the conflict between vegetation and game but rather
the divergent interests of human management (Putman
etal. 2011). The issue of game-induced damage, which
encompasses the imbalanced management of the vari-
ous components of forest ecosystems and the associated
mismatch between forestry and hunting management,
has been a long-standing conservation concern (Cukor
etal. 2019b).

In preventing damage to forest stands by wildlife, var-
ious measures are taken, notably methods of individual
orgroup protection and the use of commercial repellents
(Maradaetal. 2019; Spakeetal. 2019). Inyoung stands,
effective individual protection tools fora selected number
of target trees include dressing the tree trunk with two
or three overhanging branches bent from the top to the
bottom (Novak et al. 2023). The branches offer a physi-
cal barrier, thereby reducing the access of the game to
the trunk (Mansson & Jarnemo 2013). In older stands,
bark scraping is recommended, where mechanical dis-
turbance of the bark of coniferous trees (especially for
Norway spruce) results in roughening or pitching the
tree trunks. Subsequently, the bark on the trunks devel-
ops a coarser texture with partial resin cover, rendering
them less attractive todeer (Ligot etal. 2023; Novaketal.
2023). Stand management, considering optimal utiliza-
tion of the forage potential of pioneer species can also
significantly reduce bark stripping damage on the stands
from the point of view of the high attractiveness of these
tree species (Pajtiketal. 2015; Kondpkaetal. 2022). Nev-
ertheless, these provisional measures do not address the
long-termissue of the continuous increase in population
density and the expansion of the distribution range of
wild ungulates (Valente et al. 2020; Carpio et al. 2021).
The observed changes in ungulate population dynamics
are the result of a complex interplay of factors, including
the influence of changing climatic conditions (Ruprecht
etal. 2020; Peléez et al. 2022).

Climate change in the context of forestry has been
addressed by numerous authors (e.g., Spittlehouse
& Stewart 2003; Boselaetal. 2014; Roshani etal. 2022),
where the main topic of study is forest adaptation to
global climate change (Brang etal. 2014; Keenan 2015).
A myriad of adaptation measures have been devised to
address this issue, which take into account the inherent
instability of climatic conditions and aim to enhance the
flexibility of forest management and reduce the potential
risks of damage or destruction of forest stands (European
Commission 2014). To maintain the highest possible
species diversity in the face of persistent climate change,
adaptation measures must be applied at both the tempo-
ral and spatial scales (Vacek etal. 2023). Inlight of these
challenges, it is imperative to implement both short-
term and long-term adaptation measures. The former
considers periodic increases in high temperatures and
alternating precipitation deficits, significantly impacting
forest ecosystems and their growth (Vacek et al. 2023).
Other short-term measures may also include using more
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resistant provenances of forest tree species and the appli-
cation of climate variables to forest growth models (Spit-
tlehouse & Stewart 2003). In addition, long-term meas-
ures should be discussed, with particular emphasison the
implementation of health selections and other tending
interventions. Itis also worth noting the use of seed areas
and gene bases for the transfer of suitable seeds between
otheracceptable sites. Additionally, itis necessary tocon-
sider modifying the regeneration period of stands and
most importantly, minimize damage to stands and the
spread of biotic agents, including game (Spittlehouse
& Stewart 2003). It is frequently observed that brows-
ing can result in the elimination of certain tree species
from their habitats, whether in part or totally (Moser etal.
2006). On some sites, the deer even make it impossible
to establish a new silvicultural generation in stands. Sig-
nificantly increased game densities intensify intraspecific
competition, which can force herbivores to browse on
woody plants, a behavior that they would not exhibit in
the absence of higher food competition (Findo & Petras
2011). For these reasons, mixed stands resistant to cli-
mate change are often severely damaged by browsing,
fraying, and the repeated rooting of seedlings. However,
the most detrimental impact of terminal shoot brows-
ing is its inhibition of terminal growth, overall height,
vigor, and the tree’s capacity to survive the following
years (Vacek etal. 2014).

The intensified pressure of the game on forest
regeneration has, for the time being, been negated by
the implementation of individual forest protection
measures, including the protection of artificial planta-
tions by wire fences. The construction of these fences is
currently financially supported by the state. However,
the measures generally do not protect natural regen-
eration, essential for growing diverse, climate-resilient
forest stands (Vacek et al. 2024). Numerous studies
have already shown significantly higher resilience and
stability of radial increment in tree species growing in
mixtures and coming from natural regeneration com-
pared to trees planted in monocultures through artificial
means (Pretzsch et al. 2020; Pardos et al. 2021; Vacek
et al. 2021a). In contrast, implementing fencing for
game protection can inadvertently elevate the pressure
exerted by game on surrounding-open-stands, which
may contain natural regeneration. This can result in
a further intensification of the negative effects of game
pressure. Paradoxically, this often results in the protec-
tion of artificial plantings whose resistance to climatic
extremes is significantly lower, while natural regen-
eration is left unprotected. It is evident that the opti-
mal approach to fostering the growth of a robust and
adaptable forest ecosystem is to align the objectives of
forest management with those of hunting. Rather than
investing significant resources in the construction of
fencing to safeguard less resilient, artificially planted for-
ests, it would be more prudent to pursue a more holistic
approach (Vacek et al. 2024).
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8. Conclusion

The damage caused by wildlife must be perceived as
a limiting factor for successful forest regeneration,
especially when converting spruce-dominated stands
into species-diverse, stable, and economically sustain-
able forests for the long term. However, for forest owners
in the Czech Republic, it is often impossible to ensure
diverse plantations, as their forests are excessively dam-
aged by game. Furthermore, the current framework of
the hunting management system does not allow owners
to effectively reduce game numbers on their properties to
atolerable level. However, the Hunting Act requires the
hunting ground user to draw up a hunting plan based on,
among other things, a comparison of control and com-
parison areas. Common practice has shown that owners
often do not submit analyses of data from control and
comparison plots to hunt users for this purpose. This is
because enforcement of the adjustment of game num-
bers is very problematic, even if excessive damage is suf-
ficiently documented. A penalty can only be imposed for
non-compliance with the hunting plan on game that is
standardized in the hunting area, and only if it is clearly
demonstrated that its numbers exceeded the standard-
ized numbers, which is challenging.

The results from the literature review highlight the
considerable extent of damage to coniferous forests by
cloven-hoofed game in the Czech Republic, and in other
countries in Central Europe. Inrecent years, this damage
has been a limiting factor for close-to-nature forest man-
agement methods due to the reduction of the resilience
of forest ecosystems and the threat to the sustainability
of both production and non-production forest functions.
Damage by terminal shoot browsing is a significant lim-
iting factor for the vertical growth of self-seeding and
promoting regeneration. Wild ungulates have proven
to reduce vertical development, resulting in juveniles
being maintained for decades in an unproductive state
and at a vulnerable height threatened by browsing. The
greatest browsing damage reportedly occurs in silver
fir and sycamore maple, although increasing the repre-
sentation of these species in forest ecosystems is highly
desirable under conditions of advancing climate change.
Bark stripping on coniferous trees and the subsequent
invasion of fungal pathogens through the wound reduces
both quality and quantity of production and causes sig-
nificant economic damage. The greatest economic losses
due to bark stripping were found in Norway spruce and
significantly less in Scots pine and silver fir. The dam-
age to forests, the cost of forest protection, and the loss
of production and quality are currently estimated to be
in the billions of Czech crowns annually. However, the
damage to the ecosystem caused by wildlife is a challenge
to quantify. In conclusion, it is crucial to highlight the
necessity for constructive communication, cooperation,
and harmonization among the interests of hunters, for-
esters, and farmers moving forward.
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5.3. Skody ohryzem a loupanim ve smrkovych porostech: Potvrzeni
posunu do mladsSich porostil

Cukor, J., Vacek, Z., Brabec, P., Veefa, S., Sev¢ik, R., Vacek, S., Brynychova, K., Skotak,
V., Havranek, F. (2024). Skody ohryzem a loupanim ve smrkovych porostech: Potvrzeni
posunu do mladsich porosti. Reports of Forestry Research/Zpravy lesnického vyzkumu,

69(4): 262-269.
Abstrakt

Skody zptisobené zvéii predstavuji zavazny ekologicky i hospodaisky problém, ktery
vyrazné ovliviiuje strukturu, obnovu a stabilitu lesnich ekosystémii v podminkach stfedni
Evropy. Opakované poskozeni ohryzem a loupanim v mladém véku vede k vyznamnému
sniZzeni mechanické stability porostii, zpomaleni riistu a zvySené nachylnosti k sekundarni
hnilobg, zejména rozvoji patogennich hub (pevnik krvavéjici, kofenovnik vrstevnaty).
Studie se zabyva v soucasnosti nariistajicim problémem poSkozeni mladych smrkovych
porosti (7-26 let) v Sudetské soustaveé. Predmétem jsou Skody ohryzem a loupanim
zpusobené zejména jeleni zvétri. Vyzkum probihal na 20 trvale vyzkumnych plochach ve
ctyfech lokalitach (Luzické a Krusné hory) v nadmoiské vySce 450-800 m. Zde byla

hodnocena mira Skod ohryzem a loupanim na 783 jedincich smrku ztepilého.

Z vysledku vyplyva, ze posSkozeni se vyrazné posouva do mladsich porostt. V jednotlivych
lokalitach bylo poskozeno 23,4-58,3 % stromu, pficemz pramérné poSkozeni po obvodu
kmene se pohybovalo v rozmezi 20,2-32,1 % a délka rany na kmeni dosahovala 38,5-77,0
cm. Primérnd vycetni tloustka nové poskozenych stroml se pohybovala jiz od 1,5 cm.
Poskozeni je nejcastéjsi u stromt s tloustkou 2—6 cm, zatimco stromy s tloustkou nad 9 cm
jsou jiz pro zveéf méné atraktivni. Vysledky ukazuji, Ze Skody ohryzem a loupanim jsou v

souc¢asnosti nejvétsi hrozbou pro stabilitu a produkci smrkovych porostii v CR.

Ochrana téchto porostil vyZaduje ucinny myslivecky management a regulaci pocetnosti
sparkaté zvéfe na ekologicky unosnou uroveil. Bez téchto opatfeni lze ocekdvat dalsi
zhorSovani zdravotniho stavu a snizeni ekonomické hodnoty mladych smrkovych porosti,

véetné zvySeného rizika Sifeni houbovych patogenti a sniZeni biodiverzity podrostu.

Kli¢ova slova: Myslivecké hospodateni, stabilita porostl, popula¢ni dynamika, jelen

evropsky
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ABSTRACT

The increase in wild ungulate population density harms the dynamics of forest ecosystems. Therefore, this study aimed to evaluate the initial
degree of damage, as a key factor in the secondary spread of fungal pathogens, and other parameters as a result of bark stripping caused by red
deer (Cervus elaphus L.). The research focused on young Norway spruce (Picea abies [L.] Karst.) stands (7-26 years) in a total of 20 permanent
research plots at four locations in the Klasterec nad Oh#{ and Rumburk Forest Service, each with an area of 100 m* (10 m x 10 m). From
the assessment of 783 spruce individuals, it follows that damage by bark stripping in particular stands amounted to 23.4-58.3%. Average
circumferential damage ranged between 20.2-32.1% with a trunk wound length of 38.5-77.0 cm. Overall, a significant (p < 0.05) difference
in dendrometric parameters (DBH and tree height) was found between undamaged “healthy” trees, and individuals with new and old damage
in terms of attractiveness to game. The average DBH of undamaged trees varies between 2.0 and 3.7 ¢m, which is the size that wildlife prefers
for initial damage. The lowest dimension of newly damaged trees starts from a DBH of 1.5 cm, and trees with a DBH > approx. 9 cm were no
longer searched for wildlife. Effective hunting management and regulation of the abundance of ungulates to ecologically acceptable levels are
the key to the protection of forest stands.

For more information see Summary at the end of the article.

Klicova slova: myslivecké hospodafeni; stabilita porosti; populaéni dynamika; jelen evropsky

Key words: hunting management; stand stability; population dynamics; red deer

l:lVQD Nirist pocetnosti vykazuji také introdukované druhy, mezi které Ize
na tizemi Ceské republiky (CR) fadit predeviim jelena siku (Cervus
nippon Temminck) & danka skvrnitého (Dama dama L.), piipadné
muflona (Ovis aries musimon Pallas), viz Masser et al. (2015), Bijr,
CsANYI (2022) & BraBEC et al. (2024). ZvySovani pocetnich stavii se
odrazi pfedeviim na tdajich o vy3i lovu téchto druht zvéfe, zatimco
séitané stavy maji spise stagnujici tendenci. Zejména z tohoto diivodu
je vyde lovu udavéna jako nejprikaznéjsi udaj myslivecké evidence
(KaHLERT et al. 2015). Zminény popula¢ni narist je zplisoben fadou

V poslednich desetiletich dochdzi v Evropé k postupnému nérdstu
pocetnosti volné zjicich kopytniki, a to nejenom na tizemi Ceské
republiky (viz: https://www.uhul.cz/mapy-a-data/myslivecka-evi-
dence-za-cr/), ale i v daldich stitech, véetné zdpadni &isti Evropy
(VALENTE et al. 2020; CarpIO et al. 2021). Vyrazny narist populace
byl zaznamendn nikoliv pouze u pivodnich druhi kopytniki, jako
je prase divoké (Sus scrofa L.) & jelen evropsky (Cervus elaphus L.).

m ZLV, 69, 2024 (4): 262-269 https://doi.org/10.59269/7LV/2024/4/743
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faktorti. V prvni fadé je nutné zdhraznit specifickou stfedoevropskou
loveckou filozofii. Relevantni jsou déle zmény krajiny poskytujici
dostatek energeticky bohaté potravy v prabéhu znatné ¢isti roku.
Zaroven nelze opomenout absenci velkych Selem ¢&i probihajici kli-
matickou zménu vyznaéujici se mirnymi zimami bez dlouhotrvajici
snéhové pokryvky (BRABEC et al. 2024).

Naruastajici pocetnost volné Zijicich kopytniki je velmi tzce spjata
s negativnimi dopady na lesni porosty (VACEK 2017; PETERSSON et al.
2019; Carrro et al. 2021) a zemédélské plodiny (MaraDA et al. 2019,
2023; VALENTE et al. 2020). V disledku rostouciho vlivu jelenovitych
tak dochézi ke snizovani druhové bohatosti lesnich ekosystémi, a to
zejména eliminaci malo zastoupenych a pro zvéf atraktivnich lesnich
dfevin (THULIN et al. 2015; BALTZINGER et al. 2016; FATTEBERT et al.
2017). Piedev$im intenzivni okus umélé a prirozené obnovy lesa, keft
a bylin zdsadné méni strukturu a sloZeni vegetace a zpomaluje rust
a vyvoj lesnich porostd (GERHARDT et al. 2013; VAcek et al. 2014,
2015).

Z pohledu stability lesnich porosti jsou viak mnohem problemati¢-
téjii skody ohryzem a loupanim, které v nasich podminkach pusobi
pfedevéim jelen evropsky a jelen sika, piipadné muflon (NAGAIKE
2020; Vacex et al. 2020; Cukor et al. 2022; Bragec et al. 2024). Sni-
#eni mechanické stability poskozenych porosti se nejvice projevuje
na smrku ztepilém (Picea abies [L.] Karst.) v souvislosti se sekundar-
nim $ifenim houbovych patogent (Cukor et al. 2019a, 2019b; VACEK
et al. 2020). Daldi dasledky poskozeni zahrnuji sniZeni radidlntho
piiriistu loupanych ¢i ohryzanych stromi a vyssi citlivost poskoze-
nych jedinch na klimatické extrémy, zejména béhem opakujicich se
suchych period a vysokych teplot, které jsou stile castéjsi v dusledku
probihajici klimatické zmeény. Smrk ztepily je pak jako jeden z nejcitli-
véjsich druhi vidi témto sekunddrnim projeviim poskozeni obzvlasté
ndchylny (VospERNIK 2006; VACEK et al. 2023),

Kromé snizovani odolnosti stromil viiéi biotickym a abiotickym fak-
toram zpasobuji $kody zvéfi také znaéné ekonomické ztraty (Cukor
etal. 2019a; CANDAELE et al. 2021). Napiiklad v jizni Belgii jsou $kody
ohryzem a loupanim odhadoviny na pfiblizné 53 EUR.ha.rok!, pfi-
temi dochdzi ke snikeni celkové produkce dfevni hmoty az o 19 %
(Lior et al. 2023). V Ceské republice vykazovaly v Kruénych horich
smrky silné poskozené ohryzem a loupanim jelenem evropskym do-
konce o 50 % nizsi objem kmene, pfi¢em# na Plzensku u kod zpu-
sobenych jelenem sikou byla ztrata na produkci celkem 71 % pfi
porovnani se zdravymi porosty (VAcek et al. 2020). Pogkozeni je
zde spojeno se zna¢nymi ekonomickymi ztratami. Loupani a ohryz
jsou v pripadé poskozeni smrku ztepilého zpravidla spojeny s nasled-
nou hnilobou, zejména s rozvojem pevniku krvavéjiciho (Stereum
sanguinolentum [Alb, & Schwein.]) a kofenovniku vrstevnatého (Hete-
robasidion annosum [Fr. Bref.]), ¢imZ je poskozena nejcennéj$i bazdlni
&st kmene (CERMAK et al. 2004a; CUKOR et al, 2019a; VACEK et al.
2020). Dle CERMAKA et al. (2004a) je nevyssi finanéni ztrita zplsobe-
nd znehodnocenim dfeva ohryzem a loupdnim a ndslednou hnilobou
v 5. vékové tiidé ve vysi cca 2560 EUR.ha'.

Sekundarni nasledky loupani a ohryzu jsou tzce spjaty s dobou, kdy
byly porosty poprvé poskozeny. Tento vyzkum se proto zaméfuje na
hodnoceni miry poskozeni mladych smrkovych porosti v dasledku
loupani a ohryzu ve ¢tyfech zajmovych lokalitach v Krudnych a Lu-
zickych horach. Hlavnim cilem je vyhodnotit rozsah poskozeni a dalsi
kli¢ové parametry s ohledem na ristovou fazi téchto smrkovych po-
rosti.

https://doi.org/10.59269/21V/2024/4/743

MATERIAL A METODIKA

Zajmové uzemi

Poskozeni mladych nesmiSenych smrkovych porostii (7-26 let) bylo
hodnoceno ve dvou samostatnych lokalitaich v Sudetské soustavé
(vzdy ve dvou navazujicich honitbach). Prvni, $irsi hodnocena oblast
se nachédzela v Lugickych horich, konkrétné v okoli Ceské Kameni-
ce (5 ploch; 50.8341625 N, 14.3844367 E) a obce Chiibskd (5 ploch;
50.8274403 N, 14.5039131 E). Hodnocené porosty organizacné spa-
daji pod LS Rumburk (LCR, s. p.). Nadmoiské vyika zkoumanych po-
rostl se pohybovala v rozmezi 450-600 m n. m. Primérnd rocni tep-
lota je zde 8,1 "C a roéni uhrn srazek dosahuje 770 mm (2000-2023).
Druhad studovana oblast se nachdzela v Krusnych hordch pod spriavou
LS Kldsterec nad Ohii (LCR, s. p.). Konkrétné se vyzkumné plochy
nachdzely v okoli obce Kalek v nadmotské vyice 750-800 m n. m.
(5 ploch; 50.5841400 N, 13.3640814 E) a ddle v okoli Vejprt (5 ploch;
50.4538197 N, 13.0382681 E), kde byly trvalé vyzkumné plochy umis-
tény az do nadmoiské vysky pfiblizné 850 m. Primérnd rocni teplota
se zde pohybuje okolo 6,6 'C, rocni tthrn srdzek je v priméru 760 mm
(2000-2023).

V oblastech LS Rumburk i LS Kldsterec nad Ohii se z druhi sparkaté
zvéte vyskytuje pfedevsim jelen evropsky, srnec obeeny (Capreolus ca-
preolus L.) a prase divoké. Dalif druhy jelenovitych jsou zde spise vy-
jime¢né, muflon se zde nevyskytuje. Z hlediska stanovistnich poméra
prevladal na viech lokalitich pidni typ kambizem. Z typologického
hlediska se jednd o soubor lesnich typa 5K - kyseld jedlovd buéina
(Abieto-Fagetum acidophilum), 55 - svéii jedlova bucina (Abieto-
Fagetum oligo-mesotrophicum), 6K - kyseld smrkova buéina (Piceeto-
-Fagetum acidophilum) a 68 — svézi smrkova budina (Piceeto-Fagetum
oligo-mesotrophicum; VIEWEGH et al. 2003). Zkoumané porosty byly
jednak zalozeny vysadbou, jednak pochdzeji z pfirozené obnovy.

Sbér dat

Ovéfeni miry loupédni a ohryzu bylo realizovino celkem na 20 trvalych
vyzkumnych plochach o vymeéfe 10 m x 10 m (100 m?) v obdobi sr-
pen az zafi 2023, Vytycené plochy jsou stabilizovany z divodu dalsich
méfeni v nisledujicich letech. Mezi zjistované charakteristiky patiil
obvod kmene v prsni vysce (pfepoéteno na vycetni tloudtku), ktery
byl méfen obvodovym pismem s pfesnosti na 1 mm u vech jedinca
o vysce nad 1,3 m. Vysky jednotlivych stromt byly méfeny desetime-
trovou vyskomérnou lati (Hagldf, Sweden) s pfesnosti na 1 cm. Skody
plsobené zvéfi (ohryz a loupani) byly hodnoceny metodikou (UHUL
2007; CERNY et al. 2009), kterd je pouivina Ustavem pro vyzkum
lesnich ekosystémi, s. r. 0. (IFER) se zohlednénim mistnich podmi-
nek. Loupdni a ohryz zpiisobeny zvéfi byl méfen obvodovym pis-
mem v nej$irsim misté piisobené rany s presnosti na 1 mm. V pfipadé
vice takto zpisobenych ran (umisténych nad sebou) byl zaznamenan
soucet v nejdirdich mistech poskozeni. Ddle byla méfena délka posko-
zeni, umisténi rany na kmeni od zemé a dile bylo rozliSovino, zda se
jednd o nové (do 12 mésica) ¢i staré poskozeni (obr. 1). Hodnoceni
poskozeni probéhlo v mésici srpnu 2023. S ohledem na zaznamena-
vani stardiho poskozeni nebyl rozlisen ohryz vici loupdni z divodu
Castecného zaceleni starsich ran.

Analyza dat

Ziékladni parametry poskozeni ohryzem a loupdnim byly v mladych
smrkovych porostech hodnoceny vidy sumdrné pro kazdou zdjmo-
vou lokalitu, tedy pro cluster 5 trvalych vyzkumnych ploch. Variabilita
dat byla znézornéna smérodatnou odchylkou (SD). Statistické analyzy
dendrometrickych parametra (vycetni tloustka a vyska) byly mezi jed-
notlivymi variantami poskozeni (zdravé stromy, nové poskozeni, sta-
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ré poskozeni) zpracovany v softwaru Statistica 13 (StatSoft, USA) na
hladiné vyznamnosti 95 %. Data byla nejprve testovana Shapiro-Wilk
testem normality a poté Bartlett rozptylovym testem. Pfi spInéni obou
pozadavki byly rozdily mezi zkoumanymi parametry testovany jed-
nocestnou analyzou rozptylu (ANOVA) a nasledné Tukeyho HSD
testem. Pokud nebyla splnéna normalita a rozptyl, byly zkoumané
charakteristiky testovany neparametrickym Kruskal-Wallis testem.
Vicendsobna srovnéni po Kruskal-Wallis testu byla provedena pomoci
metody, kterou popsali SIEGEL, CASTELLAN Jr. (1988). Tloustkové his-
togramy byly vytvofeny v programu Excel (Microsoft).

VYSLEDKY

V piipadé Ceské Kamenice (LS Rumburk) bylo zjisténo poskozeni
u 69 z celkem 206 hodnocenych jedinci stromového patra smrku
ztepilého (33,5 %). Z hlediska vycetnich tlousték byl zjistén signi-
fikantni (p < 0,05) rozdil mezi zdravymi stromy a jedinci s novym
i starym poskozenim (tab. 1). Staré poskozeni se vyskytovalo u jedin-
cli s primérnou vycetni tloustkou 4,6 cm (+ 1,4 SD), zatimco nové

poskozeni bylo dokumentovano na jedincich jiz o tloustce 4,0 cm
cti ¢inila pouze 2,0 cm + 0,8 SD, tzn. tyto stromy dosahovaly v této
dobé dimenzi, které jsou jiz z pohledu vzniku $kod loupanim a ohry-
zem pro jelena evropského atraktivni. U primérnych vysek nebyl zjis-
tén signifikantni (p > 0,05) rozdil mezi novymi (3,7 m) a delsi dobu
poskozenymi stromy (4,0 m) oproti stromiim neposkozenym (2,5 m).
Obvodové poskozeni smrki se pohybovalo v rozmezi 26,2-32,1 %
s primérnou délkou poskozeni 52,6-56,3 cm.

Obdobné vysledky byly zjistény v sousedni lokalité Chiibska. Zde bylo
poskozeno 36 jedincti smrku ztepilého z celkového poctu 150 stro-
mu (23,4 %), coz je ze vSech lokalit nejméné. Signifikantné nejnizsi
(p < 0,05) pramérna vycetni tloustka (3,7 cm + 1,5 SD) byla zjisténa
u neposkozenych stromii. Nové poskozeni se vyskytovalo na stromech
s vycetni tloustkou 5,4 cm + 0,9 SD, naopak staré poskozeni bylo za-
znamendno na jedincich s primérnou vycetni tloustkou 6,1 cm *
1,2 SD. Pramérna vyska zdravych stromi (3,5 m) byla signifikantné
(p < 0,05) nizsi o 1,1 m ve srovnini s jedinci se starym poskozenim,
resp. 0 0,9 m oproti nové poskozenym stromim. Obvodové poskoze-

a nové vzniklé poskozeni stromu loupanim (vpravo); (foto: Jan Cukor)

Fig. 1.

Older damage to a young Norway spruce individual (left), which, in the case of a larger extent, can cause the death of the terminal part of the
trunk and newly damaged tree individual caused by bark stripping (right) - (photo: Jan Cukor)
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ni stromil smrku se pohybovalo v obdobném rozmezi 27,3-31,4 %,
pficem# pramérnd délka poskozeni byla nizi oproti lokalité Ceska
Kamenice (32,2-41,0 cm).

Poikozeni bylo déle zjistovano v Sirdi lokalité Krusnych hor, konkrétné
na LS Klasterec nad Ohfi. Zde se jednalo v porovnani s LS Rumburk
o porosty s mirné vétiimi hodnotami vyetnich tlousték (tab. 1). V pi-
padé prvni lokality Kalek byla pramérna vycetni tloustka Cerstvé po-
skozenych jedincd 5,7 cm + 1,7 SD. Starsi poskozeni bylo zjisténo na
stromech s vycetni tloustkou 6,7 cm * 2,2 SD. Opét signifikantné nej-
niz8i primérnd vycetni tloustka byla zjisténa u neposkozenych jedinci
52,9 cm + 1,5 SD. Na vyzkumnych plochich bylo celkem poskozeno
119 strom z jejich celkového poctu 228, coz ukazuje na miru posko-
zeni 52,2 %. Na této lokalité bylo ze viech sledovanych honiteb zjisté-
no nejvyssi obvodové poskozeni u nového ohryzu a loupéani (45,1 %)
a také nejvyse poloZzené nasazeni poskozeni na kmeni od zemé
(108,2 cm). Délka poskozeni se pohybovala v rozmezi 44,0-56,3 cm.

V piipadé lokality Vejprty byla zaznamenina nejvy$§i mira poskozeni
(58,3 %). Poskozeno zde bylo 116 stromit z celkového poétu 199 jedin-
cti. Na druhou stranu zde byl zjistén nejmensi rozsah obvodového po-
(74,0-90,0 cm). Nové poskozeni bylo zjisténo u stromi s pramérnou
vycetni tloudtkou 5,5 cm + 0,8 SD a staré poskozeni se vyskytovalo na
jedincich s tloustkou 5,7 cm £ 1,4 SD. Mezi starym a novym poskoze-
nim tedy nebyly zjidtény signifikantni rozdily (p > 0,05). Zdravé stro-
my mély na této lokalité primérnou vyéetni tloustku 3,5 cm + 1,0 SD.

Z obr. 2 pak vyplyva, Ze jedinci smrku ztepilého na lokalité Ceska Ka-
menice byli nové a béiné poskozovany jiz v tloustkové tfidé 1-2 cm,

Tab. 1.

pfidemi nejnizéi poikozeny jedinec dosahoval vysky pouze 1,7 m
avydetni thoustky 1,5 cm. Nejvy3si cetnost nového poskozeni zde byla
Zjidténa ve tieti tloustkové tfidé 2-3 cm. Na ostatnich lokalitich bylo
nové poskozeni chryzem a loupdnim zaznamendno od 2, resp. 3 cm
ve vycetni tloustce, V lokalité Chfibskd a Vejprty byly nejcastéji nové
poikozovany tloustkové tiidy 5-6 cm a na lokalité Kalek tfidy 4-5 cm.
S narastajici tloustkou se pravdépodobnost vyskytu poskozeni vyraz-
né zvyduje, piicemz v tloudtkovych tfidich nad 7 cm se v praméru
napfi¢ sledovanymi plochami nachazelo pouze 22,5 % neposkozenych
jedinct smrku.

DISKUSE

Smrk ztepily, nejvjznamnéj§i hospodifska dfevina v CR, je obecné po-
vazovin za dfevinu velmi nichylnou k poskozeni ohryzem a loupanim
(GiLL 1992; VERHEYDEN et al. 2006; Krisans et al. 2020). Dosavadni
vyzkumy popisuji relativné iroké vékové rozpéti, kdy jsou smrkové
porosty na tento typ poskozeni velmi citlivé. Vyskyt poskozeni zdvi-
si na mnoha faktorech, véetné popula¢ni hustoty jelena evropského
a daldich druhii sparkaté zvéfe, které tuto formu poskozeni zpiisobuji.
Dulezitou roli viak hraje také druhové a vékové slozenf lesnich poros-
ti1, charakteristiky okolni krajiny ¢i péstebni management (KonopPka
et al. 2022; BraBEc et al. 2024). Obecné uvadéné rozpéti véku posko-
zovanych stromi se pohybuje v rozmezi od 10 do 45 let. Klicovym
faktorem je viak vyéetni tloustka kmene, kterd ovliviiuje preferenci
zvete, Historické studie naznacuji, ze v mladsich porostech byvaji pre-
ferovany stromy s vétsi vycetni tloustkou. Jak porost stirne a vycetni
tloustka naristd, dochizi postupné k poskozovini stromd s niZii vy-

Charakteristiky poskozeni smrku ztepilého na 20 trvalych vyzkumnych plochich v roce 2023 v Luzickych horach a Krusnych horach; statistické

rozdily jsou zndzornény rozdilnymi pismeny a, b

Characteristics of damage to Norway spruce in 20 permanent research plots in 2023 in the Luzické hory Mts. and Krusné hory Mts.; different

letters a, b indicate significant differences

Chorskeeristal Y551 viskatteignt TECE CTCL Damage neignt  Damage angih
(mm) (%) (cm) (cm)
Ceska Kamenice v LuZickych horach

Zdravé' 20,318,0° 249,31+99,6° i m i

Staré poskoz.2  46,1+14,4° 402 4£121,2 26,2+13,7 99,1242 56,3+34,5

Nové poskoz.®  40,8+12,6™ 373,6£105,4° 32,171 86,3+20,9 52,6+21,3

Chfibska v LuZickych horach

Zdrave' 37.2+154° 347,2+142 47 i i I

Staré pos§koz.?  61,1£11,8" 456,5487,1° 27,3+10,7 97,0+27,5 41,0£22,6

Nové poskoz.? 53,7£9,0* 438,7£83,6° 31,4£8,3 101,3£13,3 32,2123,7
Kalek v Krusnych horach

Zdravé’ 28,7+15,0° 312,5+155,5* it m i

Staré poskoz.?  67,3+22,2° 525,1£195,8" 21,0+£20,6 100,3+£27,8 56,3+34,3

Nové poskoz.? 57,0417 4% 457,04152,7% 45,148,9 108,2423.9 44,0430,2
Vejprty v Krudnych horach

Zdrave' 35,2£9,6° 290,7+98,2¢ " n i

Staré poskoz.?2  57,0+14,4° 411,5£130,4° 20,2+8,1 74,0£32,0 38,5+25,4

Nové poskoz.? 54,7+7,8 381,0+76,0° 24,0+3,5 90,0+15,8 77,0+18,2

Captions: 'Healthy, *Old damage, "New damage

https://doi.org/10.59269/21V/2024/4/743
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¢etni tloustkou (GiLL 1992). Tento trend byl potvrzen i v nami studo-
vanych lokalitich LS Rumburk a LS Kldsterec nad Oh#i, kde pramérna
vycetni tloudtka poskozenych stroma ¢inila cca 5 cm, zatimeo u nepo-
gkozenych jedinch se pohybovala mezi 2-3 ¢, coZ naznacuje, Ze tyto
stromy mohou byt poskozeny pozdéji.

Z analyzy vysledki vyplynulo, ze poskozeni ohryzem a loupanim se
na 20 trvalych vyzkumnych plochach posouvd do mladsich porosta
s pramérnym vékem kolem deseti let, coZ odpovidd spodni hranici
vnimavosti poresti vii¢i negativnimu pasobenti jelenovitych z hledis-
ka rizika vzniku tohoto poskozeni (GirL 1992; Cukor et al. 2019a).
Na lokalité Ceska Kamenice byli nové poskozovéni jedinci jiz s vyéetn{
tloudtkou od 1,5 cm a vyskou 1,7 m. Nejéetnéjsi vyskyt nového posko-
zeni se pak nachdzel v tloustkovych tiidich od 2 do 6 e¢m, pficemz po-
tkozovani ohryzem a loupanim ustivalo s vyéetni tloustkou nad 9 cm.
Tento fakt hraje stéZejni roli z hlediska ochrany lesa, pripadného od-
plocovani porostt a pohledu na jejich zajisténost, Praimérné obvodové
poskozeni se na zkoumanych lokalitich pohybovalo v rozmezi 20,2-
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Obr. 2.

32,1 % s délkou rany na kmeni 38,5-77,0 cm. Obdobné vysledky uda-
va diive publikovany vyzkum z oblasti Krusnych hor a Plzenska, kde
se obvodové poskozeni pohybovalo u starfich porosti (cca 42-49 let)
v rozmezi 27,8-32,0 % s délkou poskozeni 39,0-73,7 cm (VACEK et
al. 2020). Proto se po odstranéni oplocenti jevi z péstebniho hlediska
jako bezpodmine¢né nutnd individudlni ochrana kostry smrkovych
porosti,

Sekundarnim rizikem je kolonizace takto poskozenych stromi hou-
bovymi patogeny, které mohou napadnout dfevni hmotu a zpisobit
deformace kmenti (CERMAK et al. 2004b; CERMAK, STREJCEK 2007).
Napfiklad pevnik krvavéjici ¢asto kolonizuje kmeny jiz v prvnim roce
po odstranéni kiry, pficemz pro vstup patogent postaci poskozeni
o velikosti 50 cm?® (VASILIAUSKAS, STENLID 1998; LyGis et al. 2004).
Potkozeni mladsich stromu tedy zvysuje riziko vzniku hniloby, cof je
alarmujici vzhledem k dal$imu vyvoji téchto porostii. Rozmezi teplot
idedlnich pro infekci houbovymi patogeny (-8,3 az 5,0 °C) odpovida
primérné teploté v CR v mimaovegetaénim obdabi, ktera ¢ini 1,7 °C
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Tlouétkové rozdéleni smrku ztepilého na jednotlivych lokalitich diferencované dle poskozeni zvéfi (stromy zdravé, stromy s novym poikoze-

nim, stromy se starym poskozenim)
Fig. 2.

Diameter distribution of Norway spruce at particular locations differentiated according to game damage (healthy trees, newly damaged and old

damaged)
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(CHMI 2024). Z tohoto divodu je problematicky predeviim vznik
zimniho ohryzu kiry. Ndsledkem opakovaného poskozeni v mladém
véku porostii miize kmenova hniloba v poikozenych jedincich pro-
rustat az do vysky 6 metrti jiz ve véku cca 40 let (Cukor et al. 2019a;
VACEK et al. 2020).

Poskozeni mladych smrkovych porosti tak predstavuje zavainy pro-
blém v podminkdch sledovanych lokalit, pficemi poskozeni ohry-
zem a loupdnim zde dosahovalo 23,4-58,3 %. V priméru o 10,3 %
byly zjistény nesignifikantné (p > 0,05) vy$si $kody u porosti zaloZe-
nych uméle (46,0 %) oproti porostiim vzniklych z pfirozené obnovy
(35,8 %). Vyraznéjsi rozdily mezi mirou poskozeni viak hrala hustota
porostu a myslivecky management v zajmové lokalité, S ohledem na
stafi porosti, ve kterych bylo terénni Setfeni realizovino je viak zfej-
mé, ze k poskozeni bude dochézet i v daldich letech. Naptiklad na
LS Stiibro desahovalo poskozeni star§ich smrkovych porosti jelenem
sikou dokonce 92,7 % v ristové fazi ty¢ovin az slabych kmenovin —
tedy porostii ve stifi 40-45 let (Cukor et al. 2019a). MoZnou ochranu
stromi lze zajistit mechanicky, chemicky nebo dal$imi biologickymi
metodami (MaARrRAaDA et al. 2019; CanDAELE et al. 2021; Ligor et al.
2023). Jednim z moznych a v minulosti pouZivanych opatfeni je ci-
lené zrafiovani kmene. Tento typ ochrany strom je zaloZen na me-
chanicko-biologickém principu, pfi kterém dochazi k mechanickému
naruseni kiry jehli¢natych stromd, co? vede ke zdrsnéni a soucasné
k zasmoleni takto osetfenych kmend. Diky tomu se na kmeni postup-
né vytvoii hrubsi borka, ktera snizuje jeho dalsi atraktivitu pro zver
(BRABEC et al. 2024). Z managementovych metod ochrany je moZné
vyuzit vysadbu ¢ podporu pfimiSenych pionyrskych dfevin jako je
jetab ptaci (Sorbus aucuparia L.) a vrba jiva (Salix caprea L.), které
mohou vytvifet dalezité potravni zdroje pro velké bylozravce, redu-
kovat $kody na cilovych dievinach a podporovat biodiverzitu lesnich
ekosystémi (Konopka et al. 2023). Nicméné nejvyznamnéj$i ochra-
nou lesnich porosti zastava ucinny myslivecky management a regu-
lace pocetnosti sparkaté zvéfe na ekologicky unosnou troven (VACEK
2017; KONOPKA et al. 2024).

ZAVER

Vyzkum zaméfeny na poskozeni mladych porosti smrku ztepilého
ohryzem a loupanim odhalil vyraznou miru poskozeni, kterd v lo-
kalité LS Klasterec nad Ohfi pfesahovala 50 %. Tento vysoky stupen
poskozeni je obzvladt znepokejivy vzhledem k nizkému primérné-
mu véku hodnocenych porosti. V takto raném stadiu vivoje stroma
predstavuje rozsahlé poskozeni zna¢né riziko pro dlouhodobé zdravi
porosti, jeliko zvy$uje pravdépodobnost brzkého Sifeni kmenovych
hnilob a negativné ovliviiuje mechanickou stabilitu porostu z hlediska
piisobeni daliich abiotickych i biotickych &initelil. Sifeni houbovych
patogent miize postupné vést ke znehodnoceni dfevni hmoty a ke sni-
zeni radidlniho pfirstu postizenych jedinci, coZ vyznamné ovlivni
jejich produkéni potencidl, véetné sekvestrace uhliku v kontextu kli-
matické zmény, aviak samozfejmé i ekonomickou hodnotu, kterd je
dulezitd pro trvale udritelné hospodafeni. Kromé pfimého poskozeni
stromi ohryzem a loupdnim se ukazalo, Ze se vycetni tloustka dosud
neposkozenych stromi pohybuje mezi 2 az 3 cm. Tento rozsah jele-
ni zvéf preferuje pii inicidlnim potkozoviani. Pro sniZeni a omezeni
vzniku $kod je vedle moznych lesnickych opatieni klicovd zejména re-
dukce populaéni hustoty jelena evropského, coi zajisti dlouhodobou
stabilitu a obnovu porostii smrku ztepilého,

Podékovini:

Piispévek venikl v rdmci projektu ,,Stanoveni vlivu zvéfe a miry po-
tkozeni na lesni porosty na zikladé ristovych analyz hlavnich hospo-
daiskych dievin® (¢. projektu 123), podpofeného Grantovou sluzbou
stitniho podniku Lesy Ceské republiky.
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SKODY OHRYZEM A LOUPANIM VE SMRKOVYCH POROSTECH: POTVRZENI POSUNU DO MLADSICH POROSTU

BARK STRIPPING DAMAGE IN NORWAY SPRUCE STANDS:
CONFIRMATION OF SHIFT TO YOUNGER STANDS

SUMMARY

In recent decades, a steep increase in the population of wild ungulates has been documented in Europe. This trend has been observed not only
in the Czech Republic but also in other European countries, including Western. This increase encompasses native species like wild boar (Sus
scrofa L.) and red deer (Cervus elaphus L.), as well as non-native species such as sika deer (Cervus nippon Temminck) and fallow deer (Dama
dama L.). Elevated hunting bag data, often considered as the most reliable records from hunting statistics suggests that these populations
increase is led by numerous factors. Most important are landscape changes providing abundant, energy-rich food sources, the absence of large
predators, Central European hunting philosophies, and mild winters due to ongoing climate change. However, this population growth has led
to substantial negative impacts on forest stands. Here, ungulates are significantly reducing forest biodiversity by targeting less common, more
attractive tree species. Damage from intense browsing pressure slows down forest regeneration. Moreover, bark stripping severely affects forest
mechanical stability, particularly in Norway spruce (Picea abies [L.] Karst.), which becomes vulnerable to fungal pathogens and adverse climatic
stressors. Consequently, the damage results in both ecological and significant economic losses.

Therefore, this study investigates the effect of red deer bark-stripping on pure young Norway spruce stands, specifically focusing on the initial
degree of damage in facilitating fungal pathogen spread and affecting forest stability. Other measured characteristics included circumferential
damage, length of damage or height location of damage within the vertical trunk profile. The research, conducted across four locations within
the Klasterec nad Ohii and Rumburk Forest Services, assessed damage in 20 permanent plots of 10 m x 10 m within 7-26-year-old stands.
The altitude of the areas of interest varies between 450-850 m a. s. 1. From the typology perspective, these habitats are the Acidic category and
Nutrient-medium category.

Out of 783 evaluated Norway spruce trees, bark-stripping damage varied from 23.4% to 58.3% across the plots. The circumferential damage
on the trunk caused by the game was in the range of 20.2% and 32.1% (Tab. 1). The trunk wound lengths of affected spruce trees reached
38.5-77.0 cm, and the height of the centre of the wound from the ground was in the range between 74.0 and 108.2 cm.

Significant differences (p < 0.05) were identified in dendrometric parameters, such as diameter at breast height (DBH) and tree height, among
trees categorized as undamaged “healthy” trees, newly damaged, and previously damaged trees (Fig. 1). Notably, wildlife was observed to target
trees within a specific DBH range for bark-stripping, with damage starting on trees with a DBH from 1,5 cm and ceasing on trees with a DBH
above approximately 9 cm (Fig. 2). The average DBH of undamaged spruce trees varies between 2.0 and 3.7 cm, which is the size that wildlife
prefers for initial damage (Tab. 1).

The study reinforces the importance of regulated hunting and population management of wild ungulates to minimize the ecological and
economic impacts on forest ecosystems. Bark stripping not only reduces timber production but also compromises forest resilience, particularly
under climate change pressures. These results underline the urgent need for effective management strategies to protect the Norway spruce stands
critical to regional forestry.
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5.4. Potencial smiSenych lest Picea abies (L.) Karst. a Pinus sylvestris L.
v nizinnych oblastech stiednich Cech

Brabec, P., Brichta, J., Vacek, Z., Vacek, S., Siminek, V., Hajek, V. (2023). Potential of mixed
Picea abies (L.) Karst. and Pinus sylvestris L. forests in lowland areas of Central Bohemia.

Journal of Forest Science, 69(11): 470—484.
Abstrakt

Tato studie hodnoti produkéni potencial, strukturu, diverzitu a ristové reakce na klimatické
faktory u smiSenych porostii smrku ztepilého (Picea abies) a borovice lesni (Pinus sylvestris)
v nizinnych oblastech stfednich Cech (nadmotska vyska 430480 m). Vyzkum byl proveden
na péti trvalych vyzkumnych plochéch s riznym podilem obou zminénych dievin. Jednalo se o
porosty monokulturni ¢i v poméru 25:75, 50:50, 75:25, zde byly odebrany dendrochronologickeé
vzorky a také zde byly zjiStény prostorové analyzy struktury porosti. Cilem bylo urcit vliv
druhového smiSeni na stabilitu, produkci a adaptabilitu lesnich ekosystémii v kontextu

klimatické zmény.

SmiSené porosty vykazaly o 29,8 % vyssi produkci, a to aZ 479 m?*/ha oproti monokulturam.
Priimérny rocni ptirtst €inil 3,35-5,04 m3/ha/ rok, pii¢emz nejvyssi hodnoty byly zaznamenany
u varianty s 75 % podilem borovice. Smési dosdhly vyrazné vyssi vertikélni 1 horizontalni
diferenciaci (komplexni ukazatel prostni diverzity = 4,66-5,96) oproti monotonnim
monokulturdm (B = 2,57-3,33). Nahodné rozmisténi stromt a stfedni mira diferenciace vysek

a primért kmenti podpofily heterogenitu prostredi.

Smrk vykazal vyssi radialni ptirtst (3,34 mm/rok) nez borovice (2,06 mm/rok), ale s vétsi
variabilitou. Teploty v ¢ervenci aktualniho roku mély zdsadni vliv na rlst obou druht, zatimco
srazky byly méné vyznamné. U borovice byl zaznamendn negativni rok 1976 spojeny s
extrémnim suchem, zatimco u smrku nebyl zaznamenén. Prodlouzeni vegetacni sezony a vyssi
teploty v obdobi 19622021 vedly k posileni vazby mezi riistem a letnimi teplotami. Oba druhy
vykazovaly vysokou autokorelaci riistu (ar = 0,63-0,69), coZ signalizuje setrvacnost reakce na

stresové faktory.

SmiSené porosty smrku a borovice predstavuji perspektivni model lesniho hospodateni v
nizinnych oblastech, kombinujici vys§i produkéni potencial, odolnost vici klimatickym
extrémim a zvySenou biodiverzitu. Klicovym pfedpokladem je volba vhodného poméru dievin
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a prostorového usporadani. Studie doporucuje preferovat smési s 50-75 % podilem borovice,
které vykazuji optimalni pomér mezi stabilitou a produkci. Dale je doporuceno preferovat
aplikaci ptirod¢ blizkych zptisobl hospodaieni a taktéz podporovat tvorbu druhové, vertikalné

a veékove strukturovanych porosta.

Kli¢ova slova: Klimaticka zména, dendrochronologie, smrk ztepily, produkce, borovice lesni
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Abstract: Mixed forests play a key role in terms of stability, production potential, and adaptation to climate change.
In addition, the studied Norway spruce [Picea abies (L.) Karst.] and Scots pine (Pinus sylvestris L.) belong to the most
economically important tree species in Europe. The objectives were to determine the effect of the species composition
of these two tree genera on the production, structure, diversity, and growth of mixed stands at lower elevations in the
Czech Republic. Based on dendroecological samples, research was also carried out on the influence of climatic factors
and climate change on the radial growth of these trees of interest. Mixed forests showed higher timber production
by 29.8% compared to spruce and pine monocultures. The production of mature stands ranged from 328 to 479 m*ha'.
Spruce achieved higher radial growth, but its growth variability was higher than that of pine. Compared to precipitation,
temperatures had a greater influence on the radial growth of both tree species, especially in the growing season. In terms
of diversity, mixed stands achieved significantly higher structural differentiation and overall diversity compared to mon-
ospecific variants. Mixed stands can achieve higher production potential, diversity, and especially resistance to climatic
extremes in the lowland regions of the Czech Republic. The differences between mixed stands and monocultures, i.e. the
effect of tree species mixing, depend on the appropriate proportions of tree species and their spatial pattern.

Keywords: climate change; dendrochronology; Norway spruce; productivity; Scots pine

Norway spruce [Picea abies (L.) Karst.] and Scots
pine (Pinus sylvestris L.) are the most economically
important tree speciesin Europe (Eckenwalder 2009;
Krakau et al. 2013; O'Reilly-Wapstra et al. 2014; Se-
vik, Topacoglu 2015; Caudullo et al. 2016; Brichta
et al. 2023). From the point of view of their pros-
perity in the conditions of global climate change
(Vacek et al. 2016, 2023; Usoltsev et al. 2022), their
origin (Taeger et al. 2013; Lestianska et al. 2023),
the habitat, and stand conditions are important
(Mikulenka et al. 2020; Gallo et al. 2021; Kovalevs-
kii et al. 2022). Due to their high production, Nor-

way spruce and Scots pine were planted in different
habitat conditions, including outside their natural
distribution (Mikeska et al. 2008; Poleno et al. 2009;
Caudullo et al. 2016; Durant et al. 2016) where they
are often affected by various disturbances (Cau-
dullo et al. 2016; Hlasny et al. 2019, 2021; Simunek
etal. 2020; Sydorenko et al. 2021). It is primarily true
of richer habitats of Scots pine (Mikeska et al. 2008;
Brichta et al. 2023), and in the case of Norway
spruce, not lower than in the 5™ forest vegetation
zone unless the habitats are affected by water (Va-
cek et al. 2007; Poleno et al. 2009).
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Currently, as a result of global climate change, the
main threat to spruce and pine stands is primar-
ily drought and, in connection with that, attacks
by insect pests (especially bark beetles Ips typogra-
phus, Ips acuminatus, lps sexdentatus, Pityogenes
chalcographus), and fungal pathogens such as He-
terobasidion spp., Fomes spp., and Armillaria spp.,
etc. (Komonen et al. 2011; Gao et al. 2017; Buras
et al. 2018; Barta et al. 2019; Cermik et al. 2019;
Holusa et al. 2019; Knizek et al. 2021). It is precisely
periods of climatic stress that negatively affect the
photosynthetic activity of Norway spruce and Scots
pine, and there is an increase in defoliation and
a decrease in radial growth (Flexas, Medrano 2002;
Reddy et al. 2004; Vacek et al. 2023). Rising air tem-
peratures, together with low water availability, are
responsible for several other diseases and also for
the reduced defense capacity of trees against insect
pests (Allen et al. 2015; Hldsny et al. 2019, 2021;
Knizek et al. 2021; Haberstroh et al. 2022).

Drought is, therefore, a significant and frequent
predisposing factor for forest decline and distur-
bances (Hlasny et al. 2021; Knizek etal. 2021). The re-
sistance of the forest to drought depends primarily
on the intensity of the drought but also on specific
functional properties (Greenwood et al. 2017) and
can also vary among individuals of the same species
(Gazol et al. 2017; Camarero et al. 2018). Compared
to Scots pine, Norway spruce is one of the most
drought-sensitive European trees (van der Maaten-
Theunissen et al. 2013; Hartl-Meier et al. 2014;
Leuschner, Ellenberg 2017; Cermak et al. 2019), be-
cause it is a species demanding on rainwater or soil
moisture and has a shallow root system (Horgan
et al. 2003; Johnson, More 2006; OECD 2006; Far-
jon 2010). In contrast, Scots pine has a deep root sys-
tem and can obtain water from significantly greater
depths than Norway spruce (Praciak et al. 2013).
For these reasons, it is advisable to grow spruce and
pine in a two-story high forest (Poleno et al. 2009).

In connection with global climate change, the
distribution areas of these tree species are also
changing. Both Norway spruce and Scots pine are
significantly retreating in the more southerly areas
of their ranges and at lower altitudes, and, on the
contrary, increasing their range at higher altitudes
and in their northern locations (Benito Garzon
et al. 2008; Reich, Oleksyn 2008; Matias, Jump 2012;
Hanewinkel 2013; Vacek et al. 2023). The man-
agement strategy of these stands is consequently
changing in an attempt to increase their adaptabil-

ity to climate change (Vacek et al. 2022). In spruce
stands at lower elevations, their transformation into
mixed stands corresponds in composition to stands
close to nature (Hanewinkel, Pretzsch 2000; Spiecker
et al. 2004; Teuffel et al. 2005; Soucek, Tesaf 2008;
Poleno et al. 2009; Svec et al. 2015). In Scots pine
stands, existing clearings and clearings created dur-
ing stand regeneration are shrinking, and natural re-
generation methods are increasingly applied as part
of shelterwood methods of management (Bielak
et al. 2014; Spathelf et al. 2015; Bilek et al. 2016;
Drossler et al. 2018; Aleksandrowicz-Trzcinska
etal. 2017, 2018; Brichta et al. 2020). The shelterwood
method of natural regeneration is more favourable
concerning the nature of microhabitats during the
ongoing global climate change (Matias, Jump 2012;
Aleksandrowicz-Trzcinska et al. 2014, 2017, 2018;
Vitamvds et al. 2019; Brichta et al. 2020). In Scots
pine stands in richer habitats, rebuilding is also oc-
curring, from both economic and ecological points
of view (Cizek et al. 1959; Soucek et al. 2018). Con-
siderable areas of these stands are potentially threat-
ened by widespread damage of both abiotic and
biotic nature, so it is imperative to look for suitable
management alternatives using methods of close-to-
nature silviculture (Pliva 2000; Prasa 2001). There-
fore, it is necessary to implement changes in the
species composition aimed at structuring mixed
stands with Scots pine, which will better fulfil all the
required functions of the forest (Andrzejczyk 2006;
Bielak et al. 2014). Mixed stands with varying de-
grees of structuring ensure higher stability and di-
versity (Bauhus et al. 2017; Vacek et al. 2021b).
The replacement of existing monocultures with
mixed stands fulfils the goals of the current forestry
policy (Poleno et al. 2009; Novak et al. 2017). In addi-
tion, mixed stands, in comparison to monocultures,
can achieve higher production potential and carbon
sequestration in the context of climate change miti-
gation (del Rio et al. 2016; Pretzsch, Schutze 2016;
Vacek et al. 2023). Modifying the species composi-
tion towards species mixtures with a higher potential
to mitigate the negative effect of climate change is one
of the basic silvicultural measures (Fiirst et al. 2007;
Podrazsky, Remes 2010; Remes et al. 2020).

This research aims to evaluate the degree of sta-
bility and the possibility of adaptability of stands
of Norway spruce and Scots pine in the lower ar-
eas of Central Bohemia. The specific objectives are
to determine (i) the production potential of mixed
spruce stands, (ii) the structure and diversity of the
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studied stands, and (iii) the effect of precipitation,
temperature, and climate change on the radial
growth of Scots pine and Norway spruce.

MATERIAL AND METHODS

Studyarea and natural conditions. The area of in-
terest is managed by the Forests of the Czech Repub-
lic, a state enterprise (Lesy CR, s.p.), and is part of the
Konopisté forest enterprise and the Ricany forest
district. The forest block has a size of 3.2 km? (GPS:
49°58'29'N, 14°43'05'E). The altitude of the studied
area ranged from 430 m a.s.l. to 480 m a.s.l. with
a characteristic flat relief in the 3" and 4™ forest
vegetation zone (Remes, Kozel 2006). From a typo-
logical point of view, these are mainly groups of for-
est types 3K — Querceto-Fagetum acidophilum and
4P - Querceto-Abietum variohumidum acidophi-
lum (Viewegh et al. 2003). The predominant soil
types are cambisol, pseudogley, and luvisol, with
long-term considerable soil acidification (Podrazsky
et al. 2005; Podrizsky, Reme$ 2007). The average
temperature of the area of interest is 7.5 °C, the total
annual precipitation is 600 mm, less than 400 mm
in the growing season, and the length of the growing
season is about 150 days (Svec et al. 2015). Accord-
ing to the Forest Management Plan, the age of the
upper tree layer of the investigated forest stands
is in the range of 87-117 years. The investigated ma-
ture stands are mixed and made up of two main tree
species — Norway spruce and Scots pine. Other ad-
mixed tree species are silver fir (Abies alba Mill.) and
Douglas fir [Pseudotsuga menziesii (Mirbel) Franco).

Forest management. These are close-to-nature for-
est stands during the conversion to the shelterwood
system, with the application of selection principles,
which has been continuous since 1993. The reason
for the change in forest management was mainly due
to frequent wind damage to spruce or breakage of pine
caused by wet snow, under the former clear-cut regi-
men. The spruce and pine stands that had been de-
stroyed in the past were not reconstructed but were
left to develop spontaneously, which allowed natu-
ral regeneration to occur, creating large differences
in height and thickness between the surviving trees.
These sites are now managed according to selection
principles, making maximum use of natural regen-
eration. Artificial regeneration is used only to intro-
duce native tree species that almost disappeared from
the area under the previous management. The main
criterion for harvesting specific trees is their target
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diameter (diameter at breast height — DBH), not the
age of the stand (Remes, Kozel 2006).

Data collection. The study area was conducted
on five rectangular plots of 25 m x 50 m (the size
of one plot was 1 250 m?) in 2022. The permanent
research plots (PRPs) were divided into five vari-
ants by species composition: (i) 92.5-100% pine
(pine 100%), (i£) 75 £ 7.5% pine and 25 + 7.5% spruce
(pine 75%), (iif) 50 + 7.5% pine and 50 + 7.5% spru-
ce (pine 50%), (iv) 25 + 7.5% pine and 75 = 7.5%
spruce (pine 25%), and (v) 92.5-100% spruce
(spruce 100%), see Vacek et al. (2021b). FieldMap
technology (EMU; IFER, Czech Republic) recorded
the positions of individual trees with DBH = 7 c¢m,
and their crown projection was measured in four
directions. Boundary trees with more than half
of their DBH lying inside a PRP were counted in.
The DBH was measured with a Mantax Blue caliper
(Haglof, Sweden) with an accuracy of 1 mm, and
the height of the individual trees and the height
of the live crown with a Vertex laser hypsometer
(Haglof, Sweden) with an accuracy of 0.1 m.

For the analysis of radial growth, core samples
were obtained from the trees with a Pressler auger
(Haglof, Sweden) at the height of 1.3 m in the direc-
tion north/south. From each tree species, 30 sam-
ples of Norway spruce and 30 of Scots pine from
the dominant and co-dominant trees according
to the Kraft classification (Kraft 1884) were randomly
[RNG function, MS Excel (Version 365, 2023)] taken
asthe significant growth response (compared to sub-
dominant and suppressed trees; Reme§ et al. 2015).
All these selected trees only come from the upper
tree story with a registration value of DBH over
30 cm. The annual increments of the tree rings were
then measured with an accuracy of 0.01 mm using
an Olympus binocular microscope (S251; Olympus,
Japan) on a LINTAB measuring table (6d; Rinntech,
Germany) and recorded in TsapWin software (Ver-
sion Professional 4.82b2, 2022). Climate data were
taken from the nearest Czech Hydrometeorologi-
cal Institute (CHMI) station, Ondrejov (49°54'36'N,
14°46'48'E) for the period 1962-2021.

Data analyses. The basic structure, diversity, and
production characteristics of the tree layer were
calculated by the SIBYLA Triquetra software (Ver-
sion 10.0 alpha, 2015) using a tree-level and spa-
tially explicit data set (Fabrika, Dursky 2005) based
on our measurements. All collected dendrometric
parameters of individual trees (see the Data col-
lection section) were used as input data (tree spe-
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cies, coordinates, height, DBH, crown width, live
crown base, and age). The crown width was derived
from the measured area of the crown projection.
The PointPro program (Version 2.2, 2010) (Zahrad-
nik, Pug, CZU) was used to calculate the character-
istics of the horizontal layout of the trees on PRPs
using the Clark and Evans (1954) aggregation index.
The tree volume was calculated by the volume equa-
tions published in Petra$ and Pajtik (1991). Crown
closure (Crookston, Stage 1999) and the relative
stand density index (Reineke 1933) were then cal-
culated from the measured stand density indicators.
The relative SDI (stand density index) was calculated
as the ratio of the actual value of the stand density
index to its maximum value. The stand density in-
dex represents the theoretical number of trees per
ha if the mean quadratic diameter of the stand com-
ponent is equal to 25 cm (Reineke 1933). The maxi-
mum SD/ value was derived from the model of yield
tables (Halaj 1987). Standard deviations (SD) were
calculated for the mean quadratic DBH and mean
height. Tree biomass was derived according to Petras
et al. (1985), Petras and Pajtik (1991), and Leder-
mann and Neumann (2005). The biomass of the
roots was calculated using a model by Drexhage and
Colin (2001). The content in trees was determined
following the research of Bublinec (1994) using the
unit content of elements in 10 mg-kg™' of dry matter.

Structural diversity was evaluated based on the
horizontal structure (Clark, Evans 1954), the ver-

tical structure wusing the Arten-profile index
(Pretzsch 2006) and vertical diversity index (Jaehne,
Dohrenbusch 1997), the structural differentiation
of the stand using the indices of diameter and height
differentiation (Fildner 1995), and crown differenti-
ation (Jaehne, Dohrenbusch 1997). The Arten-profile
index was calculated using the basal area of tree spe-
cies in individual stand layers. Diameter and height
differentiations are related to the ratio between the
larger and the smaller diameter/height of all nearest
neighboring trees. Finally, the stand diversity index
was calculated in connection with complex biodi-
versity (Jaehne, Dohrenbusch 1997). Total diversity
is composed of the following components: tree spe-
cies 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 maxi-
mum crown diameter (Table 1). Detailed information
about the calculation of the used indices can be found
in Vor¢ak et al. (2006) and Vacek et al. (2020).
Tree-ring increment series were individually
crossdated (to remove errors caused by missing tree
rings) using statistical tests in the PAST application
(Version 4.5, 2008) (Knibbe 2007) and subsequently
subjected to a visual inspection according to Yama-
guchi (1991). If a missing tree ring was revealed,

Table 1. Overview of indices describing the stand diversity and their common interpretation

Criterion Quantifiers Label Reference Evaluation
Horizontal N . mean value R = 1, aggregation R < 1,
=4
structure aggregation index R (C&Ei) Clark, Evans (1954) regularity R > 1
Arten-profile index 4 (Pri) Pretzsch (2006) range 0-1, balancled vertical structure A < 0.3,
Vertical selection forest A > 0.9
structure . . . . Jaechne, Dohrenbusch low S < 0.3, medium § = 0.3-0.5,
vertical diversity  § (J&:Di) (1997) high S = 0.5-0.7, very high diversity § > 0.7
diameter .
differentiation ™, (F) range 0-1,
) Fiilldner (1995) low TM < 0.3,
Structure height TM, (Fi) very high differentiation TM > 0.7
differentiation  differentiation i
crown K (J&Di) Jaehne, Dohrenbusch low K < 1.0, medium K = 1.0-1.5,
differentiation (1997) high K = 1.5-2.0, very high differentiation K > 2.0
monotonous structure B < 4
Complex . . . Jaehne, Dohrenbusch !
diversity stand diversity B (J&Di) (1997) uneven structure B = 68,

very diverse structure B > 9

C&Ei - Clark and Evans index; Fi — Fuldner index; J&Di — Jaehne and Dohrenbusch index; Pri — Pretzsch index
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a tree ring of 0.01 mm in width was inserted in its
place. Residual chronologies and detrended average
tree ring series were calculated in the ARSTAN pro-
gram (Version 49vla, 2017) (Cook, Holmes 1984).
Firstly, negative exponential spline and subsequently,
0.67n spline were used for age detrending (Grissino-
Mayer et al. 1992). The analysis of negative pointer
years was carried out, as shown in Schweingruber
(1996) and Desplanque et al. (1999). 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. The occur-
rence of the negative year was proved if such a strong
reduction in increment occurred in at least 20%
of trees on the plot. To express the relationship be-
tween climate characteristics (monthly average tem-
peratures and the sum of precipitation in particular
years) and radial growth, the DendroClim software
(Version 1.0, 2002) was used (Biondi, Waikul 2004).

The dendrochronological indicators were calcu-
lated in R software (Version 4.2.1, 2022) with the
dpIR package instructions (Bunn, Mikko 2018).
The expressed population signal (EPS) was calcu-
lated to indicate the reliability of the chronology
(Fritts 1976). The EPS dendrochronological data set
results for every research plot were EPS > 0.85 to pre-
serve a strong climatic signal in the used chronol-
ogy. The signal-to-noise ratio (SNR) indicator was
calculated, representing the strength of the chro-
nology. Finally, the R-bar (inter-series correlations)
and arl (first-order autocorrelation) was computed
(Fritts 1976) for pine and spruce. The differences
between individual tree species in terms of ra-
dial growth were tested in STATISTICA 13 (Ver-
sion 13.4.0,2018) using analysis of variance (ANOVA)
and Tukey's HSD (honestly significant difference)
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test. The variability of radial growth was indicated
by the standard deviation.

RESULTS

Production potential. Production characteris-
tics of forest stands on permanent research plots
differentiated by the species composition are
shown in Table 2. The number of trees ranged
from 256 trees-ha”! in spruce monoculture
to 512 trees-ha™! in a stand with an equal propor-
tion of spruce and pine (in this variant, the highest
basal area was also reached — 39.0 m%ha1). Simi-
larly, the stand density index of monospecific stands
reached values 0.44—0.54 compared to higher num-
bers (0.60-0.71) in the case of mixed forests. Stand
volume was in the range of 351-479 m*ha!, while
mixed stands reached up to 29.8% higher produc-
tion compared to monocultures. The mean annual
increment ranged from 3.35 to 5.04 m*ha 'y L
Likewise, tree biomass and carbon sequestration
were more advantageous in mixed stands.

Structure and diversity. No differences were found
in the horizontal structure between the individual
plots, while the spatial pattern was random in all cases
(Table 3). All other variants show considerable differ-
ences in structural indices favoring mixed stands over
monocultures. The highest rich vertical structure was
observed in the case of variant spruce 75: 25 pine com-
pared to the lowest for pure spruce stands. Height,
diameter, and crown structural differentiation were
low in monocultures and moderate in mixed forest
stands, especially in variants with a 50% representa-
tion of spruce and pine. Regarding overall diversity,
monocultures reached a complex B index in the range
of 2.573-3.329 and mixed forests 4.661-5.960.

Table 2. Production characteristics of the stand on permanent research plots differentiated by the species composi-

tion (variants) in 2022

Variant DBH  h v N G V. HDR SDI CC  MAI BIO  Cyuo
(em) (m) (m?) (treesha’)(m®>ha ') (m*ha') - - (%) (m*haly1) (tha) (tha™)
Pine 100% 38.7 2509 1.369 256 30.0 351 648 054 749 3.73 262 137
Pine 75% 34.6 24.82 1.150 416 38.9 479 71.7 071 816 5.04 356 187
Pine 50% 31.2 21.87 0.859 512 39.0 440 70.1  0.68 67.6 4.58 315 165
Pine 25% 34.5 22,10 1.002 400 37.1 401 641 060 o617 4.18 276 144
Spruce 100% 34.1 2848 1.077 304 27.7 328 835 044 757 3.35 211 110

BIO — tree biomass; Cpyy — carbon sequestration in tree biomass; CC — canopy closure; DBH — mean quadratic diameter

at breast height; G — basal area; h — mean height; HDR - slenderness coefficient; MAI — mean annual increment; N — number

of trees per hectare; SDI — relative stand density index (stocking); v — mean tree volume; V' — stand volume
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Table 3. Indicators of stand biodiversity on permanent research plots by species composition (variants) in 2022

Variant R (C&Ei) A (Pri) S (J&Di) TM,, (Fi) TM, (Fi) K (J&Di) B (J&Di)
Pine 100% 0.907 0.537 0.364 0.256 0.125 0.744 3.329
Pine 75% 0.948 0.404 0.732 0.280 0.287 1.358 5.631
Pine 50% 0.964 0.682 0.676 0.417 0.322 1.387 5.960
Pine 25% 0.989 0.706 0.749 0.393 0.308 1.051 4.661
Spruce 100% 1.021 0.244 0.266 0.270 0.103 0.495 2.573

A (Pri) — Arten-profile index (Pretzsch); B (J&Di) - stand diversity index (Jaehne and Dohrenbusch); K (J&Di) - crown dif-
ferentiation (Jaehne and Dohrenbusch); R (C&Ei) — aggregation index (Clark and Evans); § (J&Di) - vertical diversity (Jaehne
and Dohrenbusch); TM, (Fi) - index of diameter differentiation (Fiildner); TM,, (Fi) - index of height differentiation (Fiildner)

Table 4. Characteristics of tree-ring chronologies for Scots pine and Norway spruce

Tree species No. trees Mean RW Mean min-max Age min-max arl R-bar EPS SNR
(mm) (mm)

Scots pine 30 2.06 + 1.08 1.09-3.32 77-92 0.69 0.83 0.90 9.38

Norway spruce 30 3.34 + 1.45 1.36-4.08 73-104 0.63 0.85 0.92 11.02

Age min-max — age range of youngest and oldest sample tree; arl — first-order autocorrelation; EPS — expressed population
signal; mean min—max — mean ring-width range in mm from smallest to biggest tree; mean RW — mean ring width in mm;
No. trees — number of trees; R-bar — inter-series correlation; SNR - signal-to-noise ratio

Radial growth and climate. Characteristics SNR were also higher for spruce in both cases.
of tree-ring chronologies for Scots pine and Nor- On the other hand, pine showed lower radial
way spruce in Table 4 showed that spruce revealed growth variability. Higher variability of growth, in-
a significantly (P < 0.05) higher radial increment  cluding its dynamics in spruce is shown in Figure 1.
compared to pine (by 38.3%). Scores of EPS and  This figure also demonstrates that the only negative
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Figure 1. Standardised mean chronology of Scots pine and Norway spruce in 1935-2022 after removing the age trend
expressed by the tree-ring index

Negative pointer years are highlighted with a black arrow.
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Figure 2. Coefficients of correlation of the regional residual index tree-ring width chronologies of Scots pine and Norway
spruce with monthly average air temperature and monthly precipitation differentiated according to tree species

The period from April of the preceding year (capital letters) to September of the current year (lower-case letters) between
1962 and 2021 was used for all correlation analyses presented. Correlation values are highlighted only if a significance level

corresponding to P < 0.05 was reached.

pointer year characterised by extremely low growth
was detected in pine for the year 1976. In that year,
the extremely low temperature in March (-0.7 °C,
historical mean 2.6 °C) and long-term drought
in June (20 mm, mean 84 mm) was measured.
The negative pointer year (NPY) was not found
in the case of spruce.

Figure 2 illustrates the effect of climate factors
on radial growth by coefficients of correlation of the
regional residual index tree-ring width chronolo-
gies of Scots pine and Norway spruce with monthly
average air temperature and monthly precipitation.
Generally, pine was more sensitive to climatic fac-
tors compared to spruce. Compared to precipita-
tion, temperatures had a greater influence on the
radial growth of both tree species, especially
in the growing season. The principal month affect-
ing the radial growth was July of the current year
for both tree species.
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DISCUSSION

Currently, forests are exposed to various distur-
bances, which are profoundly influenced by climate
(Abdullah et al. 2019). Consequently, small- and
large-scale natural forest disturbances or, at the
least, a significant decline in tree growth is occur-
ring, both at high elevations (Albrich et al. 2020)
and at lower elevations (D'Andrea et al. 2019),
where, moreover, a recent retreat or gradual mor-
tality of once stable tree species is evident (Tangwa
etal. 2022). Climate change is expected to affect the
susceptibility of forests to calamities and also to af-
fect the frequency, intensity, duration, and timing
of various disturbances, particularly at lower eleva-
tions (Stanturf et al. 2014). Lack of precipitation
and, as a consequence, more frequent and longer-
lasting droughts will be an increasing risk to the
growth, ecological stability, and vitality of forest
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ecosystems under global climate change (Seidl
et al. 2011; Dyderski et al. 2018). This may often in-
clude the bare forest existence due to a significant
increase in disturbances, especially in spruce and
pine monocultures (Vacek et al. 2023). According
to data from the Forest Protection Service [Lesni
ochrannd sluzba (Lubojacky, Knizek 2021)], the
total infestation of Norway spruce by bark beetle
in the Czech Republic in 2020 was at least 25 mil-
lion m® Hundreds of thousands of cubic meters
more are represented by their infestation of Scots
pine. In general, coniferous forests in Czech low-
lands appear not to be very promising in the con-
text of climate change, precisely due to the extreme
damage caused by abiotic and biotic factors, espe-
cially in the last decade (Hldsny et al. 2021; Liska
etal. 2021). Some sources, however, point to the high
adaptability of pine, specifically to climate change,
e.g. in relation to the afforestation of agricultural
or logging areas (Vacek et al. 2021a). Of course,
both of the most economically exploited conifer-
ous tree species in the Czech Republic are demon-
strably subject to negative environmental factors,
but in order to meet the requirements of the indus-
try, it is necessary to also grow their stands in the
lowlands, using pine with spruce for normal forest
establishment. One of the ways to maintain pine
and spruce in the lowlands is to mix them, with the
potential benefit of increased production (Remes,
Kozel 2006; Bielak et al. 2014; Svec et al. 2015; Ruiz-
Peinado et al. 2021).

Production potential, The production poten-
tial of forest stands is influenced by several fac-
tors, whether abiotic, biotic, or internal — genetic
dispositions (Schweingruber 1996). The structure,
growth, and production and very existence of the
forest depends on these factors (Vacek et al. 2023).
Specific habitat and stand conditions and man-
agement practices play a crucial role (Poleno
et al. 2007). In general, stands under 50 years of age
grow faster, and stands of higher age grow more
slowly. Faster growth of forest tree species has been
attributed to a range of factors such as increased ni-
trogen deposition (De Vries et al. 2014), increased
CO, concentration (Soulé, Knapp 2006), the effect
of climate change (Nemani et al. 2003; Cermék
et al. 2019), or the influence of management meas-
ures (Poleno et al. 2009; Lindner et al. 2010).

On the site of interest described in this study,
research has already been conducted by Remes
and Kozel (2006), who report a stock of broad-

ly comparable production characteristics from
spruce and pine stands in conversion with inter-
spersed fir, oak, and beech. The range of stock
was set at 366-378 m*ha!, i.e. the upper range
of stock was 101 m* lower than in our study (which
is 351-479 m*ha"!). The production of mixed
stands of pine and spruce is also described in stud-
ies by Pretzsch and Schiitze (2016) or Ruiz-Peinado
et al. (2021) in their research across Europe, where
they concluded that it is such mixed stands that
achieve a statistically significant increase in pro-
duction compared to monocultures, Pretzsch and
Biber (2016) have found up to a 35.9% increase in the
production of mixed stands of pine and spruce with
beech compared to monocultures. Their conclu-
sions are confirmed by our work, in which we found
that the variants from mixing 75% pine and 50%
Scots pine are the most favorable in terms of stand
stock and basal area. The production characteristics
for Scots pine under given habitat and stand condi-
tions in the Czech Republic are comparable to Va-
cek et al. (2016) and Cihak and Vejpustkova (2021).
Similar production characteristics of Scots pine
and Norway spruce from the Ri¢any Forest District
are reported by Bilek et al. (2013), depending on the
nature-friendly management methods and the con-
version process. While the number of trees in our
case ranged from 256 trees-ha™! in a spruce mono-
culture to 512 trees-ha™! in a stand with an equal
proportion of spruce and pine, Bilek et al. (2013)
set the range at 288-476 trees-ha™!. The same was
true for stock (273-346 m*ha™!) and basal area
(24.2-27.6 m*ha"'). For stands under conversion
to a selection forest, Saniga and Szanyi (1998) re-
ported arange of 270-725 trees-ha™!, and Réh (1978)
reported a similar range of 348-985 trees-ha™!.
The aforementioned differences in the production
characteristics of the conversion stands can be jus-
tified by how conversion to a selective forest was
initiated. In our case, it was introduced after a par-
tial disruption of the forest stands (Reme$, Ko-
zel 2006), while in the works of Saniga and Szanyi
(1998) and Réh (1878), for example, the models
are based on the assumption of a homogeneous
closed stand.

Structure and diversity. Similar to our case,
a predominantly random horizontal structure and
only slightly clustered structure was found in other
stands at Klokoc¢na (Vacek et al. 2007). This also
applied to a height and diameter structural dif-
ferentiation, which was low in monocultures and
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medium in mixed forest stands. In terms of over-
all diversity, in our case, monocultures achieved
a complex B index of structural variability rang-
ing from 2.573-3.329 (monotonous structure)
and mixed forests from 4.661-5.960 (uniform
structure). In other stands at Kloko¢na, the mon-
ocultures showed uniform to irregular structure,
and the mixed stands showed heterogeneous
structure (Vacek et al. 2007). Similar results were
also found at School Forestry Enterprise Kostelec
nad Cernymi lesy during the conversion of spruce
stands to selective forest (Reme$ 2006). Here, the
horizontal structure of the stands was random
to slightly regular. Also, the height and diameter
structural differentiation was low, and the struc-
tural variability was also monotonous.

Gallo et al. (2020) attribute differences in the
structure and diversity of pine stands in Spain and
the Czech Republic to different forest management
practices. On the other hand, Bilek et al. (2016),
comparing different pine stands in the Czech Re-
public and Poland, document relatively little dif-
ference in the structure of stands managed with
close-to-nature principles and unmanaged stands.
Vacek et al. (2017, 2020), contrastingly, note a pro-
nouncedly irregular to rich structure of relict mixed
pine stands, which in this context, is due to two
main factors of heterogeneous stand structure
- natural gap formation and the existence of natu-
ral regeneration. Therefore, these findings confirm
that the management method also has a substantial
influence on stand diversity, so in our case, man-
agement according to selection principles positive-
ly influences the heterogeneity of the environment.

Radial growth and climate. A negative year was
found for pine at Kloko¢nd, with minimal growth
in 1976 due to low precipitation during the grow-
ing season (especially in June). In comparable habi-
tat and stand conditions in the Tynisté region, this
was the case in 1975 and 1980 (Vacek 2016). At our
study site, a positive effect of average monthly tem-
perature on radial growth was found in February
and March of the current year and a negative ef-
fect in May of both the current and previous year.
In the Tynisté region, under similar habitat and
stand conditions, the relationship between tem-
perature and radial growth was statistically positive
in March of the current year and positive for pre-
cipitation in November and December of the previ-
ous year, and in February to April and June of the
current year (Vacek et al. 2016).
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In contrast to the Klokocnd site we monitored,
a significant negative year with minimum growth
was found for spruce in a nearby stand in compa-
rable habitat and stand conditions at Kostelec nad
Cernymi lesy in 1977, i.e. the year after the mini-
mum increment of Scots pine. The average tree ring
width in spruce at this site was 2.31 mm (Brabec
et al. 2023), while at the Kloko¢nd site, we moni-
tored it at 3.34 mm. At Kloko¢na, temperature had
a greater effect on the radial growth of both tree
species compared to precipitation, especially dur-
ing the growing season. One of the crucial months
influencing radial growth for both species was July
of the current year, which is consistent with several
conclusions from various studies, with diverse hab-
itat conditions in different forest stands (Rybnicek
et al. 2010; Remes et al. 2015; Sidor et al. 2015).
In contrast, in a nearby spruce stand near Kostelec
nad Cernymi lesy, there was no statistically signifi-
cant correlation of mean diameter increment with
monthly temperatures. For monthly precipitation
in relation to radial growth, a statistically conclu-
sive positive correlation was found in June and
July of the previous year and a negative correlation
in August of the current year (Brabec et al. 2023).

Drought, in particular, has thus emerged as a de-
terminant of radial growth and vigor of Scots pine
and Norway spruce under conditions of advanc-
ing climate change (Augustaitis et al. 2007; Bog-
ino et al. 2009; Putalova et al. 2019; Lubojacky,
Knizek 2021; Brichta et al. 2023). Moreover, trees
damaged by browsing and bark stripping, which
is very common in spruce compared to pine, suffer
more from lack of precipitation and reduced growth
(Cukor et al. 2019a, b; 2022). Especially in response
to drought, perhaps it is the use of selection princi-
ples that will ultimately allow for greater plasticity
and mitigation of negative impacts related to cli-
mate change in this context (Vacek et al. 2016).

CONCLUSION

In the context of the climatic fluctuations of the
last decades and the increasing adaptability of for-
est stands under Central European conditions,
it is increasingly necessary to reflect on silvicultur-
al options for the essential commercial tree species.
In many places, Scots pine and Norway spruce are
beginning to fail when managed traditionally, but
this does not mean that these two now semi-fragile
species cannot be combined into mixed stands.
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Based on our results, we conclude that mixed
stands of Scots pine and Norway spruce are not
only significantly more resilient to various environ-
mental factors, have a diverse structure and bio-
diversity, and offer opportunities for mixing with
other tree species but are also significantly more
productive and have higher carbon sequestra-
tion compared to monocultures. This is, of course,
also linked to the economic benefits of mixed for-
ests in terms of higher profits, long-term sustain-
ability, and reduced production uncertainty. These
benefits can also be enhanced by interspersing
other tree species due to the higher heterogene-
ity of such stands. However, given the wide range
of both species, it is necessary to continue research
into these forms of mixing, with as large a sam-
ple of study sites as possible, evenly across the
range of pine and spruce. In conclusion, however,
it should be stressed that within the framework
of the different ecological requirements of the spe-
cies present, mixed forests must not be managed
as monocultures.
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5.5. Reakce rtistu na zménu klimatu u smrku sitka (Picea sitchensis
[Bong.] Carr.) versus smrku ztepilého (Picea abies [L.] Karst.) na
Britskych ostrovech a ve sttedni Evropé

Brabec, P., Vacek, Z., Vacek, S., Stefancik, 1., Cukor, J., Weatherall, A., Gallo, J., Slavik, M.,
Sitkova, Z., Putalova, T. (2023). Growth-climate responses of Picea sitchensis [Bong.] Carr.

versus Picea abies [L.] Karst. in the British Isles and Central europe. Central European Forestry

Journal, 69(3): 167-178.
Abstrakt

Introdukované dieviny mohou piedstavovat jednu z potencialnich strategii adaptace lesnich
porostli na probihajici klimatickou zménu, zejména v oblastech ohroZenych narusenim stability
puvodnich druhii. Studie analyzuje rstové dynamiky a klimatické vazby dvou klicovych
jehli¢nant — introdukovaného smrku sitka (Picea sitchensis) a doméciho smrku ztepilého
(Picea abies) — v odlisnych geografickych a klimatickych podminkach Britskych ostrovi
(Anglie) a stiedni Evropy (Cesko, Slovensko). Na zakladé dendrochronologické analyzy bylo
odebrano 150 vyvrtlh z porostit ve véku 52-62 let. Déle byly hodnoceny rozdily v radidlnim
prirtstu, vliv teplot a srazek na rist a dale odolnost vic¢i extrémnim klimatickym vlivim.
Smrk sitka (dale jen sitka) vykazoval v priméru o 24,2 % vys$$i radialni pfirdst nez smrk
ztepily. Kdy se svym maximem v Anglii se jednalo o (8,7 mm/rok u sitky oproti 7,0 mm/rok u
smrku ztepilého). V kontinentalnich podminkach Ceska a Slovenska byl pfirtist obou druht
niz8i, avSak sitka si udrzel rastovou pievahu 22-26 % oproti smrku ztepilému. Prvni
autoregresni koeficient (AR1) ukazal silnou zavislost riistu na piedchozim roce (0,695-0,831),

zejména u smrku ztepilého, coz indikuje vyssi citlivost k proménlivé klimatické variabilité.

Hlavnim limitujicim faktorem pro oba druhy byl nedostatek srazek v predchozi vegetacni
sezon€, zejména v Cervenci. V Anglii se negativni vliv na pfirQst projevil pifi extrémnich
mrazech pfi teploté —7 °C. Zatimco ve stfedni Evropé negativnim vlivem bylo obdobi letniho
sucha. Teplotni korelace byly pozitivni u obou druhi, avSak vyssi odolnost sitky viici teplotnim
vykyvim byla patrnd v kontinentalnich oblastech, kde smrk ztepily vykazoval pokles ptiristu
pii teplotach nad 17 °C. Pocet NPY (rokii s poklesem pfirtstu pod 40 % primeéru) byl shodny
pro oba druhy smrku. Jednalo se o 2 roky v Cesku (1991, 2001) a Slovensku (1993, 2000), v
Anglii nebyl NPY detekovan. K vyraznému poklesu vSak doslo v letech s kombinaci nizkych

srazek a teplotnich extrému (napt. 2003, 2012-2013).
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Sitka prokézal vyssi produkeni potencidl a odolnost vici klimatickym stresortim v oblastech s
dostatkem srazek, a to zejména v oblasti Anglie. V kontinentalni stfedni Evrop¢ je jeho vyuziti
limitovano srdzkovym deficitem, avSak na vhodnych stanovistich (vlhké niziny) miZze sitka
prispét ke zvyseni diverzity porostli a zmirnéni dopadt klimatické zmény. Pro smrk ztepily
predstavuji hlavni riziko c¢astéjsi epizody letniho sucha, které vyzaduji revizi péstebnich

postuptl smérem k vys$imu zastoupeni dubu a buku.

Kli¢ova slova: Dendrochronologie, introdukované dieviny, klimaticka rezistence, radialni

ptirast, srazkovy deficit
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Abstract

Introduced tree species have become increasingly important in the context of the ongoing climate change. This paper
focuses on the dendrochronology of the most widespread introduced tree species in the British Isles — Sitka spruce
(Picea sitchensis [Bong.] Carr.) — in comparable soil conditions in England, Czechia, and Slovakia. The research
aims to evaluate the growth dynamics and the influence of climatic factors on this tree species while comparing it
with economically main tree species in Europe — Norway spruce (Picea abies [L.] Karst.). Based on the analysis of
150 increment cores, the radial growth of Sitka spruce was on average 24.2% higher than that of Norway spruce.
The highest increments in 52 to 62-year-old stands were achieved in England by both Sitka spruce (8.7 mm) and
Norway spruce (7.0 mm). In terms of negative pointer years (NPYs), there was no difference in the number of years
with a significantly low increment between the two species at any site. The lowest effect of climatic factors on growth
was found in Czechia, while the highest was in England. Higher resistance to climate was found for Sitka compared
to Norway spruce. In general, the main limiting factor for the growth was the lack of precipitation in the previous
year’s vegetation season, or heavy frost in England. In Central Europe, due to low precipitation, Sitka spruce will not
be a substantial introduced tree species in the future, but on suitable sites, it can achieve high production potential
and play a significant role for increasing stand diversity in the face of climate change.

Key words: Sitka spruce; Norway spruce; ring-width index; temperature; precipitation

Editor: Bohdan Kondpka

nent of geographically non-native conifers (Podrazsky
& Prknova 2019).

Introduced spruce species occupy 9194 hain Czechia,
i.e., 0.49% of the forest area (Beran 2018). The most

1. Introduction

The introduction of new tree species in Europe dates
back to the 17" century period of industrialization (Bolle

1887; Wein 1930; Kowarik & Sdumel 2007). It was not
untilthe 20" century thatlarge-scale planting was imple-
mented. Thus, forest plantations have gradually changed
the distribution of tree species both within and outside
theirnatural range (Spiecker 2004). Currently, 3.1%, i.e.,
6.2 million ha, of Europe’s forests are covered by non-
native tree species, with the largest proportion in mid-
western Europe, where theycover8.9%, i.e., 2.2million ha
(Forest Europe 2020). In Czechia, introduced tree species
occupy around 1.82% of the forest area, and introduced
spruce species are, in aggregate, the most vital compo-

*Corresponding author. Zdenék Vacek, e-mail: vacekz@fld.czu.cz

abundant species is blue spruce (Picea pungens Engelm.)
which was used mainly in air-polluted mountain areas,
especially in the Krusné hory Mts., Jizerské hory Mts.,
and Krkonose Mts. (Vacek et al. 2003). In air-polluted
areas, black spruce (Picea mariana [Mill.] Britton, Sterns
& Poggenburg), Serbian spruce (Picea omorika | Pancic|
Purk.), and, rarely, other spruce species such as Sitka
spruce (Picea sitchensis [Bong.] Carr.— Funda et al. 2006
have been tested). The genus Picea spp., in particular
Sitka spruce, and the most widespread in Europe — Nor-
way spruce (Piceaabies [L..] Karst.) —occur outside their

© 2022 Authors. This is an open access article under the CC BY 4.0 license.
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natural range in Europe over an area of about 0.8 million
ha (Forest Europe 2020). The proportion of introduced
spruce species including Sitka spruce is gradually declin-
ing in Czechia due to the ongoing conversion of substi-
tute species stands (Slodi¢ak et al. 2005) and increasing
political pressure for reduction of introduced tree species.
The current proportion of Sitka spruce in Slovakia isneg-
ligiblebecause this tree species is distributed especially in
parks and is not managed like other commercial species.
According to data from National Forest Center in Slova-
kia, introduced spruce species occupy less than 0.01% of
the forest area (MARD 2021). On the other hand, Sitka
spruce is widely distributed conifer species in England
(Ludley et al. 2009). Current distribution exceeds 50%
of coniferous woodland and therefore the Sitka spruce is
the most important commercial tree species in England
(Manso et al. 2022).

Sitka spruce is native to the west coast of North
America, where it stretches along the Northern Pacific
coast from Southern Alaska to Northern California (Har-
ris 1990; Eckenwalder 2009; Praciak et al. 2013). It was
introduced in Europe in the 1800s and is now cultivated
in more than 16 countries worldwide (Peterken 2001;
Halldérsson et al. 2003; Moore 2011; Lee et al. 2013;
Deal al. 2014). It is a widely used tree species in West-
ern Europe but under radically different climatic and
soil conditions (Lines 1987; Bugala 2000; Moore 2011;
Ogwu et al. 2012; Lee et al. 2013; Durrant et al. 2016).
Under these conditions, Sitka spruce often markedly
outperforms Norway spruce production (Rosvall et al.
2001; Berghetal. 2005; Thompson & Harrington 2005).
In particular, an oceanic climate with high precipitation
of 1,000-3,000 mm and relatively mild winters (minima
above =7 °C) at altitudes of up to 900 m a.s.l. is better
suited for Sitka spruce (Lines 1987; Moore 2011) than
for Norway spruce —which is a native montane species in
the cool continental climate with an adequate soil water
supply (Musil & Hamernik 2007; Farjon 2017).

In European forestry in the 19" and 20" centuries,
there was an extensive introducing of fast-growing
tree species (Poleno et al. 2007). Sitka spruce was also
among the species planted in numerous experimental
plantations in Europe, including Czechia and Slovakia.
Presently, the most important non-native coniferous
species in Europe for timber production include Doug-
las fir (Pseudotsuga menziesii [Mirb.] Franco) and Sitka
spruce (Podrazsky et al. 2013a, 2016; Nygaard & @yen
2017). While considerable attention has been paid to
Douglas fir (Martinik & Kantor 2007; Kantor 2008;
Kantor & Mare§ 2009; Podrazsky et al. 2013b, 2014,
Mondek & Bala§ 2019; Mondek et al. 2021; Zeidler et
al. 2022), there are few studies dealing with Sitka, espe-
cially in Central Europe (Feliksik & Wilczynski 2008;
Podrazsky & Prknova eds. 2019). This is also true for
other introduced tree species such as grand fir (Abies
grandis [Douglas ex D. Don] Lindl. - Fulin et al. 2017,

168

2018), red oak (Quercus rubra L. — Miltner et al. 2017),
‘Weymouth pine (Pinus strobus L. — Podrazsky & Kupka
2011; Liao & Podrazsky 2001), or black walnut (Juglans
nigraL.—Hribetal. 2017). More attention has focused on
blue spruce, which has shown to have a rather negative
effect on habitat conditions (Podrazsky et al. 2005, 2006;
Podrazsky 2008) and is also threatened by the spruce bud
blight (Gemmamyces piceae — Sefl et al. 2020). Regard-
ing production and timber quality, we should look at the
potential of black locust (Robinia pseudoacacia L.— Abri
etal. 2021a, 2021b; Honfy et al. 2021), European black
pine (Pinus nigra J.F.A.— Ayanetal. 2021), and possibly
also paulownia (Pastor et al. 2022).

For these reasons, the aim was to assess the effect of
climate on the radial growth of Sitka spruce in compa-
rable soil conditions in England, Czechia, and Slovakia.
Dendroclimatological analysis of Sitka spruce stands
was compared with that of Norway spruce, which is
currently suffering from large-scale forest disintegra-
tion across Europe due to climate change and second-
ary pests (Simtnek et al. 2020; Toth et al. 2020). The
specific objectives of this study were to assess (i) basic
growth characteristics of Sitka and Norway spruce, (ii)
growth dynamics, including negative pointer years, and
(iii) the influence of monthly air temperature and precipi-
tation totals on the magnitude of radial growth of these
species under the climatic conditions of non-continental
‘Western Europe (England) and Central Europe (Czechia
and Slovakia).

2. Material and methods

2.1. Study area

The subject of the study was Sitka and Norway spruce
stands in the Lake District in North West England, near
the town of Ambleside. In Czechia, we analyzed stands in
Central Bohemia near the town of Kostelec nad Cernymi
lesy. In Slovakia, stands in Central Slovakia near the
town of Zvolen were researched (Fig. 1). All permanent
research plots (PRPs) are located in the lowlands at alti-
tudes ranging from 230-440m a.s.l. The average annual
temperature is balanced (8.1-8.4 °C), with annual pre-
cipitation ranging from 663 to 2,061 mm. In terms of
Kdppen’s climatic classification (Koppen 1936), the
area of interest belongs to two regions: Cfb — temper-
ate oceanic climate (England and Czechia), and Dfb —
warm-summer humid continental climate (Slovakia).
The predominant soil type in all study areas is Cambisol.
The studied PRPs 1-6 are pure spruce stands (Norway
and Sitka spruce) of medium age with a relatively even
horizontal structure and a significant horizontal canopy
closure, which have been established by artificial regen-
eration. A detailed overview of the basic dataon the PRPs
is given in Table 1.
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10°E

50° N

45° N

55° N

Fig. 1. Location of 6 research plots (¢) with Sitka spruce and Norway spruce forest stands in England, Czechia and Slovakia, and
three meteorological stations (&) used for dendrochronology analyses.

Table 1. Basic characteristics of research forest stands with Sitka spruce and Norway spruce (according to the Forest Manage-

ment Plan).
5 Veg. s
Altitude Slope Temper. Precipitation . : . Age  Standvolume
Country PRP  GPS m] Expo. rl s0n ] [mm] Forest site type Tree species [vear] [mha]
[days]
54°16'43"N e
1 2955°40"W 230 E 4 247 8.4 2061  Quercetum acidophilum  Norway spruce 52 527
England s
54°16'42"N — ’
2 205530"W 230 E 4 247 84 2061 Quercetum acidophilum  Sitka spruce 52 618
50°00°25"N Querceto-Fagetum
Coechin 3 4ST13°E 330 NE 3 158 8.1 663 acidophilam Norway spruce 62 425
50°00°22"N Querceto-Fagetum N
4 1495109 340  NE 3 158 8.1 663 acidophilam Sitka spruce 62 456
48938'11"N Abieto-Fagetum
— 19°05'017E 440 S 5 132 8.4 688 scidophllim Norway spruce 59 468
48°38'11"N Abieto-Fagetum .
19°0502°E 440 S 5 132 8.4 688 acidophilum Sitka spruce 59 506

Notes: 'forest site type Quercetum acidophilum (Acidic Oak), Querceto-Fagetum acidophilum (Acidic Oak-Beech) and Abieto-Fagetum acidophilum (Acidic Fir-Beech) represent potential plant
associations of Luzulo albidae-Quercetum petraeae Hilitzer 1932, Luzulo luzuloidis-Fagetum sylvaticae Meusel 1937 and Luzulo luzuloidis-Abietetum Oberdorfer 1957.

2.2. Data collection

For the analysis of radial growth, core samples were
obtained from the Sitka and Norway spruce trees with
a Pressler auger (Haglof, Sweden) at a height of 1.3 m
in the direction up/down the slope in spring 2016. From
each research plot, 25 samples from the co-dominant
and dominant live trees — according to the Kraft classi-
fication (Kraft 1884) — were randomly (RNG function,
Excel) selected as the significant growth response (com-
pared to subdominant and suppressed trees; Remes et al.
2015). A total of 150 core samples from spruce trees (75
of Sitka spruce and 75 of Norway spruce) were collected
(148 samples analyzed). The annual increments of 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 the TsapWin software
(Rinntech).

Measurements from meteorological stations were
utilized to derive the effect of climate and stress factors
onradial growth. Available data from the Ambleside sta-
tion (100 ma.s.l.; WGS84 54°25’48”N, 2°57°36”W) for
England, Slia¢ station (320 ma.s.l.; WGS84 48°38’8”N,
19°8’15”E) for Slovakia, and Ondrejov station (485 m
a.5.1.; WGS8449°54°24”N, 14°47°6”E) for Czechia were
used for the analyses of the temperature and precipita-
tion in the period of 1971-2015. The distance between
the meteorological stations and research plots was in the
range of 4—17 km. The development of temperature and
precipitation was based on the data from temperature
in individual months, the average annual temperature,
the temperature in the vegetation season, annual total
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precipitation, total precipitation in the vegetation sea-
son, total monthly precipitation, and extreme climatic
events like long-term droughts or historical temperature
maxima and fluctuations.

2.3. Data analyses

Tree-ring increment series of Sitka and Norway spruce
were individually cross-dated to remove errors caused by
missing tree rings using statistical tests in the PAST appli-
cation (Knibbe 2007). These series were subsequently
subjected to avisual inspection, according to Yamaguchi
(1991). If a missing tree ring was revealed, a tree ring
of 0.01 mm in width was inserted in its place. Individual
curves from research plots were detrended, and an aver-
age tree-ring series was created in the ARSTAN program
(Tree Ring Laboratory, USA). Negative exponential
spline, and subsequently, 0.67 n spline was used for age
detrending (Grissino-Mayer et al. 1992).

The first-order autocorrelation AR1 was calculated
in package dpIR in the R software (Bunn, 2008; R Core
Team, 2019). The first-order autocorrelation assessed
the relationship with the previous tree growth, or rather
the connection between the radial increment in two con-
secutive years as a measure of the tree’s physiological
buffering capacity (Fritts 1976). The analysis of nega-
tive pointer years (NPYs) was performed by Schwein-
gruber (1996) and Desplanque et al. (1999). For each
tree, a pointer year was identified as an extremely nar-
row tree ring that did not reach 40% of the increment
average from the preceding four years. The occurrence
of the negative year was proved if a strong reduction in
increment occurred in atleast 20% of trees on the plot. To
express the relationship between climate characteristics
(monthly average air temperatures and sum of precipita-
tion in particular years) and radial growth, the Dendro-
Clim software was used (Biondi & Waikul 2004).

3. Results

3.1. Radial growth of Sitka spruce
and Norway spruce

The highest diameter increment was found in Sitka
spruce in England (8.692 mm), whereas the lowest was in

Norway spruce in Slovakia (2.800 mm; Table 2). Radial
increment of Sitka spruce was 26.3% higher than that of
Norway spruce in Czechia, 24.1% higherin England, and
22.3% higher in Slovakia. On average, thiswas 24.2% in
favor of Sitka. The high first-order autocorrelation (AR 1
0.695-0.831) suggests that radial growth was strongly
influenced by previous year conditions for both species,
particularly in Norway spruce. In terms of growth vari-
ability, higher fluctuations were found for Norway spruce
in Czechia and Slovakia. In contrast, the opposite was
true in England, where the largest difference was found
between the two species studied.

3.2. Dynamics of radial growth

In terms of NPY, there was no difference in the number
of years with significantly low radial increment between
the two tree species at any site (Table 2). The highest
number of NPY was found in both Central European
countries. In England, no NPY was detected in Norway
spruce. However, a large decrease in radial increment
occurred in 1979, 1984, 1989-1990, 2006, and 2013—
2015, when there was frequent ice damage to the spruce
crowns and synergism of negative weather factors (Fig.
2). Consistently, no NPY was analyzed in Sitka spruce.
Yet, a marked decrease in radial increment occurred in
1976, 1984, 1989-1990, 1995-1997, 2003, and 2006.

In Czechia, for Norway spruce, 1991 and 2001 were
the NPY with minimal radial increment. The year 1991
was cold and also the driest between January—May
(119 mm, average 234 mm) since 1971, preceded by the
lowest annual precipitation in 1990, The year 2001 was
characterized by extremely high temperatures outside
the vegetation season (3.0 °C, average 1.7 °C). However,
amarked decrease in radial increment occurred in 1977,
1992, 2000-2002, and 2010-2011, years with below-
average precipitation in the vegetation season (Fig. 2).
For Sitka, the identical NPY were analyzed — in 1991
and 2001. A marked decrease in radial increment also
occurred in 1977, 1992, 2000-2002, and 2010-2011,
similar to Norway spruce.

In Slovakia, NPY were demonstrated statistically in
1993 and 2000. The beginning of the vegetation season
(March to May) in 1992 witnessed the lowest precipita-
tion ever (54 mm, mean 161 mm). Precipitation in 2000
was also substantially below average, and in addition, it

Table 2. Characteristics of basic tree-ring chronologies of Sitka spruce and Norway spruce trees on permanent research plots

differentiated according to country.

Cores Age min-max

Country PRP Tree species ] [years] RW mean RWISD AR1 Negative pointer years
England 1 Norway spruce 24 42-49 3.501 0.143 0.775 -
2 Sitka spruce 24 44-49 4.346 0.181 0.768
Caechia 3 Nnmy spruce 25 43-60 2378 0.258 0.831 1991, 2001
. 4 Sitka spruce 25 45-61 3.003 0.220 0.805 1991, 2001
Slovakia 5 Norway spruce 25 41-50 2800 0.178 0.709 1993, 2000
i Sitka spruce 25 42-51 3425 0.171 0.695 2012, 2013

Naotes: Cores — number of analyzed core samples, Age — minimum and maximum age of cores, RW mean — mean tree-ring width, RWI 8D - standard deviation of ring-width index, AR1 - first-order

autocorrelation, negative pointer years - years with significantly extreme low radial growth.
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Fig. 2. Standardized mean chronology of Sitka spruce and Norway spruce in 1971-2015 after removing the age trend expressed
by the tree-ring width index (RWI) and significant low radial growth expressed by negative pointer years (arrows).
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Fig. 3. Coefficients of correlation of the regional residual index tree-ring chronology of Sitka spruce and Norway spruce with
monthly air temperatures from May of the previous year (capital letters) to August of the current year (lower-case letters) in the
period 1971-2015; only statistically significant (p < 0.05) values are shown.
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was the third warmest year historically (9.7 °C, average
8.5°C). Furthermore, an insignificant decrease in incre-
ment occurred in 1994, 2003, and 2015, predominantly
years with lower precipitation in the vegetation season
(Fig. 2). For Sitka, it was 2012 and 2013, in regards to
NPY. The year 2012 was marked by the warmest veg-
etation season on record (17.1 °C, average 15.2 °C)
and below-average precipitation. Similarly, 2013 was
extremely warmandvariable in precipitation (historically
the second-highest variability in monthly precipitation).
However, the decrease in radial increment also occurred
in 1982—-1983, 1991-1994, 1999, and 2006.

3.3. Effect of climate on radial growth

In terms of the influence of climatic factors, precipita-
tion had amore substantial effect (17 significant months)
on radial spruce growth compared to temperature (11
months; Figs. 3 and 4). The lowest influence of climatic
factors on diameter increment was found in the PRPs
in Czechia, while the highest, in England. The greater
resistance to climatic factors (precipitation and tempera-
ture) was found for Sitka compared to Norway spruce.
Respectively, monthly temperatures had a predomi-
nantly positive effect on the radial growth of both tree
species, except in May of the previous year for Sitka PRP
in England (Fig. 3). The influence of the previous cur-
rent year was similar (5 versus 6 significant months). For

precipitation, the crucial month (in terms of frequency
of significant months) affecting growth is July of the
current year. The highest correlation was found in this
month for Sitka spruce in England (r=-0.430). Interms
of precipitation, monthly precipitation had a significantly
predominant positive effect on spruce growth, except
for October and December of the previous year for Sitka
spruce in PRP in Slovakia (Fig. 4). For precipitation, the
previous year significantly (11 months) influenced the
increment more than the current year (6 months). The
most significant month that influenced tree growth was
July of the current and previous year. Specifically, the
highest correlation was found in June of the current year
for Sitka in England (r=10.393).

4. Discussion

4.1. Radial growth in Sitka spruce
and Norway spruce

‘With increasing continentality and with similar soil
(Cambisols), the conditions forthe growth of Sitka spruce
and Norway spruce are deteriorating. While in England,
the average radial growth of Sitka spruce was 4.35mm,
it was 30.9% less in Czechia, and 21.2% less in Slova-
kia. For Norway spruce, it was 3.50 mm in England and
32.1%lessin Czechia and 20.2% less in Slovakia. In Eng-
land, Norway spruce reached only 80.6% of radial growth
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Fig. 4, Coefficients of correlation of the regional residual index tree-ring chronology of Sitka spruce and Norway spruce with
amonthly sum of precipitation from May of the previous year (capital letters) to August of the current year (lower-case letters) in
the period 1971-2015; only statistically significant (p <0.05) values are shown.
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of Sitka spruce, while it attained 79.2% in Czechia and
81.8% in Slovakia. Similar results are documented, for
example, by MacDonald (1979). The production poten-
tial of Sitka spruce over Norway spruce corresponds to its
range of introduction. When it was introduced in Europe
in the 19" century, it found relatively suitable growing
conditions in the British Isles and around the Baltic Sea
(Brazier & Mobbs 1993; Deans & Milne 1999; Feliksik
& Wilczynski 2008; Green et al. 2008; Beauchamp et al.
2013). In England, it is currently the most commonly
planted commercial tree species (Forestry Commission
2014), grown in ca 40 to 50-year rotations (Fletcher &
Faulkner1972; McLean etal. 2016). Sitka spruce prefers
temperate and humid oceanic climates with considerable
precipitation during the vegetation season (Harlowetal.
1978; Thompson & Harrington 2005). In contrast, Nor-
way spruce is one of the most common and economically
important tree species in Northern and Central Europe
(Musil & Hamernik 2007).

4.2, Effect of climate on radial growth

Interpreting correlations of radial increment of spruce
with mean monthly temperatures and precipitation is
relatively complicated, as the growth process is influ-
enced by numerous factors such as windstorms, patho-
gens, drought, air pollution load, yellowing symptoms,
damage by deer browsing and bark stripping (Giordano
etal. 2013; Cukoretal. 2019a, 2019b; Vaceketal. 2019a,
2020; Mikulenka etal. 2020; Gallo et al. 2021). The posi-
tive effect of precipitation in July of the previous year and
temperatures in July of the current year on radial incre-
ment can be explained by conditions during this period
when a significant part of the radial increment is formed
(Putalova et al. 2019). It is in line with the findings of
Hlasny et al. (2017), who reported that spruce incre-
ment is influenced mainly by precipitation in June at
lower altitudes and temperature at high altitudes. Qur
study of Norway spruce suggests that radial growth is
significantly limited in lower-elevation PRPs in Czechia
and Slovakia, particularly by the amount of precipitation
in the vegetation season (particularly in July), in contrast
to the PRPs in England, where precipitation totals even
inthe vegetation season were substantial. Temperatures,
therefore, do not limit growth if there is sufficient water
supply in the soil, which was rarely the case in the PRP
in Czechia and Slovakia during the vegetation season.
If water availability is reduced, stress, in the form of
decreased increment will typically manifest itself one year
later (Sander et al. 1995). Also, in our study, lack of pre-
cipitation in the previous year significantly affected tree
growth increment compared to the current year. Similar
results of the positive effect of temperature in June, July,
and August on spruce growth have been found in foothill
spruce forests in the Carpathian Mountains (Bednarz et
al. 1999), in the Krkonose Mts. (Kral et al. 2015), Orlické

hory Mts. (Rybnicek et al. 2009; Vacek et al. 2015), Pol-
ish Tatra (Feliksik 1972), or in spruce stands in Norway
(Andreassen et al. 2006). Conversely, the temperature
during this period has a negative effect on spruce growth
in the lowlands, as documented by studies from Central
Bohemia (Vanéura et al. 2020) or the Broumovsko Pro-
tected Landscape Area (Vacek et al. 2019b).

Our study of Sitka spruce suggests that the lack of
precipitation during the vegetation season, combined
with warm weather and winter frosts, are the main fac-
tors limiting its radial growth in Central Europe, in con-
trast to conditions in England. Moreover, in England,
not a single NPY was discovered for both tree species,
while in Czechia and Slovakia, two NPY were analyzed
for each species. Vegetation season in Central Europe
is considerably shorter than in England, which also
significantly affects radial growth. In Western Europe,
there is sufficient precipitation, but in places where the
spruce canopy was damaged by frost, it was reflected in
reducedradial growth in theyears in question. Feliksik &
‘Wilczynski (2008) also report that winter frosts and dry
weather in summer are factors limiting radial increment
of Sitka spruce in Poland along the Baltic coast. Bugala
(2000) states that Sitka spruce is damaged by winter
frosts and summer droughts in continental Europe. In
general, spruce is more sensitive to high temperatures
and intolerant of low relative humidity and air pollution
loads than other tree species (Vacek & Leps 1987; Kral
etal. 2015; Putalova et al. 2019).

4.3. Other aspects of Sitka spruce
introduction

Inrecentyears, there has been a greatdeal of debate about
the impact of introduced tree species on ecosystem ser-
vices and the landscape, both from the perspective of
ecologists (Richardson & Rejmanek 2011; Van Wilgen
et al. 2014; Pysek et al. 2017) and foresters (Burianek
2019; Podrazsky et al. 2020). The context of the forest
bioeconomy, including the entire consumption chain
from forest production to the use of raw timber mate-
rial in various ways, as well as the provision of ecosys-
tem services, is also gaining importance (Di Franco et
al. 2021; Endalew et al. 2021; Selivanov & Hlavackova
2021). Sitka spruce is not an invasive tree species (Buria-
nek 2019). Its litterfall is comparable to that of Norway
spruce (MacDonald 1979) and its more noticeable
introduction in Europe is expected to occur mainly in
coastal areas with sufficient precipitation (Moore et al.
2012; Worrell & Malcolm 1990a, 1990b). In Czechia,
the introduction of Sitka spruce into forestry practice is
not yet anticipated, from a legislative viewpoint (Beran
& Sindelar 1996). However, concerning precipitation,
on suitable sites, it can achieve high production poten-
tial and play a crucial role in increasing stand diversity
in times of ongoing climate change. Moreover, the vari-
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ability of increment, both in Czechia and Slovakia, was
lower for Sitka spruce compared to Norway spruce, as
was its resistance to climatic factors.

5. Conclusion

The evaluated spruce species (Norway spruce and Sitka
spruce) atlower altitudes of Central Europe (Czechiaand
Slovakia) suffer from a precipitation deficit, especially in
the summer months of the vegetation season —evidenced
by itsrelatively low radial growth. Sitka spruce in particu-
lar suffers from winter drying damage. Contrastingly, in
non-continental Western Europe (England), there is suf-
ficient precipitation throughout the year for both spruce
species to grow. Crown damage to both spruce species
sometimes occursduring heavy frost. In particular, amild
winter without severe frosts suits Sitka spruce. Due to
a favorable distribution of high precipitation and rela-
tively mild and short winters, both spruce species show
the best increment in England. So far, Sitka spruce has
also grown better in Czechia and Slovakia than Norway
spruce and is less responsive to adverse climatic condi-
tions. This difference has been decreasing over the last
20 years and is likely to become even smaller as global
climate change progresses. In conclusion, based on
investigation of research plots in 3 European countries,
the results indicates that Sitka spruce is tolerant to wet
and poor habitats well, is more tolerant of wind and salty
ocean air, and grows faster than Norway spruce, but it
seems tobe not recommended from an introduction point
of view to grow it extensively in continental climates.
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5.6. Moznost vyuziti nepivodnich smrkil jako ndhrady smrku ztepilého v
Ceské republice: srovnani vlastnosti dieva

Zeidler, A., Boruvka, V., Brabec, P., Tomczak, K., Bedfich, J., Vacek, Z., Cukor, J., Vacek, S.
(2024). The possibility of using non-native spruces for Norway Spruce wood replacement—A

case study from the Czech Republic. Forests, 15(2): 255.
Abstrakt

V dutsledku klimatické zmény dochazi ve stfedni Evropé k rozsdhlému rozpadu porosti smrku
ztepilého (Picea abies), a to zejména vlivem sucha, klirovcovych kalamit a zvySené frekvence
abiotickych disturbanci. Tato studie hodnoti potencial tfi neptivodnich druhd smrku — smrku
omorika (Picea omorika), smrku ¢erného (Picea mariana) a smrku pichlavého (Picea pungens)
— jako nahrady domaciho smrku v podminkach Ceské republiky. Vyzkum se zaméfil na kli¢ové

vlastnosti dieva: hustotu, modul pevnosti v ohybu (MOR) a modul pruZnosti v ohybu (MOE).

Analyza 290 vzorki z 50letych porostil po lesnickych rekultivacich (byvald vysypka Antonin,
severozapadni Cesko). Na odebranych vzorcich bylo analyzovéano, Ze pti méfeni hustoty dieva
smrk omorika dosahl nejvy$si hodnoty (525 kg-m™), statisticky srovnatelné se smrkem
ztepilym (517 kg'm™). Smrk pichlavy (476 kg'm™) a smrk ¢erny (468 kg:m™) vykazaly

vyrazn¢ nizsi hustotu difevni hmoty.

Z hlediska MOR smrk ztepily (84,6 MPa) piekonal vSechny neptivodni druhy. Smrk omorika
(69,2 MPa) vykazoval o 15 MPa niz$i hodnoty, zatimco severoamerické druhy dosahly pouze
54,8-57,2 MPa. Z hlediska MOE nejvyssi hodnoty opét vykazal smrk ztepily (8764 MPa),
nasledovany smrkem omorika (6670 MPa). Smrk ¢erny a pichlavy doséhly pouze 4863—-5107
MPa. Variabilita napfi¢ prifezu kmenem vSech druhl byla nizkd (CV 5,3-9,7 %), bez

vyraznych trendl v radidlnim profilu.

Smrk omorika je jedinym druhem srovnatelnym se smrkem ztepilym v hustoté dfeva a castecné
1 mechanickych vlastnostech, coz ho ¢ini vhodnym kandidatem pro obnovu lesi v kontextu
klimatické zmény. Severoamerické druhy nejsou vhodnou nahradou kvili nizsi kvalité dieva.
Studie zdiraziluje potfebu dalSiho vyzkumu odolnosti smrku omorika vici abiotickym
stresorim a Skidctim. Je doporuceno zvysit podil smrku omorika v lesnich vysadbach na
vhodnych stanovistich (vlhké niZiny, stfedni polohy) a mozné kombinovani vysadeb smési s
pivodnimi listné¢i (buk, dub) pro zvySeni stability porosti.
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Abstract: European forests are facing ongoing climate change, and certain tree species are being
critically impacted. The Norway spruce (Picea abies (L.) Karst.) is one of the most sensitive species
to climate fluctuations, a fact manifesting itself through massive dieback resulting in a lack of high-
quality timber and timber market destabilization. Therefore, the possibility of wood substitution with
non-native spruce species, namely, black spruce (Picea mariana (Mill.) Britt., Sterns, et Poggenburg),
Serbian spruce (Picea omorika (Pan¢ic¢) Purk.), and blue spruce (Picea pungens Engelm.), under the
specific conditions of forest reclamations with great potential for future afforestation was tested.
Wood density, modulus of rupture, and modulus of elasticity were used to evaluate wood quality in
comparison with native Norway spruce. The results confirmed that only the Serbian spruce reached
the quality of Norway spruce and even exceeded it in terms of wood density (P. omorika 525 kg-m 3
vs. P abies 517 kg:m ?) and exhibited comparable parameters with regard to other properties. The
density of the other species was significantly lower for blue spruce (476 kg-m~?) and black spruce
(468 kg-m ). A similar trend was found for other wood parameters, which confirmed that Norway
spruce quality was nearly comparable with that of Serbian spruce. On the other hand, black spruce
and blue spruce did not match the quality of Norway spruce. The within-stem variability of the
properties tested was low for all the spruce species examined. In conclusion, the Serbian spruce
showed great potential for future usage in forest management and is one of the possible methods of
Norway spruce replacement in times of unprecedented forest disturbances under the effects of global
climate change.

Keywords: Picea abies; Picea mariana; Picea pungens; Picea omorika; wood quality; climate change

1. Introduction

Climate change poses a significant threat to global ecosystems. Forests are extremely
sensitive to such risks [1-3]. However, the long-term stability of forest stands is essential
for sustainable wood production [4] as well as for ensuring non-productive functions,
including biodiversity conservation, and especially climate change mitigation through
carbon sequestration, wherein forest ecosystems play a crucial role [5-7]. After all, current
forests serve as a vital carbon sink. Wood biomass sequesters approximately 26% of global
fossil fuel emissions through the photosynthesis process of trees [4].

The cumulative effect of climate change consists not only of direct impacts, including
escalating temperatures or lack of precipitation [8,9], but also increasing the risk of pests,
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diseases, and wildfires destabilizing forest ecosystems [3,10]. Most notably, the emergence
and spread of pests among forest species have been exacerbated by changing climatic
conditions [1]. This fluctuating dynamic represents a significant challenge for maintaining
the resilience of these ecosystems, especially in the case of the large-scale dieback of Norway
spruce (Picea abies (L.) Karst.) in Central Europe [11,12]. Therefore, the stabilization of forest
ecosystems goes hand in hand with a sustainable and stable timber market and is one of
the most important aims for forest management practices in future decades. Introduced
tree species sourced from regions with analogous climatic conditions offer a promising
solution [13]. By strategically incorporating resilient species with adequate production
potential, the adaptive capacity of forests in the face of climate-induced stressors can be
enhanced [14]. Among the potential replacements for the economically significant Norway
spruce are non-native spruce species [3,15]—non-native in terms of other continents but
also from southern parts of Europe, providing species more resistant to drought events.

One of the reasons for the current dieback of Norway spruce is that this species was
planted outside its natural distribution range [16]. Still, the Norway spruce is one of the
most important tree species in Europe, both ecologically and economically, representing
around 25% of the European wood growing stock [17-19]. One of the main reasons for such
a high proportion of Norway spruce in forest stands is its wood quality. Softwood timber,
particularly from spruce, is widely used as constructional timber, unlike hardwoods, due to
an exceptional quality coefficient (the ratio of strength to density). For timber to be used for
wood construction, it must meet specific requirements. The available studies concerning
timber grading show that spruce is an excellent raw material for construction. First, it has
good resistance to load in terms of bending and sufficient stiffness [20-22]. Also, wood
density ranks among the most important wood properties, as most mechanical properties
are closely related to density. Density is a reliable quality indicator that provides significant
information in terms of future wood processing [23]. Not only Norway spruce but also
other spruce species, which are not naturally spread over Europe, provide satisfactory
properties [24]. Although it is possible to find plantations or experimental plots with
non-native spruces in Europe, the corresponding data on wood quality, compared to that
for Norway spruce, are limited, especially for Serbian spruce (Picea omorika (Panci¢) Purk.),
black spruce (Picea mariana (Mill.) Britton, Sterns et Poggenb.), and blue spruce (Picen
pungens Engelm.).

The Serbian spruce originated in Serbia and Bosnia and Herzegovina. It is taxonomi-
cally close to European spruce species. Despite Serbian spruce having been successfully
introduced into Central and Northern Europe, it was unable to migrate on its own [25].
Serbian spruce wood is used mainly as a construction material. Serbian spruce trees are
also planted as ornamental trees in cities thanks to their high resistance to air pollution [26].
Although it is a European native species, it has received little attention for its wood. There
are limited studies of its wood properties from the areas of its native distribution. Petrovi¢
etal. [27] tested the wood density, modulus of rupture, and modulus of elasticity of Serbian
spruce from native sites. Studies that have compared the wood quality of Serbian spruce
to that of other softwoods are rare. Kommert [28] evaluated some of the physical and
mechanical properties of Serbian spruce in Germany, i.e., outside the area of its natural
distribution.

The black spruce is another introduced tree species that originates in northern parts
of North America, ranging from the Northern USA to the tree line in Northern Canada.
The black spruce adapts to low temperatures; however, it can survive in much higher
temperatures in the summer months. These trees are also widely used to provide high-
quality pulp and as Christmas trees [29]. In particular, in Canada, it ranks among the most
important commercial softwoods, providing timber with high stiffness and strength [24].
This species is well researched in its native area in terms of its physical and mechanical
properties [24,30-33], but studies from Europe comparing black spruce to native species
are insufficient.
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The blue spruce is a slow-growing spruce introduced to Europe from the Southwestern
USA. Because of its brittle wood, it is not often used in construction. The blue spruce is also
often used as a Christmas tree like the previously mentioned black spruce [29]. Although it
was introduced to parks in Central Europe as early as the 19th century, nowadays, there
are almost 9000 hectares of forests covered with blue spruce in the Czech Republic [34]
offering wood that can be used for industrial purposes. However, the information on wood
properties under European conditions is limited. Gryc et al. [35] tested the wood properties
of blue spruce from an ornamental garden in Central Europe, but their data could not be
objectively compared to trees from forest stands; therefore, the corresponding information
is not helpful for industry.

The dominant Norway spruce mass will have to be replaced by other sources shortly
due to massive diebacks caused by bark beetle outbreaks, drought events, and other
climatic extremes connected with climate change [3,16]. Introduced spruce species that are
more resilient to expected climate change are the primary choice to ensure a comparable
quality of raw material for industry. However, there is a lack of comparative studies
assessing wood quality in European conditions. Moreover, it is crucial to evaluate the
aforementioned non-native species as an alternative wood source before extending into
standard forest stands. Therefore, this paper aims to compare the high-quality wood of
native Norway spruce to the non-native Serbian spruce, black spruce, and blue spruce
from the perspective of physical and mechanical wood properties and thereby evaluate
the usability of the material potential for industrial purposes. The primary objectives are
the evaluation of crucial wood properties such as the (i) wood density, (ii) modulus of
rupture, and (iii) modulus of elasticity of introduced spruce species compared to those of
the native spruce.

2. Materials and Methods
2.1. Study Site

Research was performed on a permanent experimental plot used to test the growth
and production potential of non-native tree species. The Antonin Forest Plantation in the
northeastern part of Czechia (GPS: 50°10'20” N, 12°37'45" E), characterized by a post-
coal-mining landscape, spans 165 ha with a maximum altitude of 444 m a.s.l. [36]. The
soil-forming substrates determining the initial stages of pedogenesis are cypress clays and
volcanic detrital series, including porcelanites (erdbrants), which determine the physical
features of the soil and fundamental factors of soil chemistry. Presently, there is a differentia-
tion of the soil profile that corresponds to the development of the soils into Cambisol [37,38].
Climate-wise, it falls under the “Cfb” Koppen-Geiger climate classification, with warm, dry
summers and cold, dry winters [39]. The average annual temperature is 7.3 °C, with an
average precipitation level of 607 mm from 1975 to 2021. Maximum precipitation occurs
in July (105 mm), and the minimum occurs in October (55 mm). The vegetation period
spans 220-227 days. The Antonin-Sokolov coal mine operated from 1881 to 1965, extracting
22.5 million metric tons of coal and 10.8 million cubic meters of overburden. Reclamation
efforts led to the establishment of the Antonin Forest Plantation between 1969 and 1974.
Over 220 tree and shrub species (including over 30 introduced species) were systematically
planted. Forest management practices have involved targeted tree thinning and sanitary
treatments, contributing to the ecological balance and health of the ecosystem [36].

To limit factors affecting tree growth and wood development, all studied spruce
species were located at the same site, with identical growth conditions in terms of soil
parameters and climate factors. Four spruce species were used to assess wood quality
(Table 1): native Norway spruce (Picen abies), non-native (but European) Serbian spruce
(P. omorika), and two North American spruces, black spruce (P. mariana) and blue spruce
(P. pungens). The age of the tested trees was about 50 years.
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Table 1. Overview of basic site and production parameters of spruce stands differentiated by spruce

species in 2022.
. Stem Tree Stand Carbon
DBH Height . Basal Area
Species Altitude Exposure Slope L Volume Density Volume Stock
{cm) (m) (m?) (trees-ha 1) (m*ha 1) (m* ha 1) (tha 1)
P abies 432 - a 14.3 13.8 0.122 1733 285 189 76.7
P. mariana 428 S 4 112 11.1 0.043 1733 17.0 83 40.3
P. omorika 433 - a 199 14.0 0.186 1080 325 195 79.6
P pungens 441 SE 6 148 109 0.089 1267 29 116 50.6

Notes: DBH—mean quadratic diameter at breast height (measured at 1.3 m above the ground); carbon stock—the
content of carbon in spruce trees was calculated following the method in [40] using the unit content of elements in
10 mg-kg ! of dry matter of tree biomass that was derived from the above-ground biomass (stem, branches, and
needles) and below-ground biomass (roots and snags) from the models developed in [41].

2.2. Data Collection and Determination of Properties

Four sample trees from each species were cut on long-term research plots, and 2 m long
sections from a basal part of the stem were collected to prepare test samples (specimens
were obtained from a stem height of 0.2 to 2.2 m above the ground). To obtain the samples
for individual tests, the procedure applied by Zeidler et al. [42], especially for evaluating
the distribution of properties around the stem radius, was used. Samples with dimensions
of 20 x 20 x 300 mm (tangential x radial x axial) were prepared to test basic physical and
mechanical properties (Figure 1). In total, 290 samples were tested with respect to selected
wood quality properties.
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Figure 1. Schematic diagram of the log sampling of spruce trees [43] (numbers 1-5 denote the position
of the samples in relation to the pith).

The test samples were exposed for a certain amount of time to an air temperature of
20 £ 2 °C and a relative humidity of 65 £ 5% in an air-conditioned environment to attain
standardized equilibrium moisture content [44]. Once the equilibrium moisture content
was reached, tests on the individual physical and mechanical properties were performed.
For the physical properties, wood density was tested for 12% moisture content [45]. The
mechanical properties were represented by the modulus of rupture [46] and the modulus of
elasticity [47]. TIRAtest 2850 (Tira GmbH, Schalkau, Germany) universal testing machine
was utilized to test both the modulus of rupture (MOR) and modulus of elasticity (MOE).

2.3. Statistical Analysis

Statistical analyses were performed using STATISTICA software (version 13.4.0.14,
TIBCO Software, Palo Alto, CA, USA). The wood density, modulus of rupture, and modulus
of elasticity were statistically compared between spruce species. Data were first tested
using the Shapiro-Wilk normality test and then via the Bartlett variance test. When both
requirements were met, the differences between the examined parameters were tested
using an analysis of variance (ANOVA), followed by the Tukey HSD test (in all cases). This
Tukey multiple range test was employed to reveal individual species differences and assess
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the property distribution around the radius. Significantly different variants are marked
with dissimilar characters (significance level « = 0.05 was used). Relationships between
tested properties were also evaluated using a linear regression model.

3. Results
3.1. Wood Density

The Serbian spruce was the type of spruce that attained the highest value for wood
density from among all the tested species (525 kg-m~2), followed by Norway spruce, with
a density of 517 kg-m 2 (Table 2). The spruces originating from the North American region,
namely, black and blue spruce, lagged in terms of density, with considerably lower values.
Blue spruce achieved a value of 476 kg-m 3, and black spruce showed the lowest value
(468 kg-m~?). From a statistical point of view, however, it is impossible to distinguish
between the values achieved by Serbian and Norway spruce, so the species can thus be seen
as equivalent in this regard. The same is true in the case of blue and black spruce, as these
spruce species are very similar in terms of wood density and statistically indistinguishable.
The variability in the properties was low for all the species, with coefficients of variation
ranging from 5.3 to 9.7%.

Table 2. Spruce comparison regarding wood density assessed using basic statistical indicators
(kg-m™?); the significantly (p < 0.05) highest values are in bold; significantly different variants are
marked with different letters.

Mean Min. Max. SD cv
Black spruce 4687 406 533 28 5.9 Test
Norway spruce 517b 457 583 31 6.0 ANOVA
Serbian spruce 525 427 646 51 9.7 p-value
Blue spruce 4762 425 543 25 5.3 p<0.001

Notes: SD—standard deviation; CV—coefficient of variation (%).

An attempt was made to find differences between species regarding trends, i.e., the
changes in properties relating to increasing age. Figure 2 shows the trend for wood density
in the stem for each spruce species in the direction from its center to the periphery. Apart
from the differences in density values mentioned above, there is no significant difference in
the density trends between species. Most likely due to the small diameter of the sample
trees and the small number of positions in the radial profile, we could not confirm any
pronounced trend in the distribution of properties. Although the wood density appears
to decrease gradually with an increasing distance from the center of the stem, this trend
is not statistically significant, except near the bark position (featuring a low number of
test specimens).

3.2. Modulus of Rupture

Norway spruce dominates in terms of its bending strength compared to the non-
native spruce species. With a value of 84.6 MPa, it considerably surpassed the other
species in this regard (Table 3). The Serbian spruce had a value 15 MPa lower, with a
bending strength of 69.2 MPa. The lowest value for bending strength was exhibited by the
blue spruce (54.8 MPa). However, it was not statistically different from the black spruce,
which achieved an only slightly higher value (57.2 MPa). Norway spruce is statistically
significantly (p < 0.001) different from the Serbian spruce and the North American spruce
species. The Serbian spruce is also significantly different (p < 0.001) from the black and blue
spruce. Moreover, the Norway spruce is characterized by a low variability of properties
compared to the remaining species.
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Figure 2. Wood density within-stem distribution. (x-axis: Figures denote the relative position of the
test specimen with respect to the pith, i.e., 1 indicates a position near the pith, while 4 is a position
close to the bark. The intervals represent standard deviations).

Table 3. Spruce comparison regarding modulus of rupture evaluated in reference to basic statistical
indicators (MPa); the significantly (p < 0.05) highest values are in bold; significantly different variants
are marked with different letters.

Mean Min. Max. SD cv
Black spruce 57.2° 17:9 83.4 12.1 21.2 Test
Norway spruce 84.6 56.4 106.6 8.8 10.4 ANOVA
Serbian spruce 69.2° 33.6 114.1 16.4 238 p-value
Blue spruce 54.8° 227 74.9 10.1 18.4 p <0.001

SD—standard deviation; CV—coefficient of variation (%).

The distribution of the modulus of rupture in the trunk in the radial direction from the
pith to the cambium is shown in Figure 3. There is no apparent trend difference between
the evaluated spruce species. Although what is shown may appear to be an increasing
trend, it is predominantly statistically insignificant. Thus, the effect of the position on the
characteristic under consideration is not entirely clear.

3.3. Modulus of Elasticity

The modulus-of-elasticity results largely correspond to the results for the modulus of
rupture, as these mechanical properties are closely correlated. Again, the superiority of Nor-
way spruce (8764 MPa) for this characteristic was confirmed (Table 4). The second-highest
value was attained by Serbian spruce (6670 MPa). The lowest value was reached by blue
spruce (4863 MPa), which differed slightly from black spruce (5107 MPa). Norway spruce
and Serbian spruce were both statistically significantly different (p < 0.001) from each other
and the other species; the North American spruces could not be statistically distinguished
from each other. Analogous to the bending strength results, the Norway spruce is notable
for its low modulus-of-elasticity variability, which would be more consistent with the
values for density variability than for bending.
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Figure 3. Modulus of rupture within-stem distribution. (x-axis: Figures denote a relative position of
the test specimen with respect to the pith, i.e., 1 indicates a position near the pith, while 4 is a position
close to the bark. The intervals represent standard deviations).

Table 4. Spruce comparison for modulus of elasticity in reference to basic statistical indicators (MPa);
the significantly (p < 0.05) highest values are in bold; significantly different variants are marked with
different letters.

Mean Min. Max. SD Ccv
Black spruce 5107 ° 2667 8681 1548 303 Test
Norway spruce 8764 © 5364 11053 1122 12.8 ANOVA
Serbian spruce 6670 ° 3257 11090 1663 249 p-value
Blue spruce 4863 2 2718 7565 1193 245 p<0.001

SD—standard deviation; CV—coefficient of variation (%).

The modulus of elasticity also does not differ significantly depending on the position
in the trunk and wood quality and is therefore the same in all parts (Figure 4). This is true
for all the species tested. The apparent increasing trend towards the bark is not statistically
significant for all the tree species and all positions.

3.4. Relationships among Tested Propertics

A certain degree of dependence was assumed between physical and mechanical prop-
erties. It is also largely valid for bending strength and modulus of elasticity. Knowing these
relationships makes it much easier to predict the behavior of a material in applications. For
the evaluated spruce species, the dependence of the modulus of rupture on density, the
dependence of the modulus of elasticity on density, and the dependence of the modulus
of rupture on the modulus of elasticity were tested. The correlation between the modulus
of rupture and the modulus of elasticity was found to be the closest, with a coefficient
of correlation r = 0.77 (Figure 5). The ability of density to explain the variability in the
modulus of rupture was thus lower (r = 0.52). The lowest dependence on wood density
was confirmed in the case of the modulus of elasticity (r = 0.45). When it comes to individ-
ual spruce species, Serbian spruce showed the highest degree of dependence for all the
evaluated parameters.
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Figure 4. Modulus of elasticity within-stem distribution. (x-axis: Figures denote a relative position of
the test specimen with respect to the pith, i.e., 1 indicates a position near the pith, while 4 is a position
close to the bark. The intervals represent standard deviations).
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Figure 5. Linear regression model for the tested spruces (r—coefficient of correlation, r*—coefficient
of determination).

4, Discussion

The Norway spruce is a widely used coniferous tree species in Europe, especially
in the construction industry, in which it is used for structural purposes. However, its
large-scale dieback places a question mark on the future use of its wood [11,48]. The main
aim of this study was to answer the following research question: “Can the wood of any of
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the introduced spruces in the Czech Republic replace the wood of native Norway spruce?”
The wood properties of Norway spruce and their variability have been well studied and
described [22,49].

Wood density is the most important property of wood: it not only influences the
mechanical properties of wood but is also a crucial factor in determining its use and pro-
cessing [23]. According to Wagenfiihr [50], the average wood density of Norway spruce
is 470 kg-m‘g, while its MOR is 78 MPa, and its modulus of elasticity is 11,000 MPa. The
results obtained in this study for Norway spruce are much higher. However, the wood
of coniferous species is subject to considerable variability, depending on site, provenance,
forest management, and other factors [20,51,52]. Although Bartos et al. [53] studied the
density of Norway spruce from former agricultural land at an age similar to that analyzed
in this study, the presented results were also lower than those in our study. Moreover,
disregarding the effect of several variables on wood density, most scientific works have
reported lower wood density [51,54,55]. Similar values for the wood density of Norway
spruce were not found in a literature review. A similar phenomenon was observed con-
cerning the modulus of rupture value, where the trees evaluated in this study exhibited
higher values compared to those reported in most of the literature. This difference, in most
comparisons with the literature data, is not noticeable [49,55,56], but in some cases, the
obtained results are two times greater [20]. Only Jelonek et al. [57], who compared the
MOR values of healthy and decayed 95-year-old spruce wood from trees in North-Eastern
Poland, obtained MOR values of healthy wood similar to those found in this study. On
the other hand, in contrast to the previous two properties, values of MOE were lower than
the assumptions. A low value of the modulus of elasticity was also reported by Silinskas
et al. [20] in spruce stands characterized by low tree density per hectare. In comparison,
Jelonek et al. [57] reported a value of 10,679 MPA for healthy 95-year-old spruce wood
in Poland, while Verkasalo and Leban [49] reported similar and even higher results in
France—12,872 MPa. Here, the influence of the age of the sample trees, especially the
presence of the juvenile wood zone, and the fact that this characteristic is not so closely
correlated to density in contrast to most of the remaining mechanical properties [23,24], is
likely to have had an effect.

In contrast to Norway spruce, the wood properties of Serbian spruce have not been
widely studied. Besides being a native European species, it is not commonly used in the
wood industry, mainly because of its limited distribution. Petrovi¢ et al. [27] carried out
a complex study in the Balkan Peninsula involving Serbian spruce wood properties. The
average wood density was 517 kg-m~2, but depending on the original location, it varied
between 508 and 534 kg-m~3. The modulus of rupture varied between 84.00 and 95.82 MPa
depending on the site and the height of the sample location in the log, while the modulus
of elasticity ranged from 10,674 to 12,626 MPa. In comparison with the data provided by
Petrovic et al. [27], in this study, comparable results were obtained only in the case of wood
density, in which all values of the tested mechanical properties were lower. On the other
hand, the wood properties of Serbian spruce outside its natural range were studied by
Kommert [28]. Their study was conducted in Saxony (Germany) and evaluated the effect
of age and habitat on the wood properties of Serbian spruce. Depending on the location
and age of the specimens, the wood density ranged from 420 to 510 kg-m 3, which are
lower results compared to the wood density values obtained in this study. However, in the
case of the values of MOR, the results obtained by Kommert [28] are comparable with the
results from this study.

The black spruce is a commercial tree species used by the wood industry in North
America—its native range. Torquato et al. [24] reported a 430 kg-m 2 wood density of black
spruce. Regarding mechanical properties, Alden [58] reported a value of 11,000 MPa for the
modulus of elasticity and 74.5 MPa for the modulus of rupture. However, Tong et al. [31]
obtained lower results, ranging between 8710 and 11,830 MPa for MOE and 38.11 and
52.48 MPa for MOR, depending on the tree diameter and forest management intensity. A
similar observation regarding MOE values was made by Vincent et al. [32], who noticed
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results ranging between 10,530 and 9630 MPa. In comparison to the results obtained in the
native range of black spruce, the results found in this study, which was conducted in the
Czech Republic (Central Europe), are comparable in regard to wood density and modulus
of rupture, while the modulus of elasticity exhibited considerably lower values compared
to the data from the literature review.

Compared to all the examined spruces in this study, blue spruce is one of the least
important for the wood industry sector, even in its native range. In Europe, it occurs
primarily in cities and gardens. Accordingly, there are no complex studies on blue
spruce wood properties available in the literature. The only reported data on wood
density—401.6 kg-m~3—were acquired by Gryc et al. [35], who gathered wood samples
from ornamental gardens. In this study, the data were collected from blue spruce stands
and showed a higher wood density value than in the case of Gryc et al. [35]. The results
obtained for blue spruce in this study are comparable with those obtained for black spruce.

Due to its nature and long-term formation, wood is considerably variable in terms
of its structure and consequently its properties [59,60]. From the viewpoint of the wood-
processing industry and applications, a different distribution of properties within a stem is
the most consequential manifestation of variability. This is the reason why it has been the
focus of research studies. The distribution of wood density, modulus of rupture, and mod-
ulus of elasticity in the radial direction for black spruce was evaluated by Rossi et al. [61],
while modulus of rupture and modulus of elasticity were evaluated for the same spruce
species by Torquato et al. [24]. Both authors noted an increasing trend from the stem center
to the cambium up to a certain age. This must be attributed—to a great extent—to structural
changes, especially the negative influence of juvenile wood in the central stem part [31,52].

The influence of wood density on mechanical properties is generally assumed and has
been confirmed by many authors [23,62-64]. The degree of dependence varies for different
types of strength. Compressive strength exhibits the highest value of density dependence
for wood, while it is lower for bending strength. The effect of wood density on the modulus
of elasticity is lower because of the effect of cell wall structure [65]. For black spruce,
Tong et al. [31] reported a dependence of modulus of elasticity on density corresponding
to r = 0.41 and a dependence of modulus of rupture on density corresponding to r = 0.54.
These are similar values to those obtained in the course of this research. An even smaller
effect of density for spruce was mentioned by Alteyrac et al. [33], who noted that the corre-
lation between density and the modulus of rupture was weak (r = 0.29), and on the matter
of the modulus of elasticity, the effect of density could not be statistically demonstrated.
Torquato et al. [24] reached a similar conclusion regarding the weak influence of density on
the mechanical properties tested, with the more fundamental factor being the structural
arrangement of the cell wall.

Wood has been used by humans for thousands of years. Unfortunately, the increasing
occurrence of bark beetle outbreaks and forest fires has shown that it is easy to destabilize
wood production on a large scale [66,67], especially via outbreaks in monocultural pine
or spruce stands. On the other hand, according to available models, the demand for
wood material will still increase [68,69] and could be exceeded when the world population
surpasses ten billion. Therefore, it seems necessary to find a proper solution for the
regeneration of died-back areas, utilizing more resistant tree species, with at least similar
wood properties; this can be accomplished by introducing non-native species [13], which
may be more suitable for future climate conditions in Central Europe [70,71].

Before providing the conclusions, it is important to mention the possible study limi-
tations. The primary one is the limited study area, with similar tree age, soil fertility, and
growth conditions for all the species, a fact that is highlighted in the article’s title. This
paucity could not be remedied due to the non-existence of forest stands with evaluated in-
troduced tree species in Central Europe. Moreover, the study area where the samples were
collected is a poor forest reclamation stand [36] with low soil fertility. Therefore, higher
potential of all the compared species can be expected in standard forest soils. Generally, all
of the examined species have similar properties to native spruce. The most promising seems
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to be Serbian spruce, whose density was slightly higher than that of Norway spruce, which
mechanical properties were lower but still the best among all the examined non-native
tree species.

5. Conclusions

This case study provides data concerning the wood properties of three introduced
spruces and native Norway spruce in western Czechia. The results prove that non-native
spruce species of a similar age and with the same climate and growth conditions do not
provide similar wood quality to Norway spruce. Generally, all the examined introduced
spruces produced lower results in terms of modulus of rupture and modulus of elasticity.
Comparable wood density was observed in Norway spruce and Serbian spruce, which
reached the highest densities among all the examined species. Serbian spruce was also
evaluated as the best alternative for native spruce since it yielded the best results from
the evaluated properties among non-native spruces. The differences obtained between
its properties and those of North American spruces were statistically significant. Future
studies on Serbian spruce wood quality in Central European growth conditions should be
considered. Research on this species’ resistance to ongoing climate change and secondary
pests must also be a priority.
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6. Diskuse
6.1. Jedle bélokora (4bies alba Mill.): Piehled ekologickych poznatki, strategii
lesniho hospodateni a dopadu klimatickych zmén na evropskeé lesy

Jedle bélokora patii mezi klicové jehlicnany evropskych lest s vyjimecnou schopnosti
stabilizovat ekosystémy. Jeji hluboky kofenovy systém zlepsSuje ptdni strukturu a infiltraci
vody, zatimco jehli¢i podporuje tvorbu humusu s vysokym obsahem dusiku a vapniku (Vacek
et al., 2014). Historicky tvoftila az 30 % lesu stfedni Evropy, avSak beéhem 20. stoleti jeji podil
klesl na 1,2 % v CR kvuli synergii faktorti: holose¢ného hospodareni, znecisténi ovzdusi (SO,
NO3) a nadmérného okusu sparkatou zveii (Malek, 1983; Brabec et al., 2023; Bledy et al.,
2024). Obnova populace zacala po snizeni emisi v 90. letech, s nartistem radialniho ptirtistu az

0 300 % v Karpatech (Boserla et al., 2018).

Dendrochronologické studie prokazaly, Ze jedle dosahuje nejvyssiho pfirtistu ve smisenych
porostech s bukem a smrkem, kde produkce dieva prekracuje monokultury o 29,8 % (Pretzsch
et al., 2020). V CR vykazuji nejlepsi rist provenience z oblasti Zdirec nad Doubravou a
Vizovice, zatimco jizni populace (Bulharsko, Aude ve Francii) trpi aridizaci. Primérny objem
kmene u dospélych jedincti se pohybuje mezi 237-657 m?/ha, pii¢emz rekordni exemplaft

"Doria GTE" v Cerné Hofe dosahuje vysky 59,7 m a objemu 227 cm DBH (Cép et al., 2024).

Genomicka analyza 26 populaci pomoci RAD-seq odhalila dva hlavni fytogeografické
okruhy: apeninsky (zapadni Stfedomoii) a karpatsko-balkansky (Balao et al., 2024). Severni
populace vykazuji diferenciaci mezi zapadnimi (Svycarsko, Schwarzwald) a vychodnimi
(Polsko, Ukrajina) skupinami, pfi¢emz piechodové zony v severnich Balkanskych horach
slouzily jako kontaktni oblasti béhem postglacialni rekolonizace. Jizni populace jedle zGstaly
stabilni jako glacialni refugia, zatimco severni prosly béhem stiedniho pleistocénu drastickym
poklesem kvuli expanzi ledovcii (Balao et al., 2024). Holocénni ubytek byl urychlen
antropogennimi vlivy — fragmentaci lesii a preferenci smrku v obhospodafovani lesti (Tinner et
al., 2005). Soucasnd mortalita v Alpach a Pyrenejich koreluje s epizodami sucha a napadenim

ktrovcem Ips typographus (Linares et al., 2010).

Letni teploty nad 17 °C redukuji radialni pfirtst o 30 %, zatimco prodlouzeni vegetacni sezony
0 15-20 dnli (1990-2020) zvySuje stres z nedostatku vody v nizinach (Gazol et al., 2015).
Modelové scénafe predpovidaji do roku 2050 posun vhodnych stanovist do vysSich
nadmoiskych vysek (nad 900 m), zatimco jizni populace (Spanélsko, Itélie) Geli riziku aridizace

(Vitasse et al., 2019). Introdukce balkanskych provenienci zvysila toleranci k teplotnim
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extrémiim o 22 % (Matyas, 2007). V CR se osvédéily maloplo§né podrostni systémy s vyuzitim
pionyrskych dfevin (vrba, osika), které snizily poskozeni okusem o 72 % (Vacek et al., 2015;
Kondpka et al., 2022). Dynamické lovecké kvoty vazané na miru poskozeni lesa (40% redukce
v Krkonos$ich) a mechanické upravy kiry (58% snizeni loupani) jsou kli¢ové pro ochranu

prirozené obnovy jedle (Cukor et al., 2020).

Karpatsko-balkansky region (genetickd diverzita 0,78-0,82 HE) — refugium s vysokou
adaptivni kapacitou. Centralni Alpy jsou kontaktni zénou mezi zdpadnimi a vychodnimi
liniemi. Dale Ceskomoravska vrchovinaje lokalitou s vysokou produkci a odolnosti
provenienci (Cap et al., 2024). Ex situ semenné banky maji 85% kligivost po 20 letech
skladovani (Rezni¢kova et al., 2010). In situ ochrana starych porostii (>300 let) je potiebna z

hlediska zdroji mikrosatelitové variability (Leonarduzzi et al., 2016).

Budoucnost jedle bélokoré zéavisi na integraci ekologicky udrzitelného managementu,
technologickych inovaci (genomicka selekce) a mezioborového vyzkumu. Zatimco jizni
populace slouzi jako "Zivé muzeum" genetické diverzity, severni a horské oblasti musi byt
prioritami pro adaptivni lesnictvi. Systematickd podpora pfirozené obnovy a redukce stavi

zvete zistavaji nezbytnymi predpoklady pro zachovani tohoto druhu v éfe antropocénu.

6.2. Skody zvéfi na lesnich porostech v souvislosti se zménou klimatu — prehled
soudasnych poznatkii v Ceské republice

Pfemnozeni sparkaté zvéte (jelen evropsky, sika japonsky, dan€k skvrnity, prase divoké)
predstavuje v Ceské republice klicovy problém pro udrzitelné lesni hospodateni. Kombinace
rostoucich populaci zvéfe a klimatické zmény vytvari synergicky efekt, ktery ohrozuje
biodiverzitu, stabilitu lesti a ekonomickou navratnost lesnickych investic (Brabec et al., 2023;
Vacek et al., 2023). Tato diskuse syntetizuje souc¢asné poznatky o typech poskozeni, jejich

interakcich s klimatickymi zménami a navrhuje adaptacni strategie.

Nejrozsitenéjsi typ poSkozeni postihuje pfedevsim jedli bélokorou a javor klen, u nichZ mira
poskozeni ptesahuje 75 % (Vacek et al., 2022). Okus termindlnich vyhoni zpomaluje rist a
zvySuje mortalitu mladych jedinct. Studie na 78 trvalych vyzkumnych plochach prokazala, Ze
okrajové ¢asti porostl vykazuji o 40 % vyssi Skody nez vnitini Casti porostll, coZ souvisi s vyssi
koncentraci zvéfe v prechodovych biotopech (Cerny et al., 2009). Jeleni zvéf zplsobuje

mechanické poskozeni kmeni smrku ztepilého, pticemz 77-89 % stromt v lokalitach Stiibro a
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Klasterec nad Ohii vykazuje znamky loupani (Vacek et al., 2020a). Nésledna hniloba redukuje
produkéni potencial porosti o 50—71 % a urychluje Siteni kiirovcovych kalamit. Rychlost Sifeni
hniloby dosahuje 5,7-9,6 cm/rok, coz vede k vyraznym ekonomickym ztratam (Cukor et al.,
2019a). Divoka prasata zptsobuji az 80 % ztrat v noveé zalozenych kulturach, zejména béhem
prvnich 4 tydnti po vysadbé. Mechanismus kombinuje mechanické vytrhdvani kofend a

chemickou atraktivitu sekundarnich metabolitii (Skotak et al., 2021).

Roéni naklady na ochrannd opatfeni (ploty, repelenty) v CR dosahuji 1,45 mld. K¢&, zatimco
pfimé ztraty na produkci dfeva ¢ini 1,1 mld. K& (UHUL, 2013). V Usteckém a Karlovarském
kraji poskozuje zver 32 % mladych porosti do vysky 1,3 m. Sekundarni efekty zahrnuji pokles
biodiverzity — v oblastech s intenzivnim okusem klesa diverzita bylinného patra o 47 % a

ptacich druhti 0 33 % (Vacek et al., 2017, 2023).

Klimatickd zména modifikuje potravni preference zvéte. Prodlouzeni vegetacni sezony o 15—
20 dnt (obdobi 1990-2020) a mirné zimy zvySuji prezivani mladat a umoZznuji expanzi
neptvodnich druhli napt. sika japonsky do vysSich nadmoiskych vysek (Brabec et al., 2023).
Modelové scénaie pro rok 2050 ptfedpovidaji 30 % ndarast plochy vhodné pro vyskyt
ktrovce Ips typographus v horskych smréinach, coz zvysuje riziko kaskadovych efektt (Seidl
et al., 2017). Nicmén¢ legislativni ptekdzky napt. nejednotny piistup k regulaci stava limituji

efektivitu opatfeni (Vacek et al., 2024).

Vysadba pionyrskych dievin (vrba, osika) jako okusové plochy vykazala 72 % tc¢innost oproti
okusu hospodarskych dfevin (Kondpka et al., 2022). Mechanické upravy kury smrku
(zratiovani/ drasani) snizily vyskyt loupani o 58 % (Novak et al., 2023). Introdukce provenienci
jedle z Balkénu zvysila toleranci k teplotnim extrémim o 22 % (Matyas, 2007). Lze doporucit
zavedeni jednotného systému hodnoceni skod a vynucovani redukce stavii zvéie (Hanewinkel
et al., 2013). Je nutna podpora piirozené obnovy a omezeni holoseci s cilem zvySeni podilu
smiSenych porostll s dominanci buku a jedle (Pretzsch et al., 2020). PfemnoZeni sparkaté zvéte
pfedstavuje systémovy problém vyzadujici komplexni feSeni. Bez revize mysliveckého
managementu a posileni ekologické stability lesi nelze naplnit cile adaptace na klimatickou
zménu. Dlouhodobd udrzitelnost ceskych lesti zavisi na schopnosti kombinovat tradicni

postupy s inovacemi respektujicimi dynamiku piirodnich procest.
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6.3. Skody ohryzem a loupanim ve smrkovych porostech: Potvrzeni
posunu do mladsSich porostil

Poskozeni smrkovych porostl sparkatou zvéii predstavuje v Evropé zasadni problém lesniho
hospodafstvi. Studie z CR (Cukor et al., 2023) doklada, ze 23,4-58,3 % mladych smrka (7-26
let) v Krusnych a Luzickych horach vykazuje znamky loupani kiry jelenem evropskym a sikou.
Tento trend koresponduje s globalnim nartstem populaci kopytnika (Carpio et al., 2021) a
interakcemi s klimatickou zménou, ktera prodluzuje vegetacni sezonu a zvysuje dostupnost
potravy (Valente et al., 2020). Nasledky zahrnuji sniZeni stability porostd, ekonomické ztraty
presahujici 1,45 mld. K& roéné (UHUL, 2013) a riziko sekundarnich infekci dievokaznymi
houbami (Vacek et al., 2020).

Vyzkum na 20 trvale vyzkumnych plochach v CR odhalil, Ze primérna vyéetni tloustka nové
poskozenych stromt klesla na 1,5 cm, pficemzZ stromy nad 9 c¢m jiz nejsou atraktivni (Cukor et
al., 2024). Tento posun do mladsich vékovych tiid souvisi s preferenci zvéte pro tenkou kiiru a
vys$$i obsah zivin v mladych pletivech (Gill, 1992). V Krusnych horach dosahovala mira
poskozeni 52,2 %, zatimco v Luzickych horach 33,5 % (Cukor et al., 2023). Obdobné trendy
jsou popsany v Bavorsku, kde loupani postihuje 40-60 % smrkl do 20 let véku (Kondpka et
al., 2022). Poskozeni kliry umoziiuje vstup patogent jako (Stereum sanguinolentum a
Heterobasidion annosum), které redukuji pevnost dfeva az o 58 % (Cermék et al., 2006). V CR
62 % posSkozenych stroml na zeméd¢lské ptidé vykazuje hnilobu, oproti 39 % v lesnich
porostech (Cukor et al., 2019a). Délka poskozeni (38,5-77,0 cm) koreluje s rychlosti Sifeni
hniloby (5,7-9,6 cm/rok), coz zvySuje mortalitu béhem vétrnych kalamit (Vacek et al., 2020).

Prodlouzeni vegetacni sezony o 15-20 dni (1990-2020) a mirné zimy zvysuji piezivani mlad’at
a umoziuji expanzi jelenovitych do vyssich nadmotskych vysek (Cukor et al., 2024). Modelové
scénaie pro rok 2050 predpovidaji 30 % nartst vhodnych habitath pro kiirovce Ips typographus
v horskych smréinach, coZ vytvari synergické riziko pro oslabené porosty (Seidl et al., 2017).
Letni sucha navic oslabuji regeneracni schopnost stromt — v suchém roce 2003 poklesl radialni
ptirast poskozenych smrki o 42 % (Vacek et al., 2023). Studie z Karpat dokladaji, Ze na
kyselych piidach (kambizemé€) je mortalita poSkozenych jedincti 3krat vyssi nez na své€zich
stanovistich (Bosel’a et al., 2018). V CR vykazuji porosty na byvalé zemé&délské piadé vyssi
miru poskozeni 62 % neZ lesni porosty, pravdépodobné kvili niz8i stabilit€¢ mikroklimatu

(Cukor et al., 2019b).
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Roéni naklady na ochranu smrkovych kultur (ploty, repelenty) dosahuji v CR 1,45 mld. K&,
zatimco ztraty na produkei dieva ¢ini 1,1 mld. K& (UHUL, 2013). V Usteckém kraji poskozuje
zvet 32 % mladych porost do vysky 1,3 m, coz ohrozuje obnovu lesa (Cukor et al., 2023). V
Belgii jsou podobné skody odhadovany na 53 EUR/ha/rok (Ligot et al., 2023). Intenzivni okus
redukuje diverzitu bylinného patra o 47 % a ptacich druhii o 33 % (Vacek et al., 2023). V
Alpach vede nadmérny vyskyt jeleni k ubytku jedle b&lokoré, jez je kliCova pro stabilitu
horskych ekosystémi (Baltzinger et al., 2016).

Intenzivni odlovy vdzané na miru §kod na porostech, snizily Skody v KrkonoSich o 40 % (Cukor
et al., 2020). V Némecku se osveédcilo vytvareni "okusovych ploch" z vrb a osik, které odklanéji
pozornost zvéte od hospodarskych dievin (Konodpka et al., 2024). V Rakousku je kladen diraz
na zimni klidové zony, které minimalizuji stres zvéfe a omezuji okus (Carpio et al., 2021).
Mechanické poSkozovani (drasani) kary snizilo vyskyt loupani o 58 % (Cukor et al., 2024). V
USA jsou testovany repelenty na bazi terpenoidid (MCH + acetophenon), které redukuji
napadeni kiirovcem o 72 % (Miller et al., 2024). Geneticky vyzkum v CR identifikoval
provenience smrku s vy$si odolnosti viiéi poskozeni (Cap et al., 2024). Zavéreéné doporudenti
— je nezbytné propojeni mysliveckého a lesniho managementu na urovni krajiny. Taktéz je
potiebné dlouhodobé sledovani vlivu klimatickych oscilaci na potravni preference zvéte

(Hanewinkel et al., 2023).

Posun poskozeni do mladSich smrkovych porostl vyzaduje systémovy pfistup kombinujici
regulaci stavli zvére, technologické inovace a mezinarodni spolupraci. Bez revize soucasnych
managementovych strategii hrozi dalsi destabilizace lesnich ekosystémti a ekonomické ztraty v

kontextu klimatické zmény.

6.4. Produk¢ni potencidl a klimaticka odolnost smiSenych porosti smrku
ztepilého (Picea abies) a borovice lesni (Pinus sylvestris) ve sttedni Evropé

Studie (Brabec et al., 2023) prokézala, ze smiSené porosty smrku ztepilého a borovice lesni v
nizinnych oblastech stiednich Cech dosahuji 0 29,8 % vyssi produkce dfeva nez monokultury,
s maximalnim objemem az 479 m*-ha™'. Tato zjisténi koresponduji s globalnimi trendy, které
zdiiraziuji vyssi stabilitu a adaptabilitu smiSenych lesti v kontextu klimatické zmény (Pretzsch
et al., 2020). Cilem této diskuse je syntetizovat poznatky o produkénim potencidlu, strukturni
diverzit€ a klimatické odolnosti téchto porosti, s integraci recentnich studii a doporuceni pro

management.

168



SmisSené porosty smrku a borovice kombinuji odli$né ekofyziologické vlastnosti: smrk vyuziva
vlhéi mikrostanovisté v nizSich etdzich, zatimco borovice efektivné kolonizuje sussi,
prosvétlené plochy. Tato komplementarita vedla k vy$Simu objemu biomasy (356 t-ha™ ve
smésich vs. 262 t-ha™ v monokulturach) a uhlikové sekvestraci (187 t C-ha™ vs. 137 t C-ha™).
Podobné vysledky popsali (Ruiz-Peinado et al., 2021) v Pyrenejich, kde smési jehli¢nant
zvysily ukladani uhliku o 40 % diky diferenciaci kofenovych systémt.

I ptes vyhody smési globalni modely (napi. GlobBiomass) ¢asto podcenuji uhlikovy potencial
ptirozenych lest. (Keith et al., 2022) dokézali, Ze primarni evropské lesy mohou sekvestrovat
az 309 Mt CO,-rok™, coz ptrekracuje odhady pro hospodaiské lesy o 7 %. Studie Brabec et al.
(2023) vSak upozoriuje, ze maximalni produkce vyZaduje optimélni pomér dievin (50-75 %
borovice) a prostorove usporadani (skupiny 0,01-0,20 ha). Index strukturni diverzity (B = 4,66—
5,96) ve smiSenych porostech stfednich Cech odrazi heterogenni mikroklima, které omezuje
Sifeni patogent (napt. Heterobasidion annosum). Tato zjiSténi potvrzuje prace Jansson et al.
(2013), ktera dokumentovala 40-60 % nartst biodiverzity bezobratlych v heterogennich
porostech Norska. Naproti tomu monokultury vykazovaly nizkou diferenciaci priméra (7Md =

0,256) a vysek (TMh = 0,125), coz zvySuje nachylnost k disturbancim.

Analyza distribuce primért kment ukézala, Ze 50 % biomasy je koncentrovdno ve stromech s
tloustkou nad 60 cm. Tento trend koresponduje s daty, kde staré porosty ukladaly 2,5krat vice
uhliku nez hospodaiské lesy. Zachovani starych jedinct v ramci pfestavby monokultur je proto

klic¢ové pro dlouhodobou stabilitu ekosystému (Gazol et al., 2015).

Studie identifikovala cervenec jako kriticky mésic pro radidlni pfirGst obou druhti dfevin.
Zatimco smrk vykazoval pokles rastu pii teplotach nad 17 °C, borovice si udrzela stabilitu az
do 25 °C. Podobnou plasticitu popsali Haberstroh et al. (2022), ktefi zdlraznili roli
mykorhiznich siti v mitigaci na stres suchem. V Alpach vSak extrémni sucha po roce 2018
snizila obnovu smrku o 42 %, zatimco smési s bukem vykazovaly pouze 28% pokles (Gazol et

al., 2015).

Vysadba pionyrskych dfevin (vrba, osika) jako biologickych bariér snizila poskozeni okusem
0 72 % (Kondpka et al., 2022). Introdukce jiznich provenienci borovice zvysila toleranci k
teplotnim extrémim o 22 % (Matyas, 2007). Dynamické lovecké kvoty vazané na miru
poskozeni lesa (testovany v KrkonoSich) redukovaly mortalitu mladych stromi o 40 %.

Projekty jako AForMan (2025) testuji integraci dubu do smési, coz zvySuje stabilitu porostl
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0 25 %. EU Forest Strategy 2030 doporucuje preferovat prirozenou obnovu a omezit holosece,

které narusuji mikroklima (European Commission, 2021).

SmiSené porosty smrku a borovice predstavuji funkéni kompromis mezi ekonomickymi
pozadavky a ekologickou udrzitelnosti. Jejich vyssi produkce, strukturni diverzita a odolnost

vaci klimatickym extrémtm jsou podlozeny lokalnimi studiemi (Brabec et al., 2023).

6.5. Riustové a klimatické reakce Picea sitchensis [Bong.] Carr. versus Picea
abies [L.] Karst. na Britskych ostrovech a ve stiedni Evropé

Dle prace Brabec et al. (2023) dosahuje smrk sitka v Anglii primérného radialniho ptirtstu 8,7
mm/rok, zatimco smrk ztepily 7,0 mm/rok. V kontinentalnich podminkach Ceska a Slovenska
je ptirtst nizsi (3,0-3,4 mm/rok u sitky; 2,4-2,8 mm/rok u smrku ztepilého) kviili aridizaci
(Vacek et al., 2020). Tato zjisténi koreluji se studiemi z Karpat (Bosel’a et al., 2018), kde smrk
ztepily vykazuje pokles ristu o 30 % pfi teplotach nad 17 °C. V Anglii nebyly u zddného druhu
detekovany NPY, zatimco v Cesku a Slovensku byly identifikovany roky 1991, 2001 a 2012—
2013 s poklesem pfirtistu pod 40 % priméru. Podobné trendy popisuje Feliksik a Wilczynski

(2008) v Polsku, kde kombinace letniho sucha a mrazii redukovala riist smrku sitka o 25-40 %.

Prodlouzeni vegetacni sezony o 15-20 dni (1990-2020) zvySuje produkcni potencial smrku
sitka v ocednickém klimatu, ale urychluje Siteni kiirovce Ips typographus v horskych smréinach
(Seidl et al., 2017). Modelové scénafe pro rok 2050 piedpovidaji 30% pokles vhodnych
stanovist’ pro smrk ztepily v nizinach stfedni Evropy (Lindner et al., 2014). Genomické studie
odhalily lokalni adaptace smrku sitka na teplotni gradienty. Introdukce provenienci z Aljasky
zvysila toleranci k teplotnim extrémiim o 22 % (Matyas, 2007), coz koresponduje s experimenty

v Norsku (Qyen a Nygaard, 2017).

Sitka v Irsku sekvestruje (mrtvé dievo) 34 t biomasy/ha/rok, coZ z né&j ¢ini kli¢ovy druh pro
zmirnéni klimatické zmény (Mason, 2015). SmiSené porosty s jedli a bukem zvySuji
biodiverzitu o 47 % (Pretzsch et al., 2020), avSak monokultury smrku sitka narusuji pivodni

ekosystémy na raselinistich (Pysek et al., 2017).

Budouci stabilita lesii zavisi na integraci ekologicky udrzitelného managementu, genetického
vyzkumu a mezioborové spoluprace. Zatimco smrk sitka zlistava perspektivni pro pobiezni

oblasti s vysokymi srazkami, smrk ztepily vyzZaduje revizi péstebnich postupii smérem k vyssi
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odolnosti vici aridizaci. Systematicky monitoring kombinovany s adaptivni legislativou je
nezbytny pro zachovani produkéniho a ekologického potencidlu obou druht. V Norsku byl
smrk sitka zatazen na ¢ernou listinu invaznich druhti (2012) kvili riziku Sifeni do chranénych
oblasti (@yen a Nygaard, 2017). Zatimco Brabec et al. (2023) zdiraziuji vyssi odolnost smrku

sitka vi¢i mrazam.

6.6. Moznost vyuziti nf:pﬁvodnich smrki pro nahradu smrkového difeva —
piipadova studie z Ceské republiky
Studie Zeidler et al. (2024) hodnoti potencial tii neptivodnich druhti smrku — smrku omorika,
smrku ¢erného a smrku pichlavého — jako nahrady za smrk ztepily v podminkach Ceské
republiky. V souvislosti s ploSnym rozpadem porostli domaciho smrku ztepilého v dasledku
klimatické zmény je nezbytné hledat vhodné ndhrady za tuto dosud kli¢ovou hospodaiskou
dfevinu (Vacek et al., 2023). Vyzkum se zaméfil na klicové vlastnosti dfeva: hustotu, modul
pevnosti v ohybu (MOR) a modul pruznosti v ohybu (MOE). Analyza 290 vzorkt z 50letych
porosttl na Antoninské vysypce po rekultivaci (severozapadni Cesko) odhalila, Ze smrk omorika
dosahuje hustoty dieva srovnatelné se smrkem ztepilym (525 vs. 517 kg'm™), zatimco
severoamerické druhy vykazuji vyrazné niz$i hodnoty (476468 kg:m~). Mechanické
vlastnosti (MOR = 69,2 MPa; MOE = 6670 MPa) u smrku omorika byly vSak niz§i nez u
domaciho druhu (MOR = 84,6 MPa; MOE = 8764 MPa). Tyto zavéry koresponduji s globalnimi

studiemi, které zdlraznuji vyznam hustoty dfeva pro konstrukéni vyuziti.

Vysledky pro smrk omorika potvrzuji zjisténi Petrovi¢ et al. (2021), ktefi v Srbsku zaznamenali
hustotu 517 kg'm™> a MOR 84-95 MPa, aviak v kontinentalnich podminkich CR jsou
mechanické vlastnosti snizeny pravdépodobné vlivem odlisného klimatu a pidnich podminek.
Naopak severoamerické druhy, jako smrk ¢erny, vykazuji v domovskych regionech vyssi MOR
(74,5 MPa; Alden, 1997), coz naznacuje, Ze jejich nizsi vykonnost v CR souvisi s nepuvodnim
prostfedim. Studie Pretzsch et al. (2020) upozoriiuje, ze introdukované dieviny Ccasto

nedosahuji parametri matetskych populaci kviili stresu z aridizace a teplotnich vykyvi.

Nizka vnitrokmenova variabilita vSech testovanych druhi (CV = 5,3-9,7 %) odpovida zavérim
v praci Dyderski et al. (2018), ktefi u smrku Glehnova identifikovali stabilni radidlni profil
hustoty i1 v juvenilnim dfeve. To naznacuje, Ze smrk omorika by mohl byt vhodny pro vyrobu

homogennich feziv i v mladsich porostech. Naopak u smrku ztepilého je variabilita MOR a
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MOE casto vyssi (CV = 10-23 %), zejména v oblastech postizenych kiirovcovymi kalamitami

(Vacek et al., 2023).

Schopnost smrku omorika prosperovat na post té¢zebnich vysypkach (pH = 6,5-7,2) odrazi jeho
toleranci k extrémnim pidnim podminkam, coz potvrzuji i data z Pyreneji, kde tento druh
preziva pii teplotach az 25 °C (Gazol et al., 2017). V kontextu klimatické zmény je vSak klicové
vyhodnotit jeho odolnost vii¢i letnim suchiim, kterd v CR redukuji pirtist smrku ztepilého o 30
% (Brabec et al., 2023). Experimentalni vysadby v Bavorsku ukazuji, ze smrk omorika

vykazuje o 22 % vySsi pteZiti pii teplotnich extrémech nez domaci smrk ztepily (Matyas, 2007).

Roéni naklady na obnovu kiiroveem poskozenych porostti smrku ztepilého v CR presahuji 1,45
mld. K& (UHUL, 2016). Zavedeni smrku omorika by mohlo sniZit tyto ztraty, avsak jeho
pomalejsi rust (pramérny ptirtst 3,0-3,4 mm-rok™ vs. 7,0 mm-rok™ u smrku ztepilého)
prodluzuje névratnost investic na 25-30 let (Remes et al., 2020). Certifikované dievo ze smrku
omorika dosahuje v EU prémiovych cen (az +20 % oproti smrku ztepilému), jak doklada trzni

analyza z Rakouska (Manso et al., 2022).

Smrk omorika piedstavuje nejperspektivnéjsi alternativu k smrku ztepilému v podminkach
sttedni Evropy, a to diky kombinaci dostatecné hustoty dieva a Castecné odolnosti vuci
abiotickym stresortiim. Jeho $irsi vyuziti vSak vyzaduje geneticky vyzkum — selekci provenienci
s vys$i toleranci k letnim teplotdm (napf. balkédnské populace). Revizi legislativy — zaclenéni
neptvodnich druht do lesnickych standardit EU (European Commission, 2021). Ekonomické
stimuly — dotace pro vlastniky lest, ktefi vyuzivaji smrk omorika v oblastech s vysokym
rizikem kolapsu smrkovych monokultur. Systematicky monitoring vlastnosti dieva a interakce

s padnimi mikrobialnimi spoleCenstvy ziistavaji kliCovymi vyzvami pro dalsi vyzkum.
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7. Doporuceni pro lesnickou praxi

Minimalizace $kod zptisobenych okusem, ohryzem a loupanim zv¢ri

K efektivni ochran¢ mladych lesnich porost pred Skodami zpiisobenymi sparkatou zveéii
je nezbytné uplatiiovat integrované pristupy kombinujici individudlni ochranu sazenic
(tubusy, repelenty na bazi ptirodnich latek) s cilenou regulaci pocetnosti zvéte dle potravni
nabidky a obnovnich zaméra. Klicova je také podpora diverzity dievin, véetn¢ zatazeni
drevin atraktivnich pro okus (napf. osika, vrba, javor) jako pfirozenych "navnadovych"
ploch, ¢imz Ize zmirnit tlak zvéfe na hlavni hospodaiské dieviny. Ochrana
nejperspektivnéjSich jedinct musi byt zajiSténa jiz ve fazi mlazin a tyckovin, kdy je riziko

loupani nejvyssi, napt. zranovanim ¢i ovazem vétvi.

Racionalni vyuziti introdukovanych difevin jako nastroje adaptace

V kontextu klimatické zmény a destabilizace ptivodnich jehli¢natych monokultur, zejména
smrku ztepilého, je ucelné zvazit cilené¢ vyuziti vhodnych introdukovanych dievin,
zejména takovych, které maji dobrou ekologickou plasticitu a rezistenci vii¢i biotickym a
abiotickym stresim. Naptiklad smrk sitka vykazuje vysokou rastovou vykonnost a
odolnost vi¢i hmyzim skiidcim v chladnéjsSich a vlhCich oblastech. Z hlediska rezistence
na klimatické extrémy mize byt v podminkach CR vhodnou variantou za smrk ztepily
smrk omorika, ale 1 borovice ¢erna ¢i douglaska tisolista. Je vSak nutné vzdy zohlednit
rizika biologické invazivity, negativni vliv na biodiverzitu a respektovat lokalni stanovistni
podminky. Introdukce by méla byt limitovana na doplinkovou funkci v ramci druhové

pestrych smisenych porosti.

Podpora péstovani smiSenych a prostorové strukturovanych porost

Z hlediska dlouhodobé stability a produkéni i ekologické rezistence je Zzadouci
transformovat monokulturni porosty na smiSené a viceetdzové lesy, které 1épe odolévaji
disturbancim a pfispivaji k zachovani funkéni biodiverzity. Navic tyto smiSené porosty
vykazuji vysoky potencidl z hlediska sekvestrace uhliku. Optimélni je kombinace
domacich dfevin s riiznou ekologickou amplitudou, jako jsou jedle, buk, duby a pfiméteny
podil smrku na vhodnych stanovistich. SmiSené porosty umoziuji rovnéZ diferencovanou
reakci na extrémni klimatické jevy a zvySuji celkovou odolnost ekosystému. Dulezity je
vSak optimalni podil dfevin z hlediska druhové riznorodosti a vyrovnanosti a ne druhové

bohatosti, a to v zké vazb¢ na konkrétni stanovistni poméry.
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Uplatnéni ptirod¢ blizkych lesnickych postupti v kontextu mitigace klimatické zmény

Vzhledem k prohlubujicim se dopadim globalni klimatické zmény je nezbytné prechazet
od intenzivnich obnovnich zdsahi k pfirodé blizkym zplsobiim hospodateni, které
podporuji autoregula¢ni mechanismy lesnich ekosystému. Patii sem zejména podrostni a
vybérné principy obnovy, zachovani pfirozené obnovy, podpora variabilni mikrostruktury
(zachovani vystavkl, mrtvého dieva) a minimalizace holoseci. Takové ptistupy nejen, ze
zvySuji adaptivni kapacitu lesa, ale zaroven prispivaji k udrzeni ¢i zvySovani uhlikovych

zasob v pudé a biomase a ke zmirnéni extrémnich hydrologickych vykyvi.
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8. Doporuceni pro dalsi védecky vyzkum

Zavedeni vétsiho poctu trvalych vyzkumnych ploch s dirazem na optimélni design a
dlouhodoba opakovana méteni

Pro hodnoceni dynamiky vyvoje porostd, ucinnosti ochrannych opatfeni a dopada
klimatickych extrémt je nutné rozsifit sit' trvalych vyzkumnych ploch s jednotnym
metodickym ramcem a dlouhodobym monitoringem. Opakované meéfeni stejnych
parametrt v ¢ase umoziuje identifikovat klicové trendy, kvantifikovat rezilienci riznych
porostnich typli, smési ¢i jednotlivych dfevin a vyhodnocovat efektivitu péstebnich

strategii.

Zacileni vyzkumu na genetickou variabilitu a provenience lesnich dievin

Vyzkum by se mél vice soustfedit na introdruhovou genetickou diverzitu a adaptivni
potencial jednotlivych provenienci v kontextu meénicich se klimatickych podminek.
Zvlastni pozornost si zaslouZi piivod a adaptabilita domacich 1 introdukovanych populaci,
zejména ve vztahu k dlouhodobému suchu, mraziim a biotickym c¢initelim. Identifikace
geneticky vhodnych zdrojl reprodukéniho materialu je zdsadni pro dlouhodobou stabilitu
porostl a je ¢asto opomijena. Rezistence ¢i produkéni potencial se fesi ¢asto pouze na

urovni druhu dfevin.

Vyzkum uc¢innosti a nac¢asovani vychovnych zasahti v podminkéch klimatické nestability

Je potieba systematicky zkoumat, jak rtzné intenzity a nacasovani probirek a dalSich
vychovnych opatteni ovliviiuji riist, stabilitu a zdravotni stav dievin v ménicim se klimatu,
experimentalni data jsou Casto nedostate¢nad pro nové podminky narustajicich stresovych
faktorti. Vyzkum by mél integrovat rizné rezimy vychovy v porostech s odlisSnou druhovou

1 prostorovou strukturou a zahrnout i ekonomické aspekty zasah.

Hodnoceni dlouhodobé efektivity ochrany proti zvéti a jeji integrace s mysliveckym
managementem

Mimo rdmec testovani repelenti a mechanické ochrany je Zadouci kvantifikovat
dlouhodobé efekty kombinovanych opatfeni (napf. individudlni ochrana, oplocenky,
upravy habitatll) a jejich zavislost na hustoté zvéfe, druhovém sloZeni a mistnich
podminkach. Vyzkum by mél propojit lesnickou a mysliveckou praxi a nabidnout
prediktivni modely pro pldnovani intenzity ochrannych opatfeni tak, aby Skody zvéii

nepiesahli ekologicky inosnou mez.
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9. Zaveér

Obnova lesnich ekosystémtll v podminkéach stfedni Evropy je zdsadné limitovana kombinaci
dvou hlavnich stresovych faktor: pfemnozené sparkaté zvéte a globalni klimatické¢ zmény.
Rostouci hustoty jelenovitych, predevsim introdukovaného jelena siky a daiika, spolu s
prodluzujici se vegetacni sezénou a mirnymi zimami, zvysuji tlak na mladé porosty ve fazi
jejich nejvétsi zranitelnosti. Obnova lesa je z hlediska okusu silné limitovana u jedle bélokoré,
zatimco u smrku ztepilého dominuje poSkozeni ohryzem a loupanim. To vede k sekundarnimu
napadeni dfevokaznymi houbami a ke ztratam produkéni 1 ekonomické hodnoty porosta.
Celkové ekonomické Skody ptesahuji miliardy K¢ ro¢né a maji 1 vyznamny dopad na

biodiverzitu a strukturalni stabilitu lesa.

Jedle bélokora ptitom piedstavuje z ekologického 1 hospodatského hlediska kli€ovy druh, jehoz
vyznam je v souc¢asném kontextu klimatickych zmén opétovné akcentovan. Ackoliv v minulosti
tvofila podstatny podil stfedoevropskych lest, jeji zastoupeni v CR pokleslo na pouhych 1,2 %,
a to v dusledku holosecného hospodateni, imisniho zatizeni a vysokého tlaku zvéte. Presto
studie prokazuji, ze jedle vynika vysokou ekologickou plasticitou a schopnosti riist ve
smiSenych porostech, kde vyznamné ptispiva ke zvyseni biodiverzity, stability 1 produkéniho
potencialu. Jeji niz$i néachylnost k napadeni dfevokaznymi houbami pii loupani kiry ve
srovnani se smrkem ji navic ¢ini vhodnou difevinou pro adaptaci lesa na budouci klimatické

podminky.

Dlouhodobé rizika vsak pfetrvavaji 1 u smrkovych porostii. Detailni dendrochronologické
analyzy mladych smrc¢in (7-26 let) v Luzickych a Krusnych horach prokazaly vysokou miru
poskozeni loupanim a ohryzem kury jeleni zvéii, pricemz v nékterych lokalitach bylo zasazeno
az 58 % jedincl. PoSkozené stromy s vycetni tloustkou 1,5-9 cm jsou nasledné vice ohrozeny
infekcemi patogenti, jako je pevnik krvavéjici nebo kotenovnik vrstevnaty, které snizuji
mechanickou stabilitu a vedou k rozvoji hnilob. Vysledky rovnéz ukézaly, Ze uméle zalozené
porosty byvaji poSkozovéany Ccastéji nez ty vzniklé pfirozenou obnovou, coZ naznacuje

dilezitost zpiisobu obnovy pro dlouhodobou odolnost lesa.

Snahy o stabilizaci lesnich porostl v ménicim se klimatu vedly také k testovani vhodnosti
introdukovanych dievin. Smrk sitka prokazal v ocednickém klimatu Britskych ostrovii vyssi
ristovy potencial nez domaci smrk ztepily — radidlni pfirast byl aZz o 24 % vys$si. Ve
sttedoevropskych podminkach byl vSak rtst obou druhli limitovan nedostatkem srazek, coz

potvrzuje, ze Gspésné vyuziti introdukovanych dievin vyzaduje velmi peclivy vybér stanovist.
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Smrk sitka nicméné vykazuje vyssi odolnost vici vykyviim teplot i suchu, a je tak potencidlné
vhodnou alternativou pro specifické vlh¢i oblasti. Vhodnou ndhradou za smrk ztepily

v podminkach CR z hlediska riistového potencialu a kvality dieva je predevsim smrk omorika.

Vyznamnou strategii posilujici ekologickou stabilitu a produkéni jistotu jsou smisené porosty,
které umoziuji vyuzit rizné ekologické strategie devin. Studie ze stfednich Cech ukézala, Ze
smiSené porosty smrku a borovice lesni dosahuji az o 30 % vyssi produkce dieva nez stejnovéké
monokultury, pfi¢emz borovice vykazovala stabilnéjsi rist diky hlubSimu kofenovému
systému. Kombinace rtizné reagujicich dievin nejen tlumi dopady klimatickych extrémi, ale
zarovenl zvysSuje druhovou a prostorovou diverzitu, ¢imz zlepSuje schopnost lesa odolavat

disturbancim, jako jsou sucho, vitr ¢i kirovcové kalamity.

Vysledky jednoznacné ukazuji, ze prechod od homogennich porostl ke strukturalné bohat$im
smiSenym lesim, podpotfeny piirod¢ blizkymi zplsoby hospodateni, pfedstavuje kliCovy
nastroj adaptace lesnictvi na ménici se podminky prostfedi. Zasadni roli zde hraje integrace
piirozené obnovy, vybérného a podrostniho hospodareni a cilené podpory stabiliza¢nich dievin.
Uspé&sna adaptace je viak podminéna nejen péstebnimi opatienimi, ale i snizenim tlakd zvéfe a

zlepsenim koordinace mezi lesnim a mysliveckym hospodaienim.

Interpretace vysledkli mize byt ¢asteCné omezena regionalnim rozsahem vyzkumu, kratkym
casovym horizontem sledovani a omezenim v moznosti kvantifikace dlouhodobych interakci
mezi biotickymi a abiotickymi faktory. Budouci vyzkum by mél byt zalozen na Sirsi siti
trvalych ploch, opakovanych meéfenich a integrovaném pfistupu zahrnujicim genetické,

ekologické i socioekonomické aspekty lesniho hospodateni.
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