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Abstrakt

Diserta¢ni prace je zamétena na zhodnocovani struktury, vyvoje a managementu
smiSenych porosti v Sudetské soustavé. Pro zhodnocovani struktury a vyvoje
porosti byly vyuzity dlouhodobé sledované trval¢ vyzkumné plochy (TVP).
Hlavnim cilem vyzkumu bylo ziskat nové poznatky o diverzité, struktufe,
produkénim potencidlu a vyvoji smiSenych porosti se zaméfenim na KrkonoSe,
Jeseniky a Orlické hory. Dil¢im cilem byla analyza radidlniho rstu dievin
hercynské smési, resp. smrku ztepilého (Picea abies [L.] Karst.), buku lesniho
(Fagus sylvatica L.) a jedle bélokoré (Abies alba Mill.) v kontextu probihajici
globalni klimatické zmény. Déle byla zhodnocena struktura ptirozené obnovy na
TVP véetné zjisténi vlivu procesii, které¢ ovliviiuji jeji odristani na daném tzemi.
Smisené porosty ze studovanych podhorskych oblasti byly také porovnany s TVP
nachazejicich se v nizinach, naptiklad zlokality Rogow z Polska. Z vysledki
vyplyva, Ze smiSené porosty dosahovaly o 7,7-47,3 % vyssi porostni zasoby pfi
porovnani s monokulturami smrku ¢i buku. Navic smiSené porosty byly vyraznéji
rezistentni vi¢i klimatickym extrémtim nebo 1 historickym vysokym koncentracim
SO, oproti stejnorodym porostiim. Ze tii zkoumanych dievin se pak jevi smrk
ztepily tou nejvice labilni oproti buku lesnimu ¢i jedli bélokoré. V kontextu
klimatické zmény pak doslo u vSech zkoumanych dievin ke zvySeni radialniho
rustu (u buku az o 7,9 %). U ptirozené obnovy byl zji§tén vyrazny vliv vegetace
(zejména travin) a zvéfe na dynamiku zmlazeni. Skody okusem jsou pak hlavnim
limitujicim faktorem pro odrlstani obnovy vtrousenych listnatych dievin a jedle
belokoré. Obecné smiSené porosty se vykazuji vysokym produkénim potencialem
spojenym s vyS§im pocltem stromil, vysokou statickou stabilitou z hlediska
riznorodé¢ vertikalni struktury a také odolnosti rastu viici klimatickym vykyvim.
Vramci disertacni prace pak byla také navrzena vhodna vychova smiSenych
porosti z hlediska podpory diverzity a adaptability na klimatickou zménu.
Vysledky disertacni prace tak pfindsi nové informace a stézejni poznatky o rstu
smrkobukovych porosti s piimési jedle belokoré a javoru klenu (Acer
pseudoplatanus L.) v Sudetské soustave, které slouzi pro tvorbu piirodé blizkého
managementu v obdobnych stanovistnich a porostnich pomérech smiSenych lest
v Sudetské soustave.

Kli¢ova slova: smiSené porosty, struktura, vyvoj, management, Sudetska soustava



Abstract

This dissertation focuses on the evaluation of the structure, development, and
management of mixed forests in the Sudeten borderland system. Long-term monitored
permanent research plots (PRPs) were used to assess stand structure and development.
The main objective of the research was to gain new knowledge about the diversity,
structure, production potential, and development of mixed stands with a focus on the
Krkonose, Jeseniky, and Orlické hory Mts. A secondary objective was to analyze the
radial growth of the Hercynian mixture, i.e., Norway spruce (Picea abies [L.] Karst.),
European beech (Fagus sylvatica L.), and silver fir (4bies alba Mill.) during the ongoing
global climate change. Furthermore, the structure of natural regeneration in the PRPs was
evaluated, including the influence of processes that affect its growth in the area. Mixed
stands from the studied submontane areas were also compared with PRPs located in the
lowlands, for example, in the Rogow sites in Poland. The results show that mixed stands
achieved 7.7-47.3 % higher standing volume compared to spruce or beech monocultures.
Moreover, mixed stands were significantly more resistant to climatic extremes or high
SO2 concentrations from the past compared to homogeneous stands. Of the three species
studied, Norway spruce appears to be the most unstable compared to European beech or
silver fir. In the context of climate change, radial growth increased in all the studied tree
species (up to 7.9% in beech). In natural regeneration, a significant influence of
vegetation (especially graminoids) and wild game on the regeneration dynamics was
found. Browsing damage is the main limiting factor for the growth of interspersed
broadleaves and silver fir regeneration. In general, mixed stands have a high production
potential associated with a higher number of trees, high static stability in terms of
diversified vertical structure, and also growth resistance to climatic fluctuations. The
dissertation also proposed appropriate tending of mixed stands to improve diversity and
adaptation to climate change. The results of the dissertation thus provide new information
and key findings on the growth of spruce-beech stands with an admixture of silver fir and
sycamore maple (Acer pseudoplatanus L.) in the Sudeten borderland system, which serve
for the creation of close-to-nature management in similar habitat and stand conditions of

mixed forests within the Sudeten system.

Key words: mixed stands, structure, development, management, Sudeten borderland

system



Lo VOt 13
N O 1 (S o) - Tl PRSI 15
3. ROZDbOr problematiKy .......ccccuiiiiiiieeiiiecie e e 16
3.1. Vyvoj lesnich eKOSYSIEMI ......cccuviieiiiieiiieeiiiecie e e 16
3.1.1. Vyvoj v ptirodnich 1€SICh .......c..cooeviiiiiiiiiieeee e 16
3.1.2. VelkoploSny VY VO] L€Sa.......ceruiieiiiiieiiieiieeieeiee ettt 16
3.1.3 VYVOJOVE CYKLY 1€Sa....uuiiiiiiiieiiecieeeeeee et 17
3.1.3.1. Velky VYVOJOVY CYKIUS ...ooiiiiiiiiieeiie ettt 18
3.1.3.2. Maly V¥VOJOVY CYKIUS ...eeiiiiiiiiiiieiiecieetece e 18

3.2. Struktura lesnich ekoSYStEMU .........ccocvieriiiiiiiiiciiee e 19
3.3. PTITOZENA ODNOVA ...ttt sttt 22
3.3.1. Pfedpoklady prirozen ObNOVY ........ccccueeevuvierciiieniieeeiie et 22
3.3.2. Specifikace priroZené ODNOVY ......c..cecvuiieiiieeiiieeiieeeieeeeeeeeieeesaeeeseveeeseaeees 23

3.4 SKOAY ZVEH ...t e e 24
3.4.1. Skody Zptsobené OKUSEIM.............c.oveevveeeeeeeeeeeeeeeeeees e 25
3.4.2. Skody zptisobené 1oupanim a ONryZem .............coooeeeeeeeeeeeeerereeeereeesenen. 26

3.5, SIMISENE LESY .eienivieiiie ettt e e e e e enees 27
3.5.1. Druhové slozeni smiSenych [eSl.......ccceeviiriieiiiiiiieiecieeeee e, 28
3.5.2. Tvorba a vyznam smiSenych lesti z hlediska klimatické zmény .................. 29

3.6. Ekologické naroky hlavnich dfevin ..........ccccoeviiiiiiniiiiiieieeeeeee e, 32
3.6.1. Buk lesni (Fagus SyIvatica L.) ..........ccueeevuieeiiieeiiieeiieeee e 32
3.6.2. Smrk ztepily (Picea abies [L.] Karst.)......cccceevieveiiiniiieeieeeee e 33
3.6.3. Javor klen (Acer pseudoplatanus L.) .........ccccoeveeviieiieniieiieiiecieeieeeenes 34
3.6.4. Jedle belokora (Abies alba Mill.)...........cccoueeeuiieciieeiieecieeeeeeee e 35

3.6.5. Jetab ptaCi (Sorbus aucuparia L) ..........ccoeeeeuieeciieeiiieeieeeiee e 36



3.7. Ptirode blizké peStOVANT 1€ST......ccoueeiuiieiiiiiieiieie e 37

IMEETOAIKA ...t sttt 40
4.1. Charakteristika z4JmOVEhO UZEMI........ccccovuiiiiiiiiiiiieeiieeeeteee e 40
4.1.1. Krkono8sky narodni parki...........ccccceeeriieeiiiieiiie e 40
4.1.2. CHKO JESENIKY ...uvieiieiieiieiesiieie ettt 43
4.1.3. CHKO Orlické NOTY .....cccuiiiiieiieiiieiieeeeee ettt 44
4.2, SBET AL ..ttt et 46
4.2.1. SErOMOVE PALTO...eeieieiiiieeeiiiieeeeettee e ettt e e eetteeeesateeesearaeeessnnseeesssnsaeeeesnseens 46
4.2.2. PIITOZENA ODNOVA ....oiuiiiiiiiiiiieiiee ettt 46
4.2.3. Dendrochronologickd data.............ccceeeiiiiiiiiieiieeiceeece e 47
4.3, ANALYZA dAt...ooiiiiiie e et rae 48
4.3.1. Produkce a StruKtura .......cooiiiiiiiiiiieeeee e 48
4.3.2. DIVETZITA. ..ottt sttt et st eb e et beeeabeenneeea 49
4.3.2. DendroChronolO@I€ .........cccuvieeiieeiiieeciee ettt e 51
4.3.3. StatiStické aNalYZY ......ccocvieiiiiiieieciiee e 52
Vysledky — ptehled publikovanych praci ..........cccoeeieeiieiiiniiiiiieieeeeeee 53
5.1. Tematicky okruh I — Obnova lesa.........ccccoocuiieiiiieiiiieieeceeeeee e 54

5.1.1. Dynamika pfirozené obnovy horskych lesii po vétrné kalamité: modelova

studie Pro KrkOonoSe .........cooiiiiiiiiiiiiieiicitee et 54

5.1.2. Effect of vegetation on natural regeneration of mixed silver fir forests in

lowlands: case study from the ROgOw region..........cccoeecvveeviieenciiiiniieeeiee e, 66
5.2. Tematicky okruh II - Struktura, produkce a péstovani smiSenych porostt ......... 84

5.2.1. Mixed vs. monospecific mountain forests in response to climate change:

structural and growth perspectives of Norway spruce and European beech .......... 84

5.2.2. Silviculture as a tool to support stability and diversity of forests under

climatic change: study from KrkonoSe Mountains.............ccceeevvveeeieeeniieenneeennen. 103

5.3. Tematicky okruh III — Vliv klimatickych faktort na riist...........cccccveeeeveeennnenns 118



5.3.1. Effect of climate and air pollution on radial growth of mixed forests: 4bies

alba (Mill.) vs. Picea abies (L.) Karst. ........ccoeeeiuiiiiiiieeiieeeie e 118

5.3.2. Silver fir tree-ring fluctuations decrease from north to south latitude—total

solar irradiance and NAO are indicated as the main influencing factors ............. 133

0. DISKUZE .ottt 149
0.1, ODBNOVA L8SA.....eiiuiiiiiiiiiieiieeeeee e 149
6.2.  Struktura, produkce a péstovani smiSenych porostll..........cccecvevueeevreennennen. 152
6.3.  Vliv klimatickych faktorli na rlst ..........ccoeoieriieiieniieieeeeee e 155

T ZAVET ettt et b ettt h et et h et eaee 158

8. Seznam POUZIE HEETATUTY ....cccvieeiiieeiiieeiiee et ettt et e e saee e veeeseaeeeaaeeeaaeeens 160



Seznam tabulek a obrazku
Seznam obrazku

Obr. 1: Formy dynamiky pfirodnich smrcin (A) v borealni tajgové zéné (velky vyvojovy
cyklus) a (B) v horskych ekosystémech smrkového vegeta¢niho stupné (maly vyvojovy
cyklus)s trvalou existenci typu lesa zavérecného (upraveno podle SCHMIDT-VOGT 1985;
VACEK S. € al. 2007).c..iiieiiieiieieeteet ettt sttt ettt sb et st 17
Obr. 2: Horizontalni struktura smiSenych porostt na trvalych vyzkumnych plochéach v

CHKO Broumovsko (TVP Kozinek 4 — vlevo) a CHKO Jizerské hory (TVP Josefuv dul

2 VPTAVO). ceeitieeitieeeitteeeitee et ee ettt e sttt e e bt eeeateeesabe e e abee e abeeensbeeebbeeenbaeeebteeebteeenbeeeanbeeens 22
Obr. 3: Trvale vyzkumné plochy, které byly vyuzity pro zhodnoceni struktury a vyvoje
vybranych 1eSnich POTOSTU. .....c..eieiiiieiiieeiie e e e 40
Obr. 4: Lesni vegetacni stupné Krkonos (GIS Sprava KRNAP Vrchlabi; VACEK S. et al.
20T0). ettt ettt h bttt sh et a e bt e bt et st nae et eaeen 42
Obr. 5: Zobrazeni referen¢ni kiivky se vzorkem €. 8 z TVP Bazinky v programu
CDENAIO 7.8. ..ttt ettt ettt e b e et be e et e bt e e e bt e ebeen 48

Seznam tabulek

Tab. 1: Soudasna druhova skladba v narodnim parku Krkonose (UHUL, Oblastni plan
10Zv0je 1eSt, PLO 22, 2022). ....oiiiieeeiieeeee ettt 42
Tab. 2: Soucasna druhova skladba v CHKO Jeseniky (UHUL, Oblastni plan rozvoje lest,
PLO 28, 2021 ).ttt ettt sttt et b et ettt eaeen 44
Tab. 3: Soucasna druhova skladba v CHKO Orlické hory (UHUL, Oblastni plan rozvoje
1€8T, PLO 25, 2021). 1eeuiiieieieeie ettt ettt ettt sttt et et sa et eeneenaeenneeneas 45
Tab. 4: Porostni metriky (indexy porostni diverzity). ........ccccceeveueeercireeniieerieeervee e 50



1. Uvod

Lesni ekosystémy v Sudetské soustavé hraji nepostradatelnou roli jako
poskytovatelé ekosystémovych funkci (HOUDEK, SKODOVA-PARMOVA 2006; STENGER et
al. 2009; VACEK S. et al. 2019a, 2019b), pfi¢emz probihajici globalni zmény ptedstavuji
hrozbu pro lesni porosty a jejich funkce (SCHROTER et al. 2005; ANDEREGG et al. 2016;
SICARD et al. 2016). Z tohoto hlediska jsou v soucCasnosti smisené lesy velmi intenzivné
studovanym tématem (PALUCH 2007; KUCBEL 2010; L1IRA et al. 2011; MEIER et al. 2017).
Tyto lesy oproti obhospodafovanym nesmiSenym stejnovékym lesim maji
mnohonésobné vétsi druhovou diverzitu (LINDENMAYER, FRANKLIN 2002, BAUHUS et al.
2009), schopnost autoregulace (KORPEL: 1995) a stabilitu viici vnéj$im vliviim (KNOKE et
al. 2008; LIIRA et al. 2011). Navic horské lesy jsou kvili nepfiznanim klimatickym a
stanovi$tnim podminkam vice ohroZzeny klimatickymi zménami, znecisténim ovzdusi,
tlakem zvéte ¢i turismem pii porovnani s lesy v nizSich polohach (AMMER 1996; STURSA
2002; KRALICEK et al. 2017; VACEK Z. et al. 2019). Proto pochopeni dynamiky a struktury
z pohledu globalnich zmén ptirod¢ blizkych smiSenych lesi ma velky vyznam jak
z hlediska jejich ochrany, tak i z hlediska managementu (LEUSCHNER, ELLENBERG 2017;
VACEK Z. 2017).

Globalni klimatickou zménu a ji zplisobené jevy, jez maji dramatické nésledky,
potvrzuje situace v poslednich 20 letech dolozena velkym mnozstvim studii (napf.
patii vyrazna fluktuace teplot v letnich obdobich, zvySovani teploty a sucha zpiisobujici
intenzivnéj$i evapotranspiraci, jez vede ke zhorSeni vodni bilance, a vyskyt extrémnich
meteorologickych jevl (SENEVIRATNE et al. 2006). S touto hrozbou je v lesnich porostech
spojen stale cast&jsi vyskyt pozarl, povodni, snéhovych a vétrnych disturbanci (DALE et
al. 2001), které by mohly pfi sou¢asném pokracovani vyznamné ovlivnit zasobu uhliku v
lesich (SEIDL et al. 2014). Porosty mohou byt v disledku oslabeni nadchylné;si k destrukci
kotfenového systému houbovymi patogeny, viry a bakteriemi (ALLEN et al. 2010). Zmény
klimatu pfispivaji také ke zhorSeni zdravotniho stavu, spolu s pfiznivymi podminkami
pro populace hmyzu, zvysujici riziko gradace vyskytu podkorniho i listozravého hmyzu
(HLASNY et al. 2011; TEMPERLI et al. 2013). Z naSich dfevin je nejvice postizen smrk
ztepily. Vzhledem k tomu, Ze alochtonni smrkové monokultury na stanovistich smiSenych
a listnatych porostt patii k ekologicky nejlabilnéj§im lesnim ekosystémiim, proto se jejich

labilita bude v disledku globalnich klimatickych zmén jesté vyrazné zhorSovat (SEIDL et
13



al. 2016; NETHERER et al. 2019; VACEK Z. et al. 2019). Ve srovnani s tim smiSené porosty
maji vyssi odolnost a stabilitu pfi zménach klimatu (KNOKE et al. 2008; KRALICEK et al.
2017). Také dojde k vyrazné zméné arealt vyskytu dievin a s tim spojenym posunem
lesnich vegetacnich stupiili (KOLAR et al. 2017; MACHAR et al. 2017). Na druhou stranu
v simulacich vyvoje porostti po zvyseni teploty pfi postupujici klimatické zméné vzrostla
produkce lesti mirného pasma ve Skandinavii (BUGMANN 1997; LINDNER et al. 1997).
Podobna studie pro lesy Némecka naopak ukdzala pokles produkce lest v disledku sucha
pii klimatické zméné (LASCH et al. 2002). Tyto komplexni a nelinedrni interakce mezi
lesy a atmosférou mohou tlumit nebo zesilovat antropogenni klimatické zmény (BONAN
et al. 2008). Neustale se zvétSuje mnozstvi poznatkll o této problematice, jez je pomérné
rozsahlé (CAMPIOLO et al. 2012; LINDNER et al. 2014; SPATHELF et al. 2014) a n¢které
studie jiz potvrdily zmény v rastu (P1AO et al. 2011), zmény v mortalit¢ vlivem sucha
(ALLEN et al. 2010), ¢i zménu druhové distribuce smérem k listnatym dievindm, a to

zejména k dubu a buku (DELZON et al. 2013; MACHAR et al. 2017).

V zajmovych uzemich probihaji a budou probihat velmi zavazné zmény struktury
lesnich ekosystému, které se projevuji i zménou ekologické stability a biodiverzity a Casto
jejich snizenim pod mez, ktera jiz ohrozuje plnéni jejich produkénich, ekologickych
a environmentalnich funkci lesa (ANGERMEIER, KARR 1994; ALLEN et al. 2003;
RAFTOYANNIS et al. 2013). Zvlasté dilezité proto je zachovani rozvijeni jednotlivych
funkci lesa jako predpokladu pro splnéni budoucich potteb lesnich ekosystému (BOLTE
et al. 2009). Tyto problémy je nutné fesit aktudlné s ohledem ke stavajicim a vznikajicim
silnym procestim probihajicich zmén. Jsou to globalni fenomény a nepatii sem jen zmény
klimatu, ale iintrodukce druhti, antropogenné vyvolané zmény v biogeochemickych
cyklech, které ovliviuji rist (ALLEN et al. 2010). Pfed lesnim hospodafstvim tak stoji
nelehky tkol, zachovani schopnosti produkce dieva s aspektem na ekologii i v budoucnu
(RisT, MOEN 2013). Jednim ze zpiisobii mozného feSeni je optimalizace tvorby
pestebnich postupl smiSenych porostli vdzana na dané stanovistni a porostni podminky,
ktera je hlavnim cilem predlozeného projektu. Piedpoklada se, ze porosty s vytyCenou
strategii managementu budou vyhledové podstatné Iépe plnit ekologické,
environmentalni, socidlni a produkéni funkce lesa. Vysledny lesni porost by mél mit také
daleko vétsi rezistenci k dopadiim klimatickych zmén, oproti lesnim porostiim bez této

strategie.
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2.  Cile prace

Hlavnim cilem diserta¢ni prace na téma ,,Struktura, vyvoj a management
smiSenych porostd v Sudetské soustavé™ bylo zhodnoceni druhové diverzity,
vertikalni a horizontalni struktury a vyvoje smiSenych a bohat¢ strukturovanych
lesnich porostti v Sudetské soustave. Zajmové tizemi tvofil predevsim KrkonoSsky
narodni park, CHKO Orlické hory a CHKO Jeseniky. Z druhového hlediska bylo
cilem se primarné¢ zaméfit na jednotlivé dfeviny nachéazejicich se ve smiSenych
lesich oblasti Sudetské soustavy, zejména buku lesniho (Fagus sylvatica L.), smrku
ztepilého (Picea abies [L.] Karst.), jedle bélokoré (Abies Alba Mill.), a nasledn¢ i

javoru klenu (Acer pseudoplatanus L.) a jetabu ptaciho (Sorbus aucuparia L.).

Dil¢im cilem prace bylo komplexni porovnani smiSenych piirodé blizkych
lesti ajejich vyhod oproti nesmiSenym stejnovékym lestim, jejichz vyznam je
v soucasnosti umocnén probihajici globalni klimatickou zménou. Zaméteno bylo
na produkéni potencial a odolnost ristu smiSenych porostit oproti monokulturam.
Vyzkum konkrétné cilil na vliv zne€isténi ovzdusi a klimatické zmény na radialni
rust, jak danych dievin, tak i vlivu jejich pfimiSeni v porostu. Vyznamna ¢4st prace
byla také sméfovana na pfirozenou obnovu, jeji pfednosti a nevyhody, vcetné

vyznamu tlaku zvéte a jednotlivych typti poskozeni ¢i vlivu vegetace.
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3. Rozbor problematiky

3.1. Vyvoj lesnich ekosystémi
3.1.1. Vyvoj v prirodnich lesich

Vyvoj lesi muzeme charakterizovat strukturou a strukturdlnimi zménami
v pribéhu urcitého ¢asového horizontu (PRETZSCH 2009). Dynamiku lesnich porostl 1ze
definovat jako mozaiku stromovych pater, které prochazeji malym vyvojovym cyklem
(LEIBUNDGUT 1993). V ptirodnich podminkach, tedy bez zasahu ¢lovéka ma dynamika
lesnich ekosystému velky vyznam pro ptirodé blizké hospodateni v Evropé (TROTSIUK et
al. 2014; VACEK S. et al. 2017). Ptirodni les poskytuje znalost samovolnych vyvojovych
procestl, aviak v Ceské republice tyto lesy byly béhem poslednich tisici let ovlivnény
lidskou Cinnosti. Ve stiedni Evropé se nenachazi uz zadné typické pralesy (REMES, BILEK
2014). Lesni ekosystémy jsou ovlivnény nepfimymi faktory, napf. plsobenim
primyslovych imisi nebo naruSenim hydrologickych podminek (PODLASKI 2004; VACEK
S.etal. 2015a; OPALA-OWCZAREK et al. 2019). Antropogenni vlivy pasobi v nasi krajiné
uz od neolitu. Pokud lesni porosty pfestanou byt hospodarsky ovliviiovany, zacnou mit
po delsi dobé podobu plivodniho slozeni. Takovy vyvoj spoCiva v nerovnovaze mezi
vlastnostmi vegetace a jejich prostfedim. Tento vyvoj nazyvame ekologickou sukcesi.
Sukcesi mizeme rozd€lovat na primarni a sekundarni. Pii péstovani lesa ma velky
vyznam sekundarni sukcese, pii které se vytvoii novy les na stanovistich, kde les
v minulosti byl, ale byl znicen velkoplo$nou disturbanci. Tento proces se da sledovat
napft. v priabéhu kiirovcovité kalamity ve smiSenych porostech (smrk s bukem nebo jedli),
kde dochazi k hustému néletu piimisenych dievin, a to zejména buku lesniho
v profedénych mistech porosti. Sekundarni sukcese velmi Casto probiha v pfirozenych

lesich (POLENO et al. 2011).

3.1.2. Velkoplo$ny vyvoj lesa

Velkoplosny vyvoj lesa je spojen s katastrofickym rozpadem lesniho porostu, ktery

Mrwe

vyvoj lesa Ize rozd¢lit podle VACEK S. et al. (2016) na:
e cyklickou sukcesi,
e regeneracni sukcesi,

e Patch“ dynamiku.
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Cyklické sukcese je typickym piipadem velkoplo$né dynamiky lesa. Probih4 na
mensich plochach a dochazi k vyrazné zméné strukturdlni a floristické heterogenity.
V ramci cyklické sukcese dochdzi k vzijemnému stiidani malého poctu spolecenstev
v ur¢itém Case, a pfitom se meni prostorova a vékova struktura pritomnych populaci.
Regenera¢ni sukcese na rozdil od cyklické probiha na mnohem vétsi plose. Je uzce
propojena s koncepci velkého vyvojového cyklu (GLONCAK 2009). ,,Patch* dynamika se
zaklada na tom, Ze lesni ekosystémy obsahuji riznorodé¢ a nerovnomérné mnozstvi
organismu a prostiedi, které se méni v Case a prostoru (PICKETT et al. 1999; MEURANT
2012). Pti vzniku pozarti, po pfemnozeni herbivorti a po povodnich dochéazi k naruseni
spojitosti spoleCenstvi snizovanim pocetnosti populace a odstranéni druhti z ,,patches*

(malé plochy v lese), poté se vytvari vhodné podminky pro ostatni druhy (WU et al. 2003).

3.1.3 Vyvojové cykly lesa

Lesni porosty prochazeji cyklickymi zménami, tzv. vyvojovymi cykly lesa.
Existuje mnoho vyvojovych klasifikaci, které vychazeji z riistovych fazi, skladby porostu
a struktury porostu. Mezi zakladni vyvojové cykly fadime maly a velky vyvojovy cyklus
(KORPEL 1995; O’HARA 1996) — (Obr. 1). Maly vyvojovy cyklus spadd do maloplosného
vyvoje lesa a jeho cyklus probihd v tadu stoleti. Velky vyvojovy cyklus fadime do
velkoplosného vyvoje lesa a je typicky pro sekundarni sukcesi, ktera probiha na vétSich

plochach a trva v casovém rozpéti desetileti (POLENO et al. 2007).

v

e Lol

>
>

>
>

stadium rozpadu faze doZivani stadium rozpadu taze doZivani

stadium optima
faze obnovy stadium doriistani féze obnovy stadium doristani

>
>

Obr. 1: Formy dynamiky pfirodnich smréin (A) v borealni tajgové zoné (velky vyvojovy cyklus) a (B) v horskych
ekosystémech smrkového vegetacniho stupné (maly vyvojovy cyklus)s trvalou existenci typu lesa zavéreéného
(upraveno podle SCHMIDT-VOGT 1985; VACEK S. et al. 2007).
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3.1.3.1. Velky vyvojovy cyklus
Velky vyvojovy cyklus vznika na lesni ptd¢, kterd je souvisle zbavena lesniho

porostu, diky rozsahl¢é disturbanci (vichfice, pozary, premnozeni herbivorti) — (VACEK S.
et al. 2010). Nékteré typy lesnich ekosystémii maji predispozici k vyskytu téchto
disturbanci, ale byvaji Casto ptizpiisobeny a obnova porostu je na né¢ odkazana (KLIMO
1994).
Velky vyvojovy cyklus rozdélujeme na 3 faze:

a) pripravny les,

b) ptechodny les,

¢) zavérecny les (klimaxovy).

Ve fazi ptipravného lesa dochazi k Sifeni svétlomilnych pionyrskych dfevin, které
jsou typické k rychlému osidleni volnych ploch v porostu. Mezi nejcastéjsi pionyrské
dreviny fadime btizu bélokorou, jetab ptaci, vrbu jivu a topol osiku (KOSULIC 2010; KULA
2014). Tyto dfeviny jsou charakteristick¢é kazdoro¢ni fruktifikaci, tvorbou velkého
mnozstvi semen, které se lehce roznasi vétrem, vodou a zivoc¢ichy (POLENO et al. 2007).
Typickym znakem je jejich kratkovékost, rychly riist v mladi a brzka kulminace pfirtistu
(VACEK S. et al. 2010). Pionyrské dieviny maji kladny vliv na vldhovy rezim rtistového
prostoru a na tvorbu humusu, tudiz prostor dostdva opét vzhled a charakter lesniho
porostu (KORPEL 1991). V této fazi nastava tzv. prechodny les, ktery se sklada z vice
etazi. V porostu vznika zastin, kde se uchycuji dlouhovéké dieviny, které snaseji zastinéni
(buk, smrk, jedle a javor). Tato kolonizace vznika pod krytem pionyrskych dievin, které
pomalu nahrazuji stinné dfeviny (CHAPMAN et al. 2006; PICKETT, WHITE 2013). Tato faze
podle vyskytu stinnych dievin v okolnich porostech trvd rizné¢ dlouhou dobu
(MATUSZKIEWICZ et al. 2013). Postupnym pfirodnim vyvojem vznika les zavérecny
(klimaxovy). Dominuji zde stinné dieviny, pionyrské dieviny zcela chybi. Klimaxovy les
uzavira velky vyvojovy cyklus. Toto stadium muze trvat bez ¢asového omezeni, ale

v ramci klimaxu probiha tzv. maly vyvojovy cyklus (KORPEL 1989).

3.1.3.2. Maly vyvojovy cyklus
Maly vyvojovy cyklus se sklada ze tii stadii (KORPEL 1982):
a) stadium rozpadu,
b) stadium dorustani,

c) stadium optima.
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Ve stadium rozpadu dochdzi k uvolfiovani porostu a prosvétlovani zéapoje
plsobenim disturbance (JAWORSKI, KARCZMARSKI 1995). Tvofi se tak vhodné podminky
pro piirozenou obnovu. Semendcky stinnych dfevin reaguji na prosvétleni prostoru
zvySenym ristem. V prosvétlenych mezerach po odumftelych stromech vznikaji pfevazné
agregované skupiny ptirozené obnovy. Druhova skladba a struktura budouciho porostu
zavisi na rychlosti a velikosti mezer (KUCBEL et al. 2010; BiLEK et al. 2014). Pfi stadiu
dortistani ptrevazuji stromy mladych generaci, které vyuzivaji své rastové schopnosti.
V tomto stadiu dochézi ke sniZzovani objemu odumielého dieva (SAMONIL, VRSKA 2007).
Klesa i celkovy pocet jedincii piirozené obnovy autoregulaci. Pfevazuji stromy stfedni a
spodni vrstvy se znaénym stupniovitym a vertikalnim zapojem, vysokou vitalitou a nizkou
mortalitou stromil. I pfes vyskove silné diferencované porostni skupiny se pies znacnou
ruznovekost vyskove vyrovnaji a nastava stadium optima, které se deli na dvé faze — faze
vystavby a faze starnuti. Ve fazi vystavby dochazi k maximalni vysi porostni zasoby
v porostni skuping. VySkovy pfirtist stagnuje a objemovy prirast zietelné klesa. Stadium
optima se vyznacuje malym poctem stromti na ploSnou jednotku, ztratou vrstevnatosti a
vzacné pred¢asnou mortalitou nejtlustSich stroml.. V porostu prevladaji stromy
nejvyssich tloustkovych tiid a zépoj porostu je rozvolnény. V zavéru tohoto stadia

dochazi k vys$si mortalité, zejména u nejstarSich stromti (VACEK S. et al. 2007).

3.2. Struktura lesnich ekosystémi
Jednotlivé stromy v porostu se lisi v rychlosti rastu, v tvorbé biomasy nebo riznou
tvofeny nestejnovékymi jedinci. Nerovnocennost jedincit v populaci vytvaii strukturu
populace. Strukturu populaci mtizeme zjistovat (VACEK S. et al. 2010):
a) jednorazové v urcitém Casu, kde se stanovi tzv. staticka struktura. Tato metoda se
pouziva predev§im u dlouhovékych difevin, kde se zjistuji pocty jedinct
v populaci v jednotlivych kategoriich, které se urcuji podle néjaké dulezité
charakteristiky. Tyto kategorie nazyvame tfidy, napt. jedinci v populaci se
rozdéluji podle stafi do vékovych tfid a poté se zjistuje frekvence jedincti v téchto
ttidach.
b) v pribéhu celého zivotniho cyklu populace, kde se stanovi tzv. dynamicka

struktura (SLAVIKOVA 1986). Pti této metod¢ se sleduje od vykli¢eni jedincii po
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uhyn poslednich jedinci v populaci. Pouziva se u populaci s kratkym zivotnim

cyklem napft. dvouletych bylin.

Struktura porostu zahrnuje vnéjsi a vnitini znaky, které charakterizuji celé vnitini

usporddani porostu. Skladba porostu je dana jeho plivodem, druhovym slozenim,

prostorovym uspoiadanim nebo vékovym slozenim. RozliSujeme tfi zékladni skladby

porostu (VACEK S. et al. 2010):

a) drevinna skladba porostu,

b) vekova skladba porostu,

c) prostorova skladba porostu.

Drtevinna skladba porostu se skldda z druhii dievin a jejich zastoupeni v porostu.

Funkce jednotlivych dfevin v lesnim porostu se déli do tfech zakladnich ptistupti:

ekologického, ekonomického a environmentélniho.

Podle ekologického piistupu miizeme dieviny rozdélovat (VACEK S. et al. 2018):
Dievina piipravnd — pomaha piipravovat vhodné pidni podminky pro hlavni
dfevinu, vyznacuje se kratkovekosti, rychlym rastem v mladi a ¢astou fruktifikaci.
Dievina melioraéni — jejim ukolem je zlepSovani stanoviStnich podminek.
Minimalni podil meliora¢nich a zpeviujicich dfevin je zavazny ukazatel
hospodateni pro c¢astecné premény lesi hospodatskych, zvlastniho urceni a
ochrannych.

Drievina hospodaiska — je péstovana v hospodaiském lese pro vyuziti dieva.
Dievina hlavni — vétSinou v porostu zcela prevlada.

Dievina pfimiSend — méa mensi zastoupeni nez dfevina hlavni, ale vétsi nez 10 %.
Drtevina vtrousend — ma zastoupeni mensi nez 10 %.

Drievina autochtonni — dfevina, ktera se na ur¢itém tizemi vyskytovala v minulosti
v ptirodnich biocendzach.

Dievina introdukovand — dfevina, kterd pochdzi ze vzdalenéjSich zemi ¢i

svétadilu.

Vékova skladba se charakterizuje v€kovym clenénim, které se déli do vékovych

stupiit nebo tfid. Podle ve€kového rozd€leni rozliSujeme porosty na stejnovekée

a raznoveké. Vekova skladba porostu ovliviiuje jak Zivotnost, tak mortalitu. Podle véku

a vzhledu porostu, rozliSujeme rastové a vyvojové faze (POLENO et al. 2007). V porostech
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vzniklych zumélé, pfirozené ¢i kombinované obnovy rozliSujeme sedm zékladnich
rustovych fazi (VACEK et al. 2016):

1) nalet a kultura zalozena,

2) narost a kultura odrostla,

3) mlazina,

4) tyckovina,

5) tyCovina,

6) nastavajici kmenovina,

7) vyspéla kmenovina.

Rustové faze v lesnich porostech jsou rozdéleny tak, aby urcity péstebni tkon
v prevladajicim rozsahu byl piifazen k jedné rastové fazi (VACEK S. et al. 2010).
Vyvojové faze lesa charakterizuji rozdilné dlouhotrvajici tseky Zivota ptirodniho lesa,
v némz se kazdé slozky ptizptsobuji podle vnitinich zakonitosti, méni se kvantitativné a
kvalitativn€, vznikaji, vyvijeji se a zanikaji. Jde o integrovany cyklicky vyvoj, v némz
muzeme vyclenit fadu vzdjemné propojenych cykli napt. cyklus vody, cyklus energie.
Existuje nadstavbovy cyklus, ktery nazyvame maly vyvojovy cyklus, u které¢ho
rozliSujeme tfi zékladni vyvojova stadia — dortstani, optima a rozpadu (POLENO et al.
2011).
Prostorova skladba porostu se rozdéluje podle sméru na horizontalni (Obr. 2)
a vertikalni. Podle horizontalniho rozmisténi sledujeme hustotu porostu, zapoje
a zakmenéni, naopak podle vertikalniho rozmisténi tvorbu jednoho nebo vice porostnich
pater (VACEK S. et al. 2010). Spojenim horizontélni a vertikalni struktury vznika porostni
profil. U horizontalniho rozmisténi je zdpoj charakteristicky vzajemnym dotykem
a prolindnim korun. Rozdélujeme ¢tyti druhy zapoje:
a) horizontalni — koruny jednotlivych stromil jsou usporadany v jedné vrstve,
b) stupnovity — koruny tvofii dil¢i vrstvy,
¢) diagonalni — korunovy prostor se plynule snizuje nebo zvysuje,

d) vertikalni — koruny jsou rozmistény v celém produkénim prostoru.

Nejvétsi vliv na horizontalni strukturu ma zpasob a postup vzniku porostu a zptisob
redukce poctu stroml autoredukci a cilevédomym zasahem lesniho hospodare.
U ptirozené¢ obnovy maji jedinci pievazné shlukovité a nékdy i ndhodné vychozi
rozmisténi (VACEK S. et al. 2018). Z hlediska vertikélni struktury se sleduje tvorba

porostnich vrstev, v jejich ramci porostnich etdazi a trovni (VACEK S. et al. 2016).
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Vertikalni strukturu ovliviiuje pfedevSim veék stromli a odliSnd rhstova rychlost
jednotlivych druhti stromti (POLENO et al. 2007). Zvolenymi péstebnimi postupy, napf.

uroviiovymi probirkami Ize vertikalni strukturu ovlivitovat (PRUSA 2001).
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Obr. 2: Horizontalni struktura smiSenych porosti na trvalych vyzkumnych plochach v CHKO Broumovsko (TVP
Kozinek 4 — vlevo) a CHKO lJizerské hory (TVP Josefiiv dil 2 — vpravo).

3.3. Prirozena obnova

Nejvetsi rozvoj prirozené obnovy nastal ve dvacatych a tiicatych letech 20. stoleti.
Lesnici poradali mnoho exkurzi do mist, kde se pfirozené obnové dafilo. Osvédcené
lokalni obnovni postupy casto selhavaly pii pienosu do jinych stanovist. Lokalni
stanovistni a porostni analyzy musely vytvofit zakladnu pro odpovidajici pfizpiisobovani
obnovnich postupli, aby bylo mozné cilevédomé& usmériiovat plsobici ptirodni sily
(VACEK S. et al. 2009). O mozném pienosu uspésnych vysledki obnovy na jinou lokalitu
poskytne pouze ekologicky analyzované Setfeni (POLENO 1993). Pfirozend obnova se
Cleni na generativni, tj. ze semenné produkce (prevlada) a vegetativni — porost vznika

z vymladki — pafezovych, kofenovych nebo pomoci hiizeni (VACEK S. et al. 2009).

3.3.1. Predpoklady prirozené obnovy

Velmi dulezitym piedpokladem pro piirozenou obnovu je opad semene nékteré
dfeviny. Druhym dilezitym pfedpokladem je vhodny stav pidy, aby mohlo semeno
vykli¢it a semenacek vzejit (VACEK S. et al. 2018). Pro pfiznivy stav pudy napomaha
biologicka ptiprava pudy, ktera se ptipravuje cilevédomou tézbou dieva. Ta se provadi,

aby se ptredevsim upravil zépoj porostu (VACEK S. 1981). Vyznamny vliv na vyskyt a
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Vyvoj pfirozené obnovy maé také mikrorelié¢f a mikrostanovi§té (STiCHA et el. 2010; LIIRA
et al. 2011; PROKUPKOVA et al. 2021). Napiiklad u buku lesniho nejhojnéji pfirozena
obnova odriista v depresich s ptiznivymi ptidnimi podminkami, naopak silny pokryv a
konkurence trav (Calamagrostis villosa, Avenella flexuosa) negativné ovliviiuje
prirozenou obnovu lesa (VACEK Z. et al. 2015, 2017; PROKUPKOVA et al. 2020). Tretim
pfedpokladem obnovy jsou vhodné klimatické podminky, pfiznivy stav porostniho
klimatu a vhodny priibéh povétrnosti od opadu semene az po vzejiti semenacku a dale
pies jejich preziti prvniho vegetaéniho obdobi (SERA et al. 2000; WAGNER et al. 2010).
obnovu je nutné, aby se vSechny ¢étyfi podminky stietly ve vhodné konstelaci nardz

(VACEK S. et al. 2009).

3.3.2. Specifikace pFrirozené obnovy

Pfirozena obnova je proces, pii kterém vznikd porost za pomoci a piitomnosti
matetfského porostu (POLENO et al. 2009). Ptirozend obnova ma své urcité etapy, které
probihaji plynule, pokud se vytvoii vhodné podminky. Pocatecni etapu ptirozené obnovy
dé€lime na ti1 faze podminek:

a) predCasnd faze — piirozena obnova nastdva v Case, kdy jesté¢ nejsou vhodné
podminky pro ni. Semena mohou vyklicit, ale pro semenacky jesté nejsou vhodné
ptdni a mikroklimatické podminky,

b) optimalni faze — ptiznivé podminky pro pifirozenou obnovu,

c) promeskand faze — vhodné podminky jiz zanikly, zejména nastupem buiené

(VACEK S. et al. 2016).

Pfirozenéa obnova se nejvice vykytuje na tizemi s vysSim obsahem srazek, prevazné
ve vysSich a stfednich polohach. K nejsnadnéjSimu dosazeni pfirozené obnovy dochazi
v edafické kategorii kyselé (K), protoze md malé sklony k zabufenéni (POLENO et al.
2009). V praxi se Casto setkdvame s diametralné odliSnymi nazory na pfirozenou obnovu
a je nutné si uvést vSechny klady 1 zapory piirozené obnovy (VACEK S. et al. 2009):
Vyhody:

- Zachovani autochtonnich, ale i alochtonnich populaci, které¢ se na dané lokalité
osveédcily jako geneticky vhodné.

- Ponechani vysoké genetické diverzity populaci.

- Mensi naklady na sadbu a siji.

- Ziskavani naletovych semenacki k zaSkolkovani do lesnich Skolek.
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- Pfi vétSim poctu naletovych semendckil jsou méné vyznamné Skody zveéri

(AMBROZ et al. 2015).
Nevyhody:

- Zavislost na fruktifikaci stromd.

- Nerovnomérnost hustoty ptirozenych naletd, pfi které vznikaji piehoustlé skupiny
naletl a tim vznikaji mezery, které se museji doplnit, coz je velmi nakladné
(KANTOR 2001).

- Pfirozena obnova se vyskytuje pievazné pouze z dievin mateiského porostu, coz
je nevyhoda u monokultur.

- Nezbytnost ptipravy pady pro nckteré druhy dfevin (zejména na chudych ¢i

zabufenénych stanovistich).

3.4. Skody zvéri

Lesni ekosystémy podléhaji ¢asovym zméndm a rGznym stresorim, piicemz
dalezitym aspektem jejich fungovani je ¢asova stabilita v reakci na tyto vnéjsi faktory
(MAZANCOURT et al. 2013). Dynamika pfirodnich lesti by nemohla kontinualn¢ probihat
bez vyraznéjSich antropogennich a biogennich naruseni (VRSKA et al. 2009). Nicméné
naruSovani vichficemi, pozary ¢i klirovcem se nevyhybd ani pfirozenym lesim
(ZIELONKA et al. 2010; KUCBEL 2010). K témto pfirodnim disturbancim patfti také zvéer,
schopen vyrazné ovlivnit proces regenerace a nasledné ohrozit vyvoj lesa (SENN, SUTER

2003; Suzuki 2013).

Horské oblasti jsou kvili pomalému ristu stromit (AMMER 1996; VACEK Z. 2017)
ke Skodam zptlisobenych zvéii jesté nachylnéjsi, nez lesy nizsich poloh (MOTTA 2003).
Navic zdjmova oblast Sudetské soustavy se vyznacuje sekundarné vysokou populaci
jelena evropského (Cervus elaphus L.) a srnce obecného (Capreolus capreolus L.) —
(VACEK Z. et al. 2014; SLANAR et al. 2017; CUKOR et al. 2019; VACEK S. et al. 2019a).
Soucasny myslivecky management, ktery neumoznuje kontrolu redukce nepfirozené
vysoké populace kopytniki, piedstavuje vyznamnou hrozbu pro biologickou rozmanitost
smiSenych lestt (SCHULZE et al. 2014). Navic i nizké hustoty kopytnikti mohou mit
vyrazné dopady nejen na pfirozenou obnovu, a tim na vyvoj lesa (JORRITSMA 1999).
Vyznamnou roli krom $kod okusem na pfirozené obnov¢ hraje loupani a ohryz, zejména

na smrku ztepilém (FINDO 1992; CUKOR et al. 2019a, 2019b). Mezi dalsi méné Casté
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Skody zvéti 1ze zatadit vytloukani a odirani kment (FINDO, PETRAS 2010). Vytloukdnim
nevznikaji tak vyrazné skody jako loupanim, ohryzem ¢i okusem, ale lokalné mohou byt
pravé pro vtrouSené a ptimiSené dieviny fatalni (Tum 2008).

Zveét vyznamné ovliviiuje také druhové slozeni lesnich ekosystémt (GILL,
BEARDALL 2001). V poslednich desetiletich byl v Sudetské soustavé patrny pokles
zastoupeni jedle a ve prospéch zmlazeni buku (HOFMEISTER et al. 2008; VACEK S. et al.
2015c). Pokles podili jedle v disledku okusu, ale také dalSich dfevin jako je klen (Acer
pseudoplatanus L.), jetab (Sorbus aucuparia L.) a v mensi mite i buk (Fagus sylvatica

L.), byl potvrzen i v jinych oblastech stfedni Evropy (MOTTA 2003; DIACI et al. 2010).

Z hlediska ochrannym opatfeni proti Skodam zvéii je dulezitd zejména redukce
vysok¢ a stale zvysujici se populace zvéte (VACEK Z.2017). Je nutné dosahnout harmonie
mezi lesnickym a mysliveckym managementem (KASTIER et al. 2015). Mezi dalSimi
vyznamné faktory eliminujici Skody zvéfi patii pfedevS§im vyrazné zvySeni plos$né ¢i
individualni ochrany, zfizovani pfezimovacich obtlirek, krmeni zvéfe na vyhrazenych
mistech ¢i reintrodukce vlka, ktera jiz zapoc€ala (VACEK Z. et al. 2014; CUKOR et al.

2019a; PROKUPKOVA et al. 2019).

3.4.1. Skody zpiisobené okusem

Nejcastéjsim typem poskozovani lesnich dievin je okus zvéii (FINDO, PETRAS 2011).
Okusovany jsou predevsim termindlni vyhony dievin v naletech a mlazinach (UHLIROVA
et al. 2004). V mistech zvySeného vyskytu zvéfe dochéazi Casto 1 k okusu boc¢nich vétvi
(VACEK Z. et al. 2014; VACEK Z. 2017). PoSkozeni terminalniho vyhonu mé na vyskovy
rust vétsi dopad nez-li poskozeni bo¢niho vyhonu. Nésledkem okusu mize dojit ke
snizeni pfirtstu jedince, kmenové deformaci, ztraté¢ vitality a az k odumfeni jedince
(Tuma 2008). Nasledky okusu zhorsuje po sob¢ n€kolik let opakovany okus, kterym jsou
sazenice znacn¢ oslabované a nasledné dochézi k mortalité jedinct (KESSL et al. 1957).
Okusem trpi nejcastéji listnaté dieviny a jedle belokoré, které jsou pro zvér atraktivni.
Méné pak dochazi k okusu u ostatnich jehlicnatych dievin, zejména smrku ztepilého
(SLANAR et al. 2017; VACEK S. et al. 2019a; PROKUPKOVA et al. 2020). Okusem jsou
nejvice poskozovany ty druhy drevin, které nejsou v dané lokalité hojné zastoupené
(AMMER 1993; TuMA 2008). Na druhou stranu listnaté dieviny snaseji okus 1épe, nez

dreviny jehli¢naté (FINDO, PETRAS 2011).
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Obnova poskozena okusem je schopna regenerovat poskozeni pokud, jsou v dobré
kondici. Viceleté intenzivni poSkozeni okusem zplisobuje zakrnéni jedince a v horSim
piipad€ méa za nasledek uhyn. Po okusu zvéii se jedinci snazi nahradit chybéjici asimilacni
plochu tvorbou zmnozenych vyhont (FINDO, PETRAS 2011). Tento proces rozezname i po
nékolika letech podle tvorby ndhradniho vrcholu, ke které doslo bajonetovou formou
(KESSL et al. 1957). Z péstitelského hlediska se jedna o tvarové nezadouci jedince, ktefi
by se méli zporostu odstranit negativnim vybérem (FINDO, ZILINEC 1993).
Z ekologického hlediska méa okus velky vyznam v udrzovani dfevinné vegetace
v prizemni vrstve a ve stimulovani produkce fytomasy, ktera zvéti slouzi jako trvaly zdroj

potravy (FINDO, PETRAS 2011).

3.4.2. Skody zpiisobené loupanim a ohryzem

Loupani a nésledné hniloby patii k nejvyznamnéjSim problémim v lesnim
hospodatstvi (CERMAK, JANKOVSKY 2006; CUKOR et al. 2019a, 2019b). Bylozravci
poskozuji kiru a lyko lesnich dfevin z divodi ziskdvani potravy ¢i znaceni teritoria.
V Ceské republice loupani a ohryz zpiisobuje zejména jelen lesni (Cervus elaphus), jelen

sika (Cervus nippon), muflon (Ovis musimon) a dan¢k evropsky (Dama dama).

Skody loupanim vznikaji v letnim obdobi, b&hem kterého proudi Iykovou &asti miza
azveét snadno odtrhne kiru od kmene (TUMA 2008). Loupanim jsou nejcastéji
poskozovany stromy od mlazin az po nastavajici kmenoviny, a to pted vytvorenim hrubé
borky (CIiSLEROVA 2005). PoSkozovany jsou jak stromy jehli¢naté, tak také listnaté
dfeviny. Mira poskozeni porostli loupanim je déna jednak populacni hustotou daného
druhu zvéfe, ale také 1 charakteristikou lesniho prostiedi (JERINA et al. 2008; BORKOWSKI,
UKALSKI 2012). Tento typ poskozeni se nasledné projevi na ekonomickém zhodnoceni
poskozeného dieva (GILL 1992; WELCH, SCOTT 2017), a to zejména z diivodu nasledné¢ho
Sifeni houbovych patogenli v kmeni poSkozeného stromu (VERHEYDEN et al. 2006;
MANSSON, JARNEMO 2013). Ekonomicka ztrata vSak neni jedinym problémem. V ptipadé
rozvoje houbovych patogenti dale dochézi k ovlivnéni stability porostl z pohledu snizené
odolnosti viici abiotickym a biotickym Cinitelim (VASILIAUSKAS et al. 1996). Stromy
poskozené loupanim jsou vice nachylné na klimatickou zménu (CUKOR et al. 2019a).
Pokud loupani ptekroc¢i 90 % obvodu kmene, dochazi k odumiréani celého stromu (GILL

2006).
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Nasledkem poskozeni loupdnim je vzdy infekce dfevokaznymi houbami, na
jehlicnatych drevinach zpravidla pevnikem krvavéjicim (Stereum sanguinolentum),
vmensi mife také plstnateCkem severnim (Climacocystis borealis), troudnatecem
pasovanym (Fomitopsis pinicola) ¢i bélochoroSem hotkym (Postia stiptica). U listnatych
kopytovity (Fomes fomentarius), choro§ Supinaty (Polyporus squamosus), dievomor
kotenovy (Hypoxylum deustum) a hlivu tUstticnou (Pleurotus ostreatus). Ve vysSich
vegetacnich stupnich, kde jsou stanovisté vlh¢i, se hniloba se Sifi rychleji nezli v nizsich
vegetaCnich stupnich, kde prosttedi je sussi a neni tolik vhodné pro $ifeni hniloby (KESSL

et al. 1957).

Skody ohryzem zvéi zptisobuje v zimnim obdobi a je v podstaté totozny s loupanim,
protoze neproudi lykem miza, neda se sloupavat v celych pruzich. Poskozeni je tedy
mensi a vrané jsou vzdy zfetelné stopy po spodnich fezéacich zvére (TUMA 2008).
Nasledkem poskozeni ohryzem je stejné jako u poskozeni loupanim infekce
dfevokaznymi houbami nejcastéji opét pevnikem krvavéjicim (Stereum sanguinolentum)
a v disledku hniloby dochazi ke snizeni stability, vitality, pfirtstku a snizeni zpenézeni
deva (TUMA 2008; VACEK Z. et al. 2021b). Skody ohryzem se celkové projevuji ztratou
pfirGistu, znetvofenim kmene zévaly, snizenim kvality dfeva obzvlast¢ houbovymi
a hmyzovymi infekcemi, pozdéji nebezpecim vétrnych i snéhovych polomt (KESSL et al.

1957).

3.5. SmiSené lesy

Zachovani biologické rozmanitosti je vyznamnym cilem pro trvale udrzitelné
hospodareni v lesich (Piussi, FARRELL 2000). Tomu odpovidd i soucasny trend
hospodafeni v Evropé podporujici bohatsi biologickou rozmanitost prostfednictvim
zvysSeného vyuzivani pfirozené obnovy a zejména vét§iho mnozstvi smisenych lesnich
porosti (MATUSZKIEWICZ et al. 2013). SmiSené porosty se oproti stejnovékym
monokulturdm (zejména smrkovym) vyznacuji vétsi stabilitou vaci vnéjSim vlivim,
zejména pak znecisténi ovzdusi ¢i klimatickym zménam (LIIRA et al. 2011; GRIESS et al.
2012). Napt. VACEK Z. et al. (2019) uvadi vyssi resistenci smrku vii¢i koncentracim SO»
a klimatickym extrémim v porostech, kde tvofil pouze pfimées oproti ¢istym smrkovym
monokulturdm. Obdobné PRETZSCH et al. (2013) uvadi vyssi odolnost smrku vii¢i suchu

ve smiSenych porostech. Navic pifimési jednotlivych dievin lze dosahnout vyssi
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produk¢éni schopnosti pii porovnani s nesmisenymi porosty lesnich dievin (DEL RioO et al.
2013; PRETZSCH et al. 2015; MINA et al. 2018). Ve smiSenych porostech ve srovnani
s monokulturami dochazi k efektivnéjSimu vyuzivani zdroji podzemni vody a poméru
1 kolobéhu zZivin v padé kvili rozdilnému typu kotfenového systému (BLOCK 1997;
AUGUSTO et al. 2002; FORRESTER et al. 2013). Pozitivni G¢inek smiSeni porostu na druhou

stranu siln¢ z&visi na klimatickych a pfirodnich podminkéach (HUBER et al. 2014).

3.5.1. Druhové sloZeni smiSenych lesii

a produktivity lesnich ekosystémi (LINDENMAYER 2000). Druhové sloZeni spolu se
strukturou jsou hlavni atributy porostl, které¢ vzdjemné ovliviiuji funkci ekosystému
a zaroven jsou na sob& vzajemn¢ zavislé (CROW et al 2002). Druhové slozeni porostii
ovlivituje jak lesni biotop poskytovanim krytu, tak 1 mikrostanoviStni podminky
a kolob¢h zivin v lesnim ekosystému (CARVALHO 2011). Jako vhodna varianta se jevi
smiSeni opadavych a neopadavych druhli dfevin, jez mlze vést k lepSim ristu kvili
diverzifikaci zdrojii z prostfedi, coz muze v konecném dusledku smétovat ke snizeni
stresu jednotlivych dfevin a zvySeni odolnosti porosti (PRETZSCH et al. 2014). Kromé

druhti dfevin vyznamnou roli také hraje typ smiSeni v porostu (NGO BEING et al. 2013).

Vlivy jak vnéjsi, tak vnitini, objasiujici koexistenci dievin ve smiSenych lesich jsou
predmétem zajmu pro fadu autorti (WILSON 2011). Mnoho téchto vlivl jesté stale neni
v soucasné dob¢ tadné prozkoumano, oproti pomérné Siroce zkoumanym druhovym
porostnim smésim ve fazi prechodného lesa (PALUCH, JASTRZEBSKI 2013). Této fazi
zpravidla pfedchdzeji pomérné velké disturbance, které jsou do znaéné miry
nepfedvidatelné a Casto mohou vést k podstatnym zméndm v porostni dynamice.
Vyznamné rusivé jevy pusobici na lesni porosty jsou velmi slozit¢ komplexy mnoha

faktort, a to jak biologickych, tak fyzikalnich (PALUCH 2007).

Samotné dfevinné slozeni porostti je utvaieno mnoha faktory a naroky jednotlivych
druhti stroml. Tyto mechanismy pak mohou mit pfimy vliv na autoregula¢ni zmény
v druhovém sloZeni a vzajemnych interakcich v lesnich porostech (WILSON 2011). Mezi
nejvyznamnéjsi faktory patii napt. pozadavek na Ziviny a svétlo, fenologii ristu, kveteni
¢i dlouhodobou historii porostniho spole¢enstva (SILVERTOWN 2004; PAAL et al. 2011),
protoze obzvlasté péstebni zdsahy v minulosti ¢asto ovlivnily druhové slozeni (SITZIA et

al. 2012). Mezi dal§i vyznamné faktory lze zaradit 1 vykyvy zivotniho prostiedi
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(predevsim klimatické vykyvy) — (SERRA-DIAZ et al. 2012), tlak zvéte (AMMER 1996) ¢i
rezidudlni strukturu lesnich porostli a dostupnost svétla spojenou s regeneracnimi
procesy, které jsou uzce provazany s ekologickou adaptabilitou jednotlivych druht
a pfimo tak mohou ovliviiovat vyvoj lesa a konkurencni vazby mezi jednotlivymi druhy

(LHOTKA 2013).

Dievinné slozeni ptirodé blizkych porostii 1ze také povazovat za urcité vyjadieni
regeneracnich procesi, coz jsou sami o sob¢ jevy velice stochastické a druhova hojnost
a zastoupeni tak muze v porostech vyrazné¢ kolisat (VACEK S. et al. 2013). Nicméné
pfirozené obnova a nasledné mezidruhové interakce v tomto juvenilnim stadiu jsou
utvafeny zejména, jak pfiznivymi mikrostanovistnimi podminkami, ve kterych mohou
semena prezit, kli¢it a vytvofit semenacky, tak 1 samotnou dostupnosti semen (SNYDER,
CHESSON 2004; VACEK S. et al. 2009). PALUCH, JASTRZEBSKI (2013). Také prezentuji tezi,
ze zvySeni zastoupeni jednoho druhu vzhledem k jinému je jednim z faktort, ktery
podporuje jeho vysi reprodukéni Sance. Nicméné tento predpoklad je ovlivnén v oblasti
Sudetské soustavy jesté fadou dalSich faktorii, napt. patogeny (PALUCH, STEPNIEWSKA
2012; VACEK S. et al. 2015b), bylozravci (VACEK S. et al. 2013; VACEK Z. 2017),
vegetatnim pokryvem (BECKAGE et al. 2005), vzdalenosti mezi matefskymi stromy
(PACKER, CLAY 2003), dostupnosti svétla (KUNSTLER et al. 2005) nebo ptidni vlhkosti
(ARRIETA, SUAREZ 2005). Vysledné druhové slozeni smiSenych porostl mtize byt t€émito
podminkami a procesy velmi vyrazné ovlivnéno. Z porostli jsou vytlaCovany zejména
potravnég atraktivni dfeviny, v podminkach Sudetské soustavy je to napt. javor klen, jasan
ztepily ¢i jedle bélokord, naopak vyrazné nizsi potravni atraktivita je zde zfejma napf.
u smrku ztepilého (VACEK S. et al. 2014; SLANAR et al. 2017; VACEK S. et al. 2018). Ve
vetsing piipada se zvySuje potravni atraktivita druhu se snizujicim se podilem dievin

v ptirozené obnoveé (AMMER 1996).

3.5.2. Tvorba a vyznam smiSenych lesti z hlediska klimatické zmény

Druhové slozeni porosti muze byt kromé¢ vySe zminénych faktori ovlivnéno
1 zpisobem hospodaieni. Napiiklad podrostni zpisob oproti holose¢nému snizuje
dostupnost svétla v porostech a miize tak do znacné miry ovliviiovat tempo ristu, stadia
vyvoje a zarovenn pomérn¢ vyrazné i druhové slozeni (KNEESHAW, PREVOST 2007,
LHOTKA 2013). Vytvéfeni trvalych smiSenych porosti cilovych dfevin je vSak
mimofadné naroénym a sloZitym ukolem, pfi¢emz na tizemi CR na nejméné 90 % lesni
ptdy mohou rist smiSené porosty. Tyto smiSené porosty vyzaduji pii zakladani jasnou
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koncepci, ve které jde nejen o ekologické pisobeni téchto smési dievin na sebe navzajem

a na stanovisté, ale 1 o hledisko produk¢ni a ekonomické (CILEK et al. 2022).

Pfi tvorbé smiSenych porostli je nutné vychazet zcilové druhové skladby dievin
diferencované dle soubort lesnich typii s akcentem na ptirozenou druhovou skladbu. Tyto
dfeviny a jejich porostni smési odpovidaji mistnim podminkdm prostfedi a maji proto
ptedpoklady pro zadouci ekologickou a genetickou stabilitu (POLENO et al. 2009). Mozné
je také vyuziti vhodnych introdukovanych dfevin, pokud nedochézi k poskozovani
stanoviStnich a porostnich poméra. Mezi tyto produkéné zdatné a do smési vhodné
nepuvodni dieviny patii naptiklad douglaska tisolista (Pseudotsuga menziesii [Mirb.]
Franco), borovice Cerna (Pinus nigra J.F.Arnold) ¢i smrk omorika (Picea omorika
[Panci¢] Purk.; PODRAZSKY et al. 2016; VACEK Z. et al. 2021a; THOMAS et al. 2022,
VACEK Z., VACEK S. 2023). Introdukované dieviny v kontextu klimatické zmény jednak
zvySuji diverzitu a mohou nahradit nékteré odumirajici dfeviny, navic jsou mnohdy
rezistentnéj$i vaci klimatickym extrémim pii porovnani s t€émi domacimi druhy (VACEK
Z. et al. 2021a; BRABEC et al. 2023).

Stanovisti odpovidajici smiSené¢ porosty by mély pfispivat k udrzeni zdravotniho
stavu lesa, ke zvySeni jejich produkéni schopnosti a stability lesnich porostl. Za takovyto
model pée je ve stavajicim obdobi piestavby lesti povazovan zejména hospodaisky
zpisob podrostni, ndsecny a na nékterych stanovistich i zpiisob maloplo$ny holosecny
avybémy. Tyto zplsoby ve svém dlsledku vedou k vytvofeni diferencovaného
smiSené¢ho lesa. Zejména pak citlivé zachazeni s vertikalni strukturou a druhovou
sttedoevropskych smiSenych lest. Tento bohaté strukturovany smiSeny les je vzdy
ekologicky stabilngjsi, produkéné vyrovnangjsi a funkéné efektivnéj$i nez napt. nyni
prevazujici smrkové monokultury, které vznikly jako disledek holose¢ného hospodateni

v minulosti (VACEK S. et al. 2007, POLENO et al. 2007, 2009).

vvvvvv

patfi v zavislosti na stanovisti a provoznim cili zejména:
» zpusob a ¢asovy harmonogram vzniku a vytvafeni smiSenych porostd,
» volba dievin pro smiSené porosty,
» podil dievin ve smiSenych porostech (obnovni i provozni cil),

» predpoklad vyvoje smiSenych porosti,
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» forma smiSeni (jednotliva, hlouckovita, skupinovita, fadova),
» péce o mladé smisené porosty (CILEK et al. 2022).

Pti tvorbé smési dievin mohou byt dieviny plosné rizné rozmisténé. Tento zplisob
rozmisténi dievin na ploSe se oznacuje jako forma smiSeni. Forma smiSeni muze byt
jednotliva, fadova, pasova, hlouckovita, skupinova, ostriivkovita nebo plosna. Pti tvorbé
smiSenych porostl se pracuje prevazné se smeési hlouckovitou, skupinovitou
a skupinovitou, nez jednotlivou nebo fadovou. Jako nejvhodné;jsi se jevi smési dievin
s riznymi poZadavky na intenzitu slune¢niho zateni, které dovedou lépe vyuzit i klesajici
stupenl ozafenosti v nizsich vrstvach porostu (POLENO et al. 2007, VACEK S. et al. 2007).

Pti zakladani smiSenych porostii je dilezitym parametrem vhodny pocet dievin a jejich
pomér. Neplati, ze ¢im vice dievin se v porostu bude nachazet, tim bude stabilita
a produkéni potencial porostu vétsi. Z tohoto hlediska je druhova skladba posuzovana ze
tfi arovni: druhova bohatost, druhova vyrovnanost a druhova riznorodost (VACEK Z. et
al. 2021b). Druhovéa bohatost vyjadiuje pocet dievin v daném porostu (MARGALEF 1958).
Druhova vyrovnanost vyjadiuje relativni zastoupeni (vyrovnanost) jednotlivych dievin
v porostu (HILL 1973). Druhové rlznorodost zahrnuje jak druhovou bohatost, tak
1 vyrovnanost (SIMPSON 1949). Razné studie primarné vyuZzivaji druhovou bohatost
k vysvétleni vztahu diverzity a produktivitou porostu (MORIN et al. 2011, GILLMAN et al.
2015), nicmén¢ druhova vyrovnanost a heterogenita by jednoznacné nemcla byt
opomijena (NUS, ROY 2000, ZHANG et al. 2012). Napftiklad globalni metaanalyza 54 studii
dokumentuje, ze nejlepSim prediktorem pii vysvétleni modelu produktivity porostu byla
druhové vyrovnanost (34 %), zatimco druhova bohatost vysvétlila pouze 13 % variability

(ZHANG et al. 2012).

Z hlediska klimatické zmény smiSené lesy hraji nenahraditelnou roli pfi procesu
nahrazovani neptivodnich labilnich monokultur 1épe adaptovanymi druhové bohatymi
porosty. Pfirodé blizké zplsoby péstovani smiSenych lesii jsou kompatibilni
s adapta¢nimi principy na globalni klimatick¢é zmény. U fady z nich vSak je jejich
naplnéni zavislé na zpiisobu praktické realizace. NejflexibilnéjSim hospodaiskym
zpusobem se vzhledem k adapta¢nim principim zda byt zptsob skupinovité vybérny
(velikost skupin 0,05-0,5 ha). Potencial dals$iho vyvoje zde existuje, zejména s vyuzitim
umélé obnovy a specifické vychovy porostli. Vhodna je kombinace piistupil, zejména
tam, kde nejsou ostie vymezené hranice. Jednotlivé vybérny zplisob hospodateni z tohoto
hlediska neni optimalni variantou (VACEK S. et al. 2007, CiLEK et al. 2022. Dulezité je
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vSak zhlediska péstovani dodrzovat specifikaci smiSenych porosti. Pozitivni efekt
miSeni dfevin lze naptiklad vyrazné snizit nevhodnymi vychovnymi zasahy, jako je
snizeni hustoty stroml v porostu na uroveil monokultur (pfimés jinych druhi miize
omezit konkurenci) ¢i profezavkou/probirkou stinomilnych dfevin v podurovni

(CORDONNIER et al. 2018, PRETZSCH et al. 2012, PRETZSCH, SCHUTZE 2016).

3.6. Ekologické naroky hlavnich drevin
3.6.1. Buk lesni (Fagus sylvatica L.)

Buk lesni (Fagus sylvatica L.) fadime do oceanického a suboceanického klimatu
(POLENO et al. 2009). Buk pottebuje dostatek srazek, a to pfedevSim v letnim obdobi
vyzaduje dostatecné relativni vlhkost vzduchu. Vyskytuje se od pahorkatin az po hory, je
typickou dfevinou ve 4. lesnim vegeta¢nim stupni, ale ve vyzkumech bylo prokézano, ze
se buk vyskytuje 1 v nadmotské vysce 1310 m. V této oblasti se rozmnoZuje vegetativné
(VACEK S., HEJCMAN 2012). Vzhledem k riznym ptirodnim podminkam, ve kterych se
buku lesnimu miize dafit, je jeho aredl rozSifeni dan délkou vegetacniho obdobi, které se

pohybuje od 90 do 175 dnii s primérnou teplotou nad 10 °C (DITTMAR et al. 2003).

Pfirozend obnova buku celi mnoha néstrahdm, jeden zhlavnich divoda jsou
konzumenti napft. ptaci, hlodavci a sparkata zver, kteti jsou schopni zkonzumovat az 90
% trody semen. Dalsi problém je plisen (Phytophthora cactorum), ktera napadé bukvice.
Mezi problémy piirozené obnovy také tadime dlouhy interval semennych rokd,
piedevs§im v horskych oblastech. Pfirozené obnovée se nejlépe dati v mistech, kde jsou
mensi sklony k zabufenéni a zapleveleni, semena maji vétsi Sanci se dostat k pudé
(POLENO et al. 2009). Buk je také citlivy na jarni pfisusek, prudké oslunéni a pozdni mraz
(NINGRE, COLIN 2007). V poslednich letech je vSak patrny expanzivni postup bukového

zmlazeni v horskych oblastech (VAN GILS et al. 2008; SEBKOVA et al. 2011).

Strom ma hladkou, tenkou a Sedou borku. Vyska buku dosahuje kolem 3545 m.
Letorosty jsou tenké a zprohybané. Plody buku jsou trojboké (MUSIL 2003). Na volném
prostranstvi za¢ina buk plodit kolem 2040 let (URADNICEK et al. 2009). Semenné roky
se objevuji v intervalu 5-10 let (SVOBODA 1955). Kotfenovy systém je srd¢ity. Dievo
buku je roztrousSené porovité, nerozliSené na jadro a bél, ale Casto se tvoii nepravé jadro

(URADNICEK et al. 2009). Buky se doZivaji 200 az 400 let (HLADKA, CANOVA 2005).

V posledni dobé dochézi v souvislosti s klimatickymi zménami k rozsifovani buku
lesniho do severn¢jSich oblasti jeho vyskytu (KOLAR et al. 2017). V poslednich
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desetiletich se buk lesni lépe uplatiiuje v severnéji polozenych lokalitach, napiiklad
v jiznim Svédsku (BOLTE et al. 2010), ale také v horskych oblastech, jako je Ceska
republika (VACEK S. et al. 2012). Riist buku v Ceské republice je vyznamné ovliviiovan
klimatickymi zménami, coZ mé dopady jak na jeho ekologii, tak na lesni hospodaistvi,
zejména vzrusta citlivost bukovych hospodaiskych porostl na sucho (CONTE et al. 2018).
I ptesto se tato dfevina dokaze ve stfedni Evrop¢ pomérné dobie ptizpiisobit suchu a patii
et al. 2019). Pro svou plasticitu se buk lesni tak jevi jako jedna z nejslibnéjSich dievin z
hlediska tolerance vysSich teplot a dlouhodobého sucha zplsobenych klimatickymi
zménami oproti porovnani s ostatnimi hlavnimi hospodaiskymi dfevinami, zejména

smrkem ztepilym (FUCHS et al. 2024).

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

Smrk ztepily (Picea abies [L.] Karst.) se nachazi pfedev§im v severni a stfedni
Evropé. Vjizni Evropé se vyskytuje ve vySSich nadmotiskych vySkach. Roste
v chladnéjsich oblastech s vyskytem vlh¢ich ptd (SPHON, SPHON 2013). Snasi dobfie
nadbytecnou vlhkost a vydrzi i stagnujici vodu bazin i raselinist’. Nedostatek vody se vSak
stava limitujicim faktorem dobrého ristu smrku. Je citlivéjs$i na vysoké teploty a nesnasi
nizkou relativni vlhkost. Diky svému mélkému kofenovému systému neni odolny vici
pusobeni vétru, nasledkem byvaji vyvraty (URADNICEK et al. 2009). Je velmi nachylny
na imise, prevazné na SO, coz se ukdzalo rozsahlym hynutim lesnich porostl napt.
v pohrani¢nich horach (MUZIKA et al. 2004; KRAL et al. 2015; PUTALOVA et al. 2019).
V Ceské republice se smrk vyskytuje ve viech vegeta¢nich stupnich, a to diky umélé
obnové, ktera se rozsifovala v 19. stoleti (POLENO et al. 2009). SCHMIDT-VOGT (1986,
1987, 1989) rozdé€luje smrk v pfirozeném horizontalnim arealu na 3 oblasti:

- sttedo a jihovychodoevropska oblast,
- severovychodoevropska oblast,

- sibifska oblast.

Naopak MUSIL, HAMERNIK 2007 rozdéluji smrk pouze na dvé oblasti —

sttedoevropskou a severoevropskou oblast.

Smrk dosahuje velkych rozmért s pribéznym a pfimym kmenem. Jeho borka je
cervenohnéd4 az Sedd. Koruna je kuZelovita obcas §tihld s jemnym vétvenim, jindy Siroka

se silnymi vétvemi. Jehlice jsou Ctythranné a maji tmavé zelenou barvu. Jeho difevo ma
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zlutou barvu s vyraznym ptfechodem letokruhti — velky rozdil mezi jarnim a letnim
dievem (URADNICEK et al. 2009). Od 60 let zadinaji smrky kvést v rozmezi 4-5 let
(SvoBoDA 1953), ale ve vysSich polohach jsou semenné intervaly delsi (8—14 let),
kli¢ivost v téchto extrémnich podminkach je velmi nizkd, proto generativni
rozmnozovani je ¢asto nahrazovano vegetativnim mnozenim (POLENO et al. 2009). Pii
nedostatku Zivin dochdzi ke sniZzovani pfirtstu, ale naopak vysoky obsah zZivin muze
zpusobit napadeni hnilobou jako je vaclavka smrkova (A/millaria osteye). Pro rychly rast
dreva se stal smrk hlavni hospodaiskou dievinou. Je vhodny ve stavebnictvi, truhléistvi,
ale i na resonanéni diivi (URADNICEK et al. 2009). Smrk ztepily dosahuje maximalniho
veéku 500 az 600 let (CASTAGNERI et al. 2013).

V minulosti byl smrk ztepily a jeho monokulturni péstovani siln¢ uptednostiiovan
v ramci holose¢ného managementu na ukor smiSenych lestt (KLOPCIC et al. 2017),
zejména diky jeho ekonomické vyhodnosti, vysoké produkci a schopnosti dobfe rust
1 mimo svijj pfirozeny areal (SPIECKER 2003). Z tohoto diivodu dnes na mnoha lokalitach
ptivodnich smiSenych horskych lesti existuji pouze stejnovéké smrkové monokultury
(OTT et al. 1997). V poslednich letech se vSak nepiiznivé vlivy souvisejici se zménami
(CREMER, PRIETZEL 2017) a jeho péstovani mimo pfirozeny areal je ¢im dal vice
zpochybiiovano (GRIESS, KNOKE 2013). Proto jsou smrkové monokultury postupné
preménovany na raznoveke porosty s vysSim podilem listnact, zejména buku (PRETZSCH
et al. 2014), ktery mlze byt vyuzivan diky svému relativné vysokému produkénimu
a reprodukénimu potencidlu a Siroké ekologické valenci (AMMER et al. 2008). V kontextu
klimatické zmény modely ukazuji, Ze se aredl rozsifeni smrku ztepilého posouva smérem
na sever a postupné ztraci velkou cast svého soucasného aredlu ve stfedni, vychodni
a zapadni Evropé. Do roku 2100 budou dle predikci vhodna stanovisté pro smrk omezena
na vyssi nadmoiské vysky ve stiedni Evropé a na oblasti v severnim Svédsku, Finsku
a Norsku. Smrk ztepily tak snizi o témét 50 % sviij soucasny aredl distribuce (VACEK Z.

et al. 2023).

3.6.3. Javor klen (Acer pseudoplatanus L.)
Javor klen (Acer pseudoplatanus L.) se zejména vyskytuje ve stfedni
a jihovychodni Evropé (POLENO et al. 2009). V Ceské republice roste roztrousen,
nejéast&ji ve skupinkach ve vsech pahorkatinach, vrchovinach a pohoii (URADNICEK et
al. 2009). Javor klen se vyskytuje v nejvysSich nadmotskych vyskach ze vSech tii javori
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(800900 m). Ve vyssich horach v Ceské republice se vyskytuje ojedinéle (POLENO et al.
2009). Klen snasi stfedni zastin a ma vysoké naroky na ptdni a vzdusSnou vlhkost.
V horskych stanovistich klenu jsou typické vysoké srazky nebo vzdusna vlhkost, diky
severskym svahiim nebo hlubokym tudolim. Klen je soucasti sutovych lest, kde se

vyskytuje nejcastéji s jasanem, lipou, jilmem a bukem (HEIN et al. 2009).

Strom dosahuje velkych rozméri s pifimym valcovitym kmenem a koSatou
korunou. Roste do vysky 35-40 m. U starych kment je borka Supinové odlupciva. Ma
srdéity kotenovy systém (URADNICEK et al. 2009). Plody maji délku 3—6 cm a sviraji ostry
uhel (MUSIL, HAMERNIK 2007). Tato dfevina zac¢ina plodit semena mezi 25. a 30. rokem
zivota. Strom produkuje semena kazdorocné, nicméné semenné roky jsou obvykle
v intervalu 2 az 3 let (HEIN et al. 2009). Javor klen ma dobrou pfirozenou obnovy, diky
dobré fruktifikaci a jeho lehkych okfidlenych semen, které se roznaseji lehce vétrem na
dlouhé vzdalenosti. Jediny limitujici problém u obnovy je pfevazné okus srnci zvéri
(POLENO et al. 2009). Kleny se dozivaji 400 az 500 let (SIOSTEDT 2012). Dievo klenu se
uplatiiuje pii vyrobé hudebnich nastroj, dale v fezbatstvi a truhlaistvi (URADNICEK et al.
2009). Z hlediska klimatické zmény se jedna o relativné rezistentni dfevinu s vysokym

produkénim potencidlem a sekvestraci uhliku (HEIN et al. 2009; VACEK S. et al. 2018).

3.6.4. Jedle bélokora (Abies alba Mill.)

Jedle bélokora (Abies alba Mill.) roste na zapad¢ a na jihu, ve vétsi mite se piekryva
s arealem horského ekotypu smrku. V Ceské republice se vyskytuje v nizsich horskych
polohach (500-900 m), v této oblasti mé i své produkéni optimum (POLENO et al. 2009),
jedli miizeme najit i kolem horni hranice lesa kolem 1200—1350 m (CERNY 2007). Jedle
snasi dlouhotrvajici stin, je velmi narocna na vlahu a také na vyssi obsah zivin v piudé
oproti smrku. Nejlépe roste na hlubokych cerstvych ptidach. Nema rada silné zimni mrazy
a pfi dlouhotrvajicich nizkych teplotich tvoii nepravé jadro a vznikaji praskliny
v dfevnim valci (URADNICEK et al. 2009). Pro pfirozenou obnovu vyzaduje dostateény
zapoj a pudu bez bufené. Pfirozenou obnovu jedle limituje nékolik faktorG — okus
semenackti sparkatou zveéti, poskozovani mladych porosti korovnici kavkazskou

a jedlovou (SENN, SUTER 2003; POLENO et al. 2009; VACEK S. et al. 2014).

Strom dosahuje velkych rozméri, ma prubézny ptimy kmen a pravidelné preslenité
vétveni. Borka je hladka a béloseda, ve staii podélné rozpukana. Jedle mé ktlovy kofen

a z postrannich kotfenit ma hluboko sahajici upeviiovaci koteny, diky nim je odolna vici
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vétru. Jehlice jsou ploché, lesklé, na lici tmave zelené a na rubu se dvéma bilymi prouzky
(URADNICEK et al. 2009). Sisky jedle jsou rozpadavé (MUSIL, HAMERNIK 2007). Plodnost
nastava ve 25-35 letech v piipadé solitérnich stromt, resp. v 60—70 letech v hustém
lesnim porostu (FEURDEAN, WILLIS 2008). Jedle se doziva véku 300 az 600 let (BLEDY et
al. 2024). Jedlové diivi bylo v minulosti nejvice pouzivano do stavebniho odvétvi, jedle
méla dobrou dosazitelnost oproti smrku, ktery nebyl dfive tak rozsifen (BERCHA 2006).
Pravideln& rostlé dfevo se pouziva na vyrobu hudebnich nastroji (URADNICEK et al.

2009).

V lesnim hospodafstvi je jedli vénovana zvlastni pozornost predevsim kvili jejimu
vyznamu v péstovani lest a také kvili vyraznému snizeni jejiho zastoupeni v Evropé,
k ¢emuz dochazelo jiz od 16. stoleti (LARSEN 1986). V prubéhu minulé¢ho stoleti pak
snizovani zastoupeni jedle pokracovalo na mnoha mistech (GOMORY et al. 2004) a dnes
k mortalité jedinct jedle Casto pfispivaji pfirodni i antropogenni stresy (BOSEL'A et al.
2014). Presto je jedle a smiSené lesy, které vytvari, nadale dulezitou soucasti centralni
a jthovychodni evropské krajiny (BOSELA et al. 2018). V mnoha oblastech je chradnuti
jedle ptipisovano zménam klimatu (KONOPKOVA et al. 2018). Nékteti autofi naznacuyji,
ze jedle muze dosdhnout vyssi produktivity ve smiSeném porostu a také, ze jeji ristova
citlivost na letni sucha je ve smiSenych porostech niz§i (METZ et al. 2016). Z hlediska
klimatické zmény jedle je odolné;jsi vii¢i dlouhodobému suchu ve srovnani se smrkem

ztepilym, modiinem evropskym a bukem evropskym (VITASSE et al. 2019).

3.6.5. Jerrab ptaci (Sorbus aucuparia L.)

Jetab ptaci (Sorbus aucuparia L.) se vyskytuje v celé Evropé¢, az k zapadni Sibifi
aMalé Asii. V Ceské republice se pfirozené se vyskytuje od nizin, na kyselych
doubravach a na viesovistich, az po horské polohy na kyselych, kamenitych podkladech,
horskych smréin pii horni hranici lesa (URADNICEK et al., 2009). Jefab se vyskytuje
nejcastéji se smrkem ztepilym, btizou pyfitou, borovici kle¢i, bukem lesnim a javorem

klenem (RASPE et al. 2000; VACEK S. et al. 2010).

Jetdb je strom dosahujici vysky 15-20 m s fidkou, Stihlou korunou a rovnym
kmenem. Schopnost doziti je az 150 let (GRIME et al. 1988). Jetfab je pionyrskou dievinou,
jeho plodnost zacina v 15-20 letech a pak se opakuje v intervalech 2-3 let (SVOBODA
1957). Kofenovy systém je houzevnaty a vlaknity podle charakteru pidy. Na piadach

hlubokych ma kulovy kofenovy systém. OvSem castéji se setkdvame s mélkym
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kofenovym systémem hlavné na kamenitych padach, souvisejici s vegetativnim

rozmnozovanim (URADNICEK et al. 2009).

Edafické pozadavky jetfabu jsou podobné pozadavkiim btizy, avSak jetab je viici
stinu odolné;jsi nez biiza (MCVEAN, RATCLIFFE 1962). Jetab je svétlomilnou dievinou,
ktera v mladi pomérné dobte snési zastin. Rust je v mladi velice rychly, v 10 letech miize
mit vySku az 5 m, avSak jeho rlst se zpomaluje ve véku 30 let. Je nenarocny na ptdu
1 vlhkost, ale nesnese zéaplavy. Jefab je nenarocnou dievinou s velkym ekologickym
rozpéti, a navic je velmi odolny proti casnym a pozdnim mraztim (SVOBODA 1957). Roste
pfirozené na ptidach chudych, vlh¢ich az mirn€ suchych i na kamenitych a raselinnych
podlozich. Pti horni hranici lesa je pfirozenou piimési smrcin (PROKUPKOVA et al. 2019a).
Velice rychle osidluje volné ¢i zdevastované plochy vcetné vysypek. V horskych
oblastech je povazovana hlavné¢ za dievinu pfipravnou, kde jsou porosty znacné
poskozeny imisemi (URADNICEK et al. 2009). Na druhou stranu jsou porosty jefabu &asto
limitovany okusem zvéte (MOTTA 2003; LEHNEROVA. MARUSAK 2009; VACEK Z. 2017).
Klimatickd zména akcelerovala §ifeni jefabu do vyssich nadmotskych vysSek a smérem na
sever, nicmén¢ v budoucnu se ocekava ztrata jeho pritomnosti v jizni, stiedni a vychodni

Evropé (RATY et al. 2016).

3.7. Prirodé blizké péstovani lesi

V lesich Ceské republiky je stale rostouci zajem o ochranu pfirody, zejména
v maloplos$nych zvlasté¢ chranénych tzemich, v prvnich zénach chranénych krajinnych
oblasti a v prvnich a druhych z6énach narodnich parki (VACEK S. et al. 2012). Nicméné
systémy trvale udrzitelného hospodateni v lesich nestaci k naplnéni poslani téchto tizemi,
které spoc¢iva v uchovani nebo zlepSeni ptirodnich hodnot v prosttedi silné ovlivnéném
Clovékem. Toho lze dosdhnout pouze prostfednictvim diferencované péce nebo
managementu, ktery je ptirod¢ blizky. Ptistup piirodé blizka péce nebo ptirode blizky
management lesnich ekosystémtll se maximalné spoléha na pfirozené procesy a postupné
omezuje cilevédomé zasahy do biologickych déji na minimum. Na rozdil od tradi¢niho
trvale udrzitelného hospodareni, ktery klade diiraz na vyuziti lesti z hlediska produkce,
metody ptirod¢ blizké péce kladou znaény diraz na pivodni sloZeni lesnich porosti —
tedy na pfitomnost autochtonnich porostl, a to nejen v ramci druhového bohatstvi, ale
i ohledné specifického genetického slozeni. Dal§im dualezitym aspektem je udrzeni

piirozené vékové a prostorové struktury lesniho porostu, aby les mohl plnit vSechny
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dilezité ekosystémové funkce, které nejsou jen spojeny s produkénimi aspekty. (VACEK
S. 1999, VACEK S. et al. 2009). Vyvoj ptivodnich lesii podléha principu autoregulace, coz
vede k jejich samovolnému fungovani. V naSich klimatickych podminkéach je les
v podstaté¢ jedinou vegetatni formaci, kterd je schopnd udrzovat svou stabilitu
a zivotaschopnost pomoci vlastnich vnitinich mechanismu a biologickych procesii. To je
ovSem za predpokladu, Ze stanovisStni a porostni podminky ziistanou pomérné stabilni
a neprojdou zasadnimi zménami (KORPEL 1989, VACEK S. et al. 2012).

V souladu s aktualné platnou legislativou (zékon &. 114/1992 Sb.) jsou v Ceské republice
definovany nasledujici kategorie zvlasté chranénych tizemi:

e narodni parky,

chranéné krajinné oblasti,
e narodni pfirodni rezervace,
e pfirodni rezervace,

e narodni pfirodni pamatky.

e pfirodni pamatky.

Pro klasifikaci lesnich ekosystémt do nékteré z kategorii chranénych uzemi je klicové
posouzeni jejich miry piirozenosti. Napiiklad ve studii VRSKA, HORT (2003) lze lesni
porosty zatadit do nésledujicich kategorii pfirozenosti:

e les ptivodni,

e les pfirodni,

e les pfirod¢ blizky,

e les pfirozeny.

Koneénym (vrcholnym), i kdyZ casto vzdalenym cilem managementu v pfirodnich
rezervacich a v L. zoénach velkoplo$nych chranénych uzemi je dosdhnout lesniho
spoleCenstva, které je schopné trvale existovat i bez zasahli ze strany lesnického
hospodaieni. P&stebni opatfeni jsou proto zaméiena predevSim na ochranu lesnich
porostti pred poskozovanim a soustiedi se na snahu o vytvoreni a udrzeni potencidlnich
prirozenych ekosystémil. Toho lze dosdhnout prostfednictvim podpory nebo névratu
k plnému uplatnéni autoregulacnich procest, které maji za cil samovoln¢ udrzovat zivotni
funkce lesniho ekosystému (VACEK S. et al. 2012). Je nutné zajistit, aby dievinna skladba
byla sloZena pfedevsim z dfevin, které jsou blizké pfirozenému a pivodnimu prostiedi.

Introdukci geograficky neptivodnich a dievin nevhodnych pro dané stanovisté je nezbytné
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zcela vyloucdit. Obvykle se k dosazeni tohoto cile pouzivd kombinovana obnova. Tvar
lesa bude pievazné vysoky, avSak v porostech s ti€asti dubu mize vyjimecné prevazovat
les sttedni. V hospodaiském zptsobu (pokud je mozné o péstebnich postupech v téchto
lokalitach takto hovofit) se uplatni jemnéjSi piistup, ktery prevazné klade daraz na
podrostni vyvoj a vyuziva skupinovité clonné postupy. Cilem je dosdhnout co nejveétsi

miry pfirozené obnovy a vyuzit ucelového vybéru dievin (MICHAL et al. 1999).
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4. Metodika

4.1. Charakteristika zajmového tizemi

Hlavni zajmovym tizemim pro strukturu, vyvoj a management smiSenych porosti
byla Sudetskd soustava. Jednalo se ptedevS§im o Krkonossky néarodni park, CHKO
Jeseniky, CHKO Orlické hory a pro porovnani byla zvolena lokalita Rogow ve stfedni
¢asti Polska. Tyto smiSené lesni porosty byly pouzity pro zhodnoceni struktury a vyvoje
lesnich porostl véetné prirozené obnovy. Trvalé vyzkumné plochy v Sudetské soustave
zabiraly rozsahly vyskovy gradient (581-1283 m) s thrnem prumérnych rocnich srazek
750-1500 mm a primérnou ro¢ni teplotou 3,0-7,2 °C. Zatimco trvale vyzkumna plocha
v okoli Rogowa se vyskytovala v nadmotské vysce 194 m s primérnym ro¢nim tthrnem
srazek 583 mm a primérnou ro¢ni teplotou 7,6 °C. Na obr. 3 je zobrazena lokalizace
trvalych vyzkumnych ploch, které byly vyuzity pro zhodnoceni struktury a vyvoje

vybranych lesnich porostt.
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Obr. 3: Trvale vyzkumné plochy, které byly vyuzity pro zhodnoceni struktury a vyvoje vybranych lesnich porosti.

4.1.1. KrkonoS$sky narodni park
Krkono$sky narodni park se rozléha na severu Ceské republiky o rozloze 36 300

ha a byl zalozen v roce 1963. M4 znaky vysokohorské ptirody, a to v podobé severské
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tundry a alpinskych ekosystémt. Cilem Krkono$ského narodniho parku je ochrana ¢i
obnova samoftidicich funkci pfirodnich systémi, ochrana volné Zijicich zivocichti a volné
rostoucich rostlin a ponechani typického vzhledu krajiny (KAJZAROVA 2012). Uzemi
Krkonosského narodniho parku se déli podle managementové zonace, ta stanovuje
pravidla péce o ptirodu ve ¢tyfech definovanych zénéach (z. 114/1992 Sb.):

e A — zo6na pfirodni — uzemi na ucelenych plochach, kde ptevazuji ptirozené
ekosystémy, s cilem je zachovat a umoznit v nich neruSeny prubéh ptirodnich
procesti.

e B — zobna pfirod¢ blizka — Gzemi, kde jsou Castecné pozménéné ekosystémy
¢lovékem. Cilem je dosazeni stavu odpovidajiciho pfirozenym ekosystémutm.

e (C — zobna soustiedéné péCe — uzemi, kde jsou ekosystémy vyrazné pozménéné
Clovékem. Cilem je zachovani nebo zlepSeni stavu ekosystémi, které jsou
vyznamné z hlediska rozmanitosti, kde jejich existence je podminéna trvalou
¢innosti clovéka nebo obnovy ptirode blizkych ekosystémd.

e D — zb6na kulturni — zastavéné plochy a zastavitelnd Uzemi obci. Plochy
s vyskytem  Clovékem pozménénych ekosystémi prevazné intenzivné

obhospodarovanych poli a luk, ur¢enych k trvalému vyuzivani ¢lovékem.

Krkonose jsou nejvyssi horskou oblasti Zapadnich Sudet, Novosvétské sedlo ve
Krkono$ je udoli feky Jizery (okolo 400 m n. m.), zatimco nejvysSim bodem nejen
Krkono§, ale i Ceské republiky je Snézka (1602 m n. m.). Podle geomorfologie
rozdélujeme dva hibety — vnéjsi Pohrani¢ni hibet, kterd ma Siroky a plochy zarovnany
povrch. Vychazi z né&j napf. Snézka. Vnitini Cesky hibet je charakteristicky piikrymi
svahy. Protina se od Lysé hory ptes Kotel, Zlaté navrsi a spadd do tdoli Labe. Tyto dva
hibety jsou rozdéleny tdolim feky Mumlavy. Riéni sit’ vznikala ve tietihorach
a ctvrtohorach. Typickou charakteristikou je velky sklon koryta, prudkost toku, velké
vykyvy stavu vodni hladiny. V dnesni dob¢ je vétsina fek a potokli upravena hrazenim
(NEHYBA 2015).

a geomorfologického vyvoje. Z geologického hlediska izemi Krkono§ zatazujeme do

krkonos$sko-jizerského krystalinika. Vyskytuji se zde zejména krystalické btidlice (svory,

ortoruly, fylity), uprostfed nichz se rozklada Zulovy masiv, ktery tvofi vrcholové partie

pohoii (CHALOUPSKY 1983). Krystalinikum je pomérné kyselym podlozim, proto jsou
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pudy minerdlné chud¢, ale kvili vysokym srazkovym pomériim jsou pudy vlhkostné
priznivé (NEHYBA 2015). Nejvice zastoupeny pudni typ v KrkonoSich je: kambizem,
kryptopodzol a podzol (NEHYBA 2015).

V Ceské cCasti Krkono$§ vyrazné dominuji soubory lesnich typ: 6K — kysela
smrkova bucina (17,3 %), 7K — kyseld bukovd smrcina (11,0 %), déale jsou hojné
zastoupeny 9Z — kle¢ (8,4 %), 6N — kamenité kyseld smrkova bucina (7,7 %), 8K — kysela
smrcina (6,9 %) a 8Z — jetabova smrcina (5,7 %) - (VACEK S. et al. 2009). V KrkonoSich
vyrazn€ dominuje ekologickd fada kyseld (54,7 %), dale je hojn€ zastoupena tfada
extrémni (17,7 %) a zivna (13,1 %) - (VACEK S. et al. 2010). Lesni vegetacni stupné jsou

uvedeny na Obr. 4 Soucasnd druhové skladba je uvedena v Tabulce 1.

Tab. 1: Soucasna druhova skladba v narodnim parku Krkonose (UHUL, Oblastni plan rozvoje lesa, PLO 22, 2022).

Jehli¢naté 86,8 % Listnaté 13,2 %
Smrk ztepily 77,9 % Buk lesni 6,1 %
Borovice kleé¢ 6,9 % Brfiza bélokora 1,9 %
Modfin opadavy 1,4 % Javor 1,2 %
Jedle bélokora 0,5 % Olse 0,5 %
Jasan 0,3 %
Vrba 0,1 %
Listnaté ostatni 3,1 %

Lesni vegetaéni stupedi

Bukory
P Jedlobukovi
B sovhobuker
B Buosmiory
I soiov

B Koo

Waad Buky

Obr. 4: Lesni vegetacni stupné Krkonos (GIS Sprava KRNAP Vrchlabi; VACEK S. et al. 2010).
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4.1.2. CHKO Jeseniky

Chranéna krajinna oblast Jeseniky patii k nejvétsim CHKO v Ceské republice.
Nachézeji se zde plochy vysokohorského bezlesi a na né navazujici smrkové pralesy a
dale zachovalé fragmenty bu¢in (AOPK CR 2024). Na zapadé za¢ind masivem
Kralického Snézniku, navazuje Rychlebskymi horami a Hrubym Jesenikem, ktery
vyrazné vystupuje nad okolni nizsi reliéf na vychod¢ sousediciho Nizkého Jeseniku
(DEMEK et al. 2006). Chranéna krajinnéa oblast Jeseniky byla vyhladSena v roce 1969 na
plose 740 km? scilem chranit pfirodni bohatstvi a zachovalou krajinu Jesenikd.
Turisticky nejatraktivnéjsi mista CHKO Jeseniky, které jsou zaroven ptirodovédné
nejcennéjsi, jsou chranény v narodnich piirodnich rezervacich Serak-Keprnik,
Raselinisté Sktitek, Rejviz a Pradéd. CHKO Jeseniky se déli do ¢tyt zon ochrany ptirody,
podle kterych se tidi pravidla vyuzivani uzemi CHKO:

e [. zéna — zde patfi nejcennéjsi partie izemi. Pro prvni zonu jsou charakteristické
zbytky pralesti, ptirod¢ blizkych lesti, vysokohorské bezlesi a raseliniStni biotopy.

e [I. zona — druhda zona je charakteristickd predevSim hospodaiskym lesem
a zemédélsky vyuzivanou krajinou. Tato zona kromé hospodaiskych lest
s pozménénou druhovou skladbou 1 prostorovou a vékovou strukturou, tvoii
1 zachovald mozaika ptirod¢ blizkych spolecenstev.

e III. zéna — tieti zona je ploSné nejrozsahlej§i a zahrnuje piedevSim
obhospodarované lesni a lucni ekosystémy. i ve tfeti zon¢ se na malych tizemich
vyskytuji pfirodni a pfirod¢ blizké biotopy, které jsou zpravidla podchycené jako
biocentra.

e [V. zéna — do ctvrté zény se fadi zastavéna uzemi obci a plochy intenzivné

obhospodatovanych luk a pastvin (AOPK CR 2024).

Uzemi CHKO Jeseniky patii do klimatické oblasti chladné, okrsku mirn& chladného
a chladného horského. V dusledku pievladajicich zapadnich vzdusnych proudi jsou zimy
a léta teplotné mirn€j$i nez v kontinentalni oblasti. Priimérna ro¢ni teplota se pohybuje
0d 0,9 do 6,3 °C a srazky od 1048—1377 mm. Délka vegetacniho obdobi se pohybuje mezi
21-141dny.

V CHKO Jeseniky je charakteristickd vyskova piidni stupniovitost od podhorskych

cvwr

kryptopodzoly a nejvyssi polohy pokryvaji podzoly (VACEK S. 2003). Zejména prevladaji
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na ziviny chudé, kyselé, kamenit¢ svahové pudy, které v rovinatéj§im terénu a na
spodnich okrajich svahli pfechédzeji v hlubsi, hlinité a na Ziviny stfedné bohaté pudy
kvétnaté buciny, na n¢ navazuji acidofilni buciny a hibety pokryvaji prevazné smrciny
anejvyssi horské polohy spoleenstva sub-alpinskd. Nejrozsitenéjsi lesni vegetacni
stupeni je 6. — smrkobukovy (39 %). V CHKO Jeseniky vyrazné dominuji soubory lesnich
typit 6S — svézi smrkova bucina (14,9 %), 5S — svézi jedlova bucina (12,0 %) a 6K —
kysela smrkova bucina (10,5 %). V CHKO Jeseniky jsou rovnomérné zastoupeny dvé
ekologické tady: zivna (47 %) a kysela (44 %) (VACEK 2003). Soucasna druhova skladba
v CHKO Jeseniky je uvedena v Tabulce 2.

Tab. 2: Souasna druhova skladba v CHKO Jeseniky (UHUL, Oblastni plén rozvoje lesti, PLO 28, 2021).

Jehli¢naté 72,1 % Listnaté 27,9 %
Smrk ztepily 61,3 % Buk lesni 15,8 %
Borovice 2,6 % Brtiza bélokora 1,8 %
Modfin opadavy 6,9 % Javory 3,1 %
Jedle bélokora 1,2 % Olse 1,8 %
Jehliénaté ostatni 0,1 % Jasan 1,2 %

Dub 2,1 %

Listnaté ostatni do 1,0 %

4.1.3. CHKO Orlické hory

Orlické hory vytvari nejvyssi ¢ast Stiednich Sudet (VACEK S. 2003). Za ucelem
ochrany pfirodnich a kulturnich hodnot Orlickych hor byla zalozena chranéné krajinna
oblast Orlické hory. CHKO byla zalozena v roce 1970 a rozklada se na tizemi 20 400 ha
od nadmoftské vySky 416 m do 1 115 m. Na severu a vychod¢ tvoii hranice s Polskou
republikou. Svou rozlohou patfi k mensim chranénym tzemim CR (AOPK CR 2024).
Zdejsi ptiroda prosla béhem historického obdobi vyraznymi zménami, zplisobené nejprve
kolonizaci uzemi a v posledni dobé imisné ekologickou kalamitou, kterymi velmi
ovlivnila pfirozena spolecenstva rostlin a zivo¢ichli (VACEK S. 1992). CHKO Orlické
hory je rozd¢lena dle kritérii pfirodnich hodnot izemi do ¢tyt zon. Jednotlivé zony se
rozliSuji nasledovné:
e I zona — tvoii 5 % plochy. Obsahuje nejcennéjs$i tzemi z hlediska ochrany

prirody. Nachazeji se zde lesy s ptirod¢ nejbliz§i druhovou skladbou s ohledem

na vékovou i prostorovou diferenciaci.
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e II. zoéna — tvori 40 % plochy. Obsahuje zachovalé ¢asti krajiny CHKO Orlické
hory. Ve druhé z6n€ se nachdzeji lesy se zachovalou mozaikou ptirod¢ blizsich
porostli, druhové bohaté louky a moktady s dostate¢nym zastoupenim dievin.

e [II. zbéna — tvoii 53 % plochy. Obsahuje zbylé plochy volné krajiny v CHKO
Orlické hory. Ve tfeti zon€ jsou zahrnuty ¢lovékem pozménéné ekosystémy, které
jsou hospodaisky vyuzivane. Jednd se piedevSim o souvislé smrkové
monokultury, imisemi siln¢€ poskozené lesy, oblasti intenzivnéj$iho zeméd¢elského
vyuziti, mensi sidla bez souvislé zastavby a turisticky siln¢ vytizené lokality.

e V. zbéna—tvoii 2% plochy. Obsahuje zastavéné ¢asti vétsich sidel CHKO vcetné

vétsich zem&délskych objekti (AOPK CR 2024).

Uzemi Orlickych hor je ptirozené velmi rozmanité, coz vyplyva z velkych rozdilt
nadmoiské vysky, klimatu, geologického podkladu a vodnich ploch (VACEK S. 1992).
Orlické hory jsou postavény pievazné z krystalickych hornin. V horské oblasti jsou to
pfedevS§im svory a pararuly a v pohorské c¢asti, fylity, amfibolity a zelené bftidlice.
Podnebi v CHKO je spiSe kontinentalniho charakteru, s nizkymi teplotami, hojnymi
srazkami, ¢etnymi mlhami tvoficimi horizontalni srdzky a obcCasnymi bofivymi vétry
(PRUSA 2001). Primérnd ro¢ni teplota se pohybuje od 4 do 7 °C a mnozstvi srazek se
pohybuje kolem 800 az 1300 mm. Délka vegetacni doby se pohybuje od 83 do 123 dnt.
Ptevlada zapadni proudéni vzduchu, misty se objevuje bofivy severovychodni vitr.
V hornich oblastech piisobi zna¢né skody namraza. Z hlediska ptadnich typa prevladaji
v CHKO Orlické hory kambizemé, od 6. lesniho vegetacniho stupné navazuji
kryptopozoly a nejvyssi partie pokryvaji podzoly. V CHKO Orlické hory dominuji
soubory lesnich typl: 6K — kyseld smrkova bucina (31,3%), 6S — svéZi smrkova bucina
(11,8%), 7K — kyselda bukova smrc¢ina (11,3%), 5S — svézi jedlova bucina (10,5%)
(VACEK S. 2003). Soucasnd druhovéa skladba v CHKO Orlické hory je uvedena

v Tabulce 3.
Tab. 3: Soudasna druhova skladba v CHKO Orlické hory (UHUL, Oblastni plén rozvoje lesti, PLO 25, 2021).

Jehli¢naté 86,6 % Listnaté 13,4 %
Smrk ztepily 83,0 % Buk lesni 7,5 %
Borovice 1,1 %  Btiza bélokora 1,3 %
Modfin opadavy 1,4 % Javory 1,3 %
Jedle bélokora 0,8 % Olse 2,1 %
Jehli¢naté ostatni 0,1 % Jasan 0,3 %

Listnaté ostatni 0,9 %
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4.2. Sbér dat
4.2.1. Stromové patro
Sbér dat probéhl na trvalych vyzkumnych plochach (TVP) o raznych velikostech,

dle vybéru porostni skupiny ¢i charakteru reliéfu. Nejcastéjsi velikost TVP byla
50 x 50 m (dospé€lé porosty) a 25%25 m (mladsi rastové faze). Pomoci technologie Field-
map (IFER-Monitoring and Mapping Solutions Ltd.) byla na TVP stanovena struktura
stromoveého patra stromového patra, pozice paty stromu a korunové projekce. Tato
technologie umoznuje rychly a efektivni sbér dat v lesnich porostech a jejich nasledné
kancelarské zpracovani a vyhodnoceni. Zakladni méfenou dendrometrickou veli¢inou
byla vycetni tloustka di 3. Mizeme ji definovat jako vzdalenost dvou rovnobéznych tecen
vedenych v protilehlych bodech obvodu priifezu kolmych k ose kmene (KUZELKA et al.
2014). Primér v di3 byl méfen pomoci primérky Mantax Blue (Haglof Sweden)
s pfesnosti na mm. Dal§i dendrometrickou veli¢inou byla vyska a nasledné 1 vySka
nasazeni zelené koruny. Za nasazeni zelené koruny u jehli¢natych dievin byl povazovan
pteslen s nejméné se dvéma zivymi vétvemi. U listinnych dievin se pak jednalo o prvni
rozdvojeni kmene se zelenymi vétvemi (SHARMA et al. 2016). Vysky byly zméteny
pomoci vyskomeéru laser Vertex Blue (Haglof Sweden) s presnosti na 0,1 m a poté byly
zapsany do Field-mapu. Korunové projekce byly méfeny ve 4 smérech na sebe kolmych.
Stromy byly rozdéleny dle Kraftovi (KRAFT 1884) klasifikace do péti tfid: predristavé,
uroviove, z ¢asti uroviove, podaroviiové — vriistaveé, podiroviiové — ¢astecné zastinéné,
potlacené — zivotaschopné, potlacené — odumirajici a odumfelé.

Terénni méfeni probihala v souladu s ustanovenimi Agentury ochrany piirody
a krajiny. Vyzkum byl proveden s opravnénim ke vstupu do narodniho parku a na

chranéna tzemi, kde se TVP nachazely.

4.2.2. Ptirozena obnova

Na trvalych vyzkumnych plochéch bylo provedeno zhodnoceni pfirozené obnovy,
bud’ na celé ploSe, nebo na daném transektu. Zvoleni mista pro transekt bylo provedeno
tak, aby transekt nejlépe charakterizoval pfirozenou obnovu na celé TVP. U vSech jedinct
prirozené obnovy byla zmétena celkova vyska jedince, vySka nasazeni zelené koruny,
pramér zelené koruny a vyskové ptirasty. Dale bylo zaznamenano poskozeni
termindlniho vrcholu zvéti, které bylo rozdéleno do péti stupiiti: 1 — jedinec neposkozen,
2 —poskozen mirn¢, 3 — poSkozen stiedné, 4 — poskozen silné€ s regeneraci a 5 — poSkozen
silné bez regenerace. Na dil¢ich plochach byl dale zjistovan pokryv bylinného
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a mechového patra (%) a mnozstvi odumielého dieva (m*.ha'). Na vyzkumné plose
v Polsku v okoli Rogéwa byla ptirozena obnova rozdélena do vyskovych tfid: 1: <25 cm,
2: 25-50 cm, 3: 50—100 cm, 4: 100—150 cm, 5: 150-200 c¢m, 6: >200 cm. Na kazdém
transektu byla zjiStovéana troven pifizemniho vegetacniho pokryvu, ktery ovliviiuje
odrlstani ptirozené obnovy (1 — nizka, 0-25% pokryvnost; 2 — stiedni, 25-50%
pokryvnost; 3 — vysokd, 50—75% pokryvnost; 4 — velmi vysoka, 75—100% pokryvnost) a
typ vegetace (mechy, byliny, kapradiny, travy, Vaccinium, Rubus a bez vegetace).

4.2.3. Dendrochronologicka data

Pro dendrochronologickou analyzu byly odebrany vzorky z ndhodné vybranych
stromd (RNG funkce) v dobé vegetacniho klidu Presslerovym nebozezem ve vycetni
vysce. Vyvrty byly odebirany z nadiroviiovych a trovilovych stroma, které ptiznivéeji
reaguji na zménu ristu oproti stromim poduroviiovym a potlaenym (REMES et al. 2015).
Nasledné byly jednotlivé vyvrty nalepeny do pfipravenych prken s drazkami a poté
zbrouseny v dilnach Fakulty lesnické a dievaiské CZU v Praze. Pro zakladni datovani
byla pouzita kombinace méficiho stolu (time-table), stereolupy a softwaru TSAP-Win
(Rinntech). Siika letokruhti se méfila s presnosti na 0,01 mm. Postupnym méfenim byly
z jednotlivych stromi sestaveny letokruhové kiivky, které byly vzajemné porovnany
(Obr. 5). Po ukonceni zékladniho datovani pomoci softwaru TSAP-Win byla data
opravena v softwaru Cdendro (Cybis) — jednalo se zejména o chyb¢jici letokruhy
a nasledné byla vytvorena detrendace letokruhovych sérii. Pro vytvofeni analyzy vztahu
mezi tloustkovym ptirastem a klimatickymi parametry byly pouzity mésicni primérné

srazkové tthrny a teplotni idaje z nebliz§i vhodné meteorologické stanice (CHMU).
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Obr. 5: Zobrazeni referen¢ni kiivky se vzorkem ¢. 8 z TVP Bazinky v programu CDendro 7.8.

4.3. Analyza dat
4.3.1. Produkce a struktura

Zpracovani jednotlivych stromovych tdaji, vypocet produkce a diverzity byl
proveden v softwaru SIBYLA (FABRIKA, DURSKY 2005, FABRIKA et al. 2018). Objem
zivych stojicich stromi byl kalkulovany podle objemovych rovnic publikovanych v praci
PETRAS, PAJTIK (1991). Dale byly vypocten zakladni produk¢ni charakteristiky porostu.
Z ukazatelt hustoty porostu byly spocitany: projekéni plocha korun vypoctena na zakladé
priméru korun vSech stromil a velikosti plochy, stupen zapoje dle projekéni plochy korun
vSech stromli (CROOKSTON, STAGE 1999) a index hustoty porostu dle poctu stromi
a kvadratického priméru tlousték vsech stromti (REINEKE 1933). Vysledky obsahuji
tabulky s nasledujicimi dendrometrickymi hodnotami:

» t— pramérny vék porostu,

d — primérnd vycetni tloustka (cm),
h — stfedni porostni vyska (cm),

f — vytvarnice,

YV V V V

v — priimérny objem stromu (m?),
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N — pocet jedincti na hektar,

G — vy&etni kruhova zakladna (m>.ha™!),

V — objem porostu (m*.ha),

h:d — Stihlostni kvocient,

CPA — plocha korunovych projekei (ha.ha™),
CC — stupeii zapoje,

SDI — index hustoty porostu,

CBP — celkovy bézny piiriist (m? ha'.rok™),

V V V V V V V V V

CPP — celkovy primérny piiriist (m®.ha™!.rok™!).

4.3.2. Diverzita

Dalsimi vysledky hodnotici diverzitu porostu jsou indexy, které popisuji druhovou
diverzitu, horizontalni strukturu, vySkovou a tloustkovou diferenciaci a celkovou
diverzitu porostu (Tabulka 4). Jednotlivé charakteristiky indexii jsou nésledujici:

» D — Margalefiiv index druhové bohatosti; ¢im je vétsi hodnota, tim je vétsi
druhové diverzita (MARGALEF 1958).

» H’ — Shannontv index druhové riiznorodosti; ¢im je vétsi hodnota, tim je opét
jako v predeslém piipadé vetsi druhova diverzita (SHANNON 1948).

> E — Pielotiv index druhové vyrovnanosti se pohybuje v hodnoté 0—1. Cim vétsi je
indexova hodnota, tim vyssi je i druhova vyrovnanost (PIELOU 1975).

» R — Clark-Evanstv agregac¢ni index, ktery popisuje horizontalni strukturu. Pokud
je hodnota mensi nez jedna, ma porost shlukovitou strukturu, kdyz se hodnota
nachézi kolem 1, je uspotadani ndhodné a pokud je hodnota vyssi nez jedna, jedna
se o pravidelné uspoiadani (CLARK, EVANS 1954).

> A — Arten-profil index se pohybuje v hodnot& 0—1. Cim vétsi je indexova hodnota,
tim vys$i je 1 vertikalni a druhova rozriiznénost. Pokud index piekro¢i hodnotu
0,9, tak struktura porostu se blizi k vybérnému lesu (PRETZSCH 1992).

» TMd - index tloustkové diferenciace a TMh — index vyskové diferenciace.
Nabyvaji hodnot od 0 do 1. Pokud indexova hodnota je vétsi jak 0,7, tak je velmi
silna tloustkova nebo vyskova diferenciace (FULDNER 1995).

» B — index celkové diverzity. Celkova diverzita vyjadiuje spojeni dil¢ich slozek
diverzity: diverzita druhového slozeni, diverzita vertikalni struktury, diverzita
prostorového rozmisténi stromii a diverzita korunové diferenciace. Pokud je

vysledna hodnota vétsi nebo rovna 9, potom ma porost mimoiadné riznorodou
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strukturu, hodnota v rozpéti od 8 do 8,9 znaci rtiznorodou strukturu, hodnota od 6

do 7,9 znamend nerovnomeérnou vystavbu a pti hodnotach v intervalech od 4 do

5,9 jde o rovnomérnou vystavbu a pifi hodnotach pod 4 ma porost monoténni

vystavbu (JAEHNE, DOHRENBUSCH 1997).

Tab. 4: Porostni metriky (indexy porostni diverzity).

Ukazatel Popis Vypocet
Pocet druhit ureny na zdkladé poctu
Druhova dfevin v porostu a potu stromu na _ m-1
bohatost hektar. Minimum D = 0, vys§i D = vyssi In (N)
hodnota.
Index kombinujici druhovou bohatost a
, vyrovnanost. Vypoctena na zaklade
Druhova y , yp. ., . . , = Xwidn (w))]
. kruhové plochy jednotlivych dfevin. H =—=————=
heterogenita .. , v 117 s In (10)
Minimum H" = 0, vys§i H® = vyssi
hodnota.
Mira rovnomernosti zastoupeni
Druhova . ., .. Vp’ H’In (10)
jednotlivych dfevin v porostu. Rozpéti 0- =—
vyrovnanost .. . In (m)
I; minimum E = 0, maximum E = 1.
Kombinuje  vertikalni  strukturu a
Vertikalni ~ druhovou  diverzitu. Rozp&ti 0-1; = — 2 X [py-In (9]
diverzita vyrovnana vertikalni struktura A < 0,3, p= In (3.m)
vybérny les A > 0,9.
Agregatni index vypocteny na zakladé¢
vzdalenosti vSech stromi ke svym e
Horizontalni nejbliz§im sousedim, poctu stromll na R = TR -
struktura plose a velikosti plochy. Stfedni hodnota 0.5 \/%+0.0514%+0.041.(%)7
R =1, shlukovitost R < 1, pravidelnost R
> 1.
Zavisi na poméru mezi vEétSi a mensi
Tloustkova  floustkou viech nejblizsich sousednich ™, =1 ym (1 —rd;)
diferenciace  stromii na plose. Rozpéti 0-1; nizka TM < d 7 prai=l Y
0,3, velmi vysoka diferenciace TM > 0,7.
Zavisi na poméru mezi vEétSi a mensi
Vyskova vyskou vSech nejblizSich sousednich 1 wn
. . ° v ., , , TMh = . i=1(1_rhl’]‘)
diferenciace  stromu na plose. Rozpéti 0-1; nizka TM < n
0,3, velmi vysoka diferenciace TM > 0,7.
, Index zaloZeny na parametrech nasazeni
Korunova koruny a Sitky koruny vyjadiujici K = [1—1log (HCBin)] + (1 - CDmm)
diferenciace Y Y y  vyjadry min CDyyax

diverzitu korunového prostoru porostu.
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Celkova diverzita vyjadfuje agregaci
parcidlnich slozek diverzity: diverzity
druhového sloZeni (alfa), diverzity B = [4[103(?”) (15 = Zmax — Zmin)] +

I('ornp%exni vertikalni  struktury (beta), diverzity 3 (1 _ hmin) n (1 _ rnﬂ) -
diverzita prostorového rozmisténi stromi (chi) a s i
diverzity korunové diferenciace (delta). log (HCBpin)] + (1 = —CDmﬂx)}

Monoténni struktura B < 4, velmi
riznoroda struktura lesa B > 9.

Vysvétlivky: m — pocet druhi dievin, N — pocet stromt na hektar, wi — kruhova zakladna jednotlivych druht drevin,
H’ — Entropie H' podle Shannona (Shannon 1948), pij — kruhové zékladna i-t¢ dieviny v j-té porostni vrstve, ri —
vzdalenost mezi dvéma nebliz§imi stromy (m), P — velikost plochy (m2), u — odvod plochy (m), rd — pomér mezi veétsi
a mensi tloustkou vsech nejbliz§ich sousednich stromt na plose, rh — pomér mezi vétsi a mensi vyskou vsech

svwr

koruny (m), CDmax — maximalni §itka koruny (m), Zmax — maximalni zastoupeni dfeviny, Zmin — minimalni
zastoupeni dfeviny, hmin — minimalni vyska stromu v porostu (m), hmax — maximalni vyska stromu v porostu (m),
rmin — minimalni rozestup stromti (m), rmax — maximalni rozestup stromd (m).

4.3.2. Dendrochronologie
Dendrochronologickd data ze zkoumanych dievin byla zpracovana v programu
ARSTAN (Cook, HOLMES 1984) a softwarem R (TEAM R CORE 2018) s pouzitim balicku
»dplr  (BUNN 2010). Odstranéni bézného vékového trendu pii zachovani
nizkofrekvencnich klimatickych signala (FRITTS 1976, CooK et al. 1990) probéhlo
negativni exponencidlni detrendaci s proloZzenym splinem za pouziti ndvodu do dplr
(BUNN et al. 2018b). Pro detrendovana data byl vypocitan vyjadieny populacni signal
(EPS), ktery predstavuje spolehlivost chronologie. Limitem pro pouziti dat k porovnani
vuci klimatickym tdajim byla signifikantni hranice EPS, tak aby EPS > 0.85 (BUNN et
al. 2018b). Dale byly spocitany ukazatele odstupu signalu od Sumu (SNR), ktery
pfedstavuje silu signalu chronologie, mezisériové korelace (R-bar) a autokorelace
prvniho fadu (Arl) (FRITTS 1976, WIGLEY et al. 1984). Ukazatelé¢ EPS, SNR, R-bar, Arl
byly vypocitané dle navodu do ,dplr* (BUNN et al. 2018a) a jsou postaveny na
vSeobecnych dendrochronologickych teoriich (COOK et al. 1990, SPEER 2010).
Analyza negativnich vyznamnych let byla provedena dle DESPLANQUE et al. (1999).
Pro kazdy strom byl testovan vyznamny rok jako extrémné uzky letokruh, ktery
nedosahuje 40 % z praméru ptirGstd z predchozich 4 let. Vyskyt negativniho roku byl
prokazan, pokud se tato silnd redukce ptirtistu vyskytla alespoii u 20 % stromu na plose.
Pro zavislost klimatickych charakteristik (mési¢ni teploty a srazky v jednotlivych letech),
severoatlantické oscilace (NAO) a celkového slunecniho zéafeni (TSI) na radidlnim

prirtstu byl pouzit software DendroClim (BIONDI, WAIKUL 2004).
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4.3.3. Statistické analyzy

Statistické analyzy rozdilti mezi jednotlivymi variantami v rdmeci diverzity, produkce
a strukturnich parametra byly zpracovany v softwaru Statistica 13 (TIBCO 2017). Data
byla nejprve testovana Shapiro-Wilkovym testem normality a poté Bartlettovym
rozptylovym testem. Pii splnéni obou pozadavkli byly rozdily mezi zkoumanymi
parametry testovany analyzou rozptylu (ANOVA) a nasledné Tukey HSD testem. Pokud
nebyla splnéna normalita a rozptyl dat, byly zkoumané charakteristiky testovany
neparametrickym Kruskal-Wallisovym testem. Vztahy mezi parametry radialnim riistem
a zneciSténim ovzdusi nebo pfirozenou obnovu a pokryvem vegetace byly hodnocen
pomoci Pearsonovy ¢i Spearmanovy korelace. Dynamika radialniho riistu zkoumanych
dfevin byla hodnocena pomoci spektralnich analyz, které byly pouzity k identifikaci
dominantnich period/frekvenci (cyklického chovani) ¢asové fady. Spektralni analyzy pro
detrendovany radidlni riist byly také provedeny pomoci softwaru Statistica 13 (TIBCO
2017). Vypocet byl proveden funkei ,,Single Fourier (Spectral) Analysis® s pouzitim
vystupniho grafu ,,Periodogram* podle ,,Period*. Dale timto softwarem byly vypocteny
cross-correlace, pfiCemz hranice pro statisticky signifikantni vysledky korelaci byla p
<0,05. Waveletové grafy byly vytvoteny pomoci balikt softwaru ,,signal“ a ,,dplr* (BUNN
et al. 2018b, LIGGES et al. 2015). Kvadraticka regrese pro analyzu vlivu miSeni dievin na
celkovy objem porostu byla vytvorena v softwaru R (R CORE TEAM 2020), relevantni graf
byl zkonstruovan pomoci ,,ggplot2 “ baliku (WICKHAM 2016).

Analyza hlavnich slozek (PCA) byla provedena v programu CANOCO 5 (SMILAUER,
LEPS 2014) pro hodnoceni jak vztahii mezi strukturou stromového patra, produkénimi
parametry, radiadlnim rastem, klimatickymi faktory a variantami dievinné skladby, ale
1 pro zhodnoceni mezi strukturou pfirozené¢ obnovy, kompeti¢ni irovni a pokryvem
vegetace. Data byla ptfed analyzou standardizovana, centralizovéna a logaritmizovana.

Vysledky PCA byly prezentovany ve form¢ ordinacnich diagramii.
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5.

Vysledky — prehled publikovanych praci

Ptehled publikovanych praci zahrnuje tfi tematické okruhy, pfi¢emz v kazdém z

nich jsou prezentovany dvé prace, coz ¢ini celkem Sest praci z Casopisii s impakt

faktorem. Jednotlivé okruhy témat na sebe uzce navazuji a pro komplexni studium

struktury, vyvoje a managementu smiSenych porostii v Sudetské soustave je nezbytné se

zam¢fit na jednotlivé okruhy detailn€. Na jedné strané struktura, produkce a péstovani

smiSenych lesti vychazi z ptedpokladl pfirozené obnovy. Na druhé strané, radialni rist ¢i

resistence dievin vici klimatickym faktorim je ovliviiovdna strukturou porostu.

Prvnim tematickym okruhem je Obnova lesa:

1))

2)

PROKUPKOVA A., VACEK S., BLAZEJOVA J., SCHWARZ O., BULUSEK D. (2020):
Dynamika pfirozené obnovy horskych lest po vétrné kalamité: modelova studie
pro Krkonose. [Dynamics of Natural regeneration of Mountain forests after wind
disturbance: moddeling study for Krkonose Mts. (Czech Republic)]. Zpravy
lesnického vyzkumu, 65 (2): 72-81.

PROKUPKOVA A., BRICHTA J., VACEK Z., BIELAK K., ANDRZEJCZYK T., VACEK S.,
STEFANCIK 1., BiLEK L., FucHS Z. (2021): Effect of vegetation on natural
regeneration of mixed silver fir forests in lowlands: case study from the Rogow
region. Sylwan, 165 (11): 779-795. ISSN: 0039-7660.

Druhym tematickym okruhem je Struktura, produkce a péstovani smiSenych porosti:

3)

4)

VACEK Z., PROKUPKOVA A., VACEK S., BULUSEK D., SIMONEK V., HAJEK V.,
KRALICEK 1. (2021): Mixed vs. monospecific mountain forests in response to
climate change: structural and growth perspectives of Norway spruce and
European beech. Forest Ecology and Management, 488: 119019.

VACEK Z., PROKUPKOVA A., VACEK S., CUKOR J., BiLEK L., GALLO J., BULUSEK D.
(2020): Silviculture as a tool to support stability and diversity of forests under
climatic change: study from KrkonoSe Mountains. Central European Forestry
Journal, 66 (2): 116-129.

Ttetim tematickym okruhem je Vliv klimatickych faktori na rust:

5)

6)

MIKULENKA P., PROKUPKOVA A., VACEK Z., VACEK S., BULUSEK D., SIMON J.,
SIMUNEK V., HAJEK V. (2020): Effect of climate and air pollution on radial growth
of mixed forests: Abies alba (Mill.) vs. Picea abies (L.) Karst. Central European
Forestry Journal, 66 (1): 23-36.

SIMUNEK V., PROKUPKOVA A., VACEK Z., VACEK S., CUKOR J., REMES J., HAJEK
V., D'ANDREA G., SALEK M., NOLA P., PERICOLO O., HOLZBACHOVA S., RIPULLONE
F. (2023): Silver fir tree-ring fluctuations decrease from north to south latitude—
solar cycle and NAO are indicated as main drivers. Forest Ecosystems, 10: 100150.
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5.1. Tematicky okruh I — Obnova lesa

5.1.1. Dynamika prirozené obnovy horskych lest po vétrné kalamité:
modelova studie pro KrkonoSe

1. PROKUPKOVA A., VACEK S., BLAZEJOVA J., SCHWARZ O., BULUSEK D. (2020):
Dynamika pfirozené obnovy horskych lesit po vétrné kalamité: modelova studie pro
KrkonoSe. [Dynamics of Natural regeneration of Mountain forests after wind disturbance:
moddeling study for Krkonose Mts. (Czech Republic)]. Zpravy lesnického vyzkumu, 65
(2): 72-81.

Publikace se zamétovala na dynamiku horskych lest ve stfedni Evropé, kde nejvétsi
vliv na jejich vyvoj ma pasobeni vétrnych kalamit. Cilem této prace bylo ziskat detailni
poznatky o struktufe a dynamice sekundarni sukcese v extrémnich klimatickych
podminkach horskych oblasti, konkrétné na plochach, které¢ byly naruSeny orkdnem
Kyrill ve vychodni ¢asti Krkonog v Ceské republice. Studie detailng analyzovala hustotu
porostl, druhové slozeni a ristové parametry pfirozené obnovy, i miru poSkozeni
zpusobené zveii. Méteni probihalo v obdobi od roku 2007 do 2018 na tiech lokalitach,
resp. na ¢trnacti srovnatelnych trvalych vyzkumnych ploch. Vysledky ukazaly, Ze v roce
2007 dosahoval primérny pocet pfirozené¢ obnovy 2 167 jedinct na hektar, pficemz v
roce 2018 tento pocet vzrostl na 3 637 jedincti na hektar. U smrku ztepilého (Picea abies
[L.] Karst.) doslo v pribéhu 11 let k narGstu o 65 % a zarovenn vyznamny nartst byl
sledovan u listnatych dievin (o 334 %), zejména jefabu ptaciho (Sorbus aucuparia L.).
Z hlediska diverzity, doslo k poklesu podilu smrku na ukor listnatych dfevin, coz
vyznamné prispélo k rozmanitosti druhového slozeni lesa. V roce 2018 tvofil jefab, vrba
jiva (Salix caprea L.) a btiza bélokora (Betula pendula Roth.) 1,0-22,5 % z celkového
slozeni druhové skladby. Vyska pfirozené obnovy dosahovala v priméru 44,2 cm v roce
2009 a 219,2 cm v roce 2018. Vyskovy ruast pfirozené obnovy byl signifikantné nizky v
letech 2011, 2017 a 2018. Studie rovnéz prokazala negativni vliv titiny chloupkaté
(Calamagrostis villosa [Chaix] J. F. Gmel) na hustotu pfirozené obnovy a zaroven vliv
nadmoiské vysky a sklonu terénu na vyskovy rist pfirozené obnovy. Vyznamnym
limitujicim faktorem pro rist pfirozené obnovy byla zvéf, zejména co se tyCe okusu.
Celkem 31,9 % obnovy bylo poSkozeno okusem zvéfe, pfi€emZ nejvice byly postiZzeny
vrba jiva a jetab ptaci. Z vysledki vyzkumu vyplyva relativné¢ dostatecné mnozstvi
pfirozené obnovy na kalamitnich holindch ve vychodnich KrkonoSich postacujici pro
prirodé blizké zplisoby managementu v prvni zoné ochrany ptirody. Vysledky také
ukazaly, ze druhové slozeni obnovy odpovida cilové druhové skladbé porostii. Nicméng,

vliv zvéte a dalSich faktorti by nemé¢l byt opomijen a je nezbytné se zaméfit ochranu
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a podporu listnatych dfevin. Tyto opatfeni mize zahrnovat individualni ochranu, redukce
stavil sparkaté zvéte, reintrodukcei vlka ¢i efektivni vyuZzivani pfezimovacich obtirek. Pti
umélém vnaSeni melioracnich a zpeviujicich dfevin je dilezité peclivé vybirat vhodna
stanovisté, napt. plochy bez titiny chloupkaté, pro dosazeni zdarného odristani ptirozené

obnovy a nasledného vyvoje lesa.
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ZPRAVY LESNICKEHO VYZKUMU, 65, 2020 (2): 72-81

DYNAMIKA PRIROZENE OBNOVY HORSKYCH LESU PO VETRNE KALAMITE:
MODELOVA STUDIE PRO KRKONOSE

DYNAMICS OF NATURAL REGENERATION OF MOUNTAIN FORESTS AFTER WIND DISTURBANCE:
MODEL STUDY FOR THE KRKONOSE MTS. (CZECH REPUBLIC)

ANNA PROKUPKOVAD ™ - ZDENEK VACEK" - STANISLAY VACEK" - JANA BLAZEJOVA?) - OTAKAR SCHWARZY
- DANIEL BULUSEK"

€eskd zemédélskd univerzita, Fakulta lesnickd a drevarskd, Kamyckd 129, 165 21 Praha 6 - Suchdol, Czech Republic

2Sprava Krkonosského ndrodniho parku, Dobrovského 3, 543 01 Vrchlabi, Czech Republic

email: prokupkovaa@fid.czu.cz

ABSTRACT

In Central Europe, the dynamics of mountain forests has been for a long time most influenced by wind storms. The aim of this study was to
obtain knowledge about the structure and dynamics of secondary succession in extreme climatic mountain conditions on disturbed areas
after the Kyrill Hurricane in the eastern part of the Krkonose Mts, Czech Republic. Density, tree species and growth parameters of natural
regeneration and game damage were monitored in period 2007-2018 on three localities on comparable fourteen research plots. In 2007, average
number of natural regeneration reached 2,167 recruits ha!, and 3,637 recruits ha'* in 2018. Results showed density increase of dominant Norway
spruce (Picea abies [L.] Karst.; by 65%) and the significant upturn of deciduous tree species (by 334%), especially in rowan (Sorbus aucuparia L.)
during the observed period. In tree species composition, spruce share decreased from 98.4% to 92.9% in favor of deciduous tree species. In 2018,
rowan, goat willow (Salix caprea L.) and silver birch (Betula pendula Roth.) accounted 1.0-22.5% of composition. In terms of height structure,
the average recruit height was 44.2 cm (£ 35.7 SD) in 2009 and 219.2 cm (+ 135.3 SD) in 2018 with low increment in 2011, 2017 and 2018. The
study also confirmed the negative influence of Calamagrostis villosa on density of the natural regeneration and positive effect of decreasing
altitude and increasing slope on height increment of natural regeneration. Moreover, ungulate was significant limiting factor of growth of
regeneration (31.9% damage by browsing), especially for willow and rowan (100% damage).

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

Kli¢ovd slova:  sekundarnf sukcese; samovolny vivoj; struktura; $kody zvéif; stiedni Evropa

Key words: secondary succession; self-development; structure; game damage; Central Europe

MALCHER 2009; ZIELONKA et al. 2010; PANaYOTOV et al. 2011; SvoBo-
paetal. 2012; Capa et al. 2013).

Vyraznou disturbanci predeviim v horskych lesich CR zpisobil orkan
Kyrill v priibéhu ledna 2007 (MZE 2008; NEHVYBA 2008; VACEK Z. et al.
2018). Smrk ztepily je v téchto polohach previdiné dominantni dfevi-
nou a je schopen se regenerovat po riznych typech poruch a narugeni
(HEURICH 2009) a stavd se {asto dominantni dfevinou i po té7ké poru-

$e (FIscHER et al. 2002; JonASovA, PracH 2008; CizkovA et al. 2011;

uvobD

Vivoj horskych porostil ve stfedni Evropé dlouhodobé nejvice ovliv-
fuji vétrné vichfice a nasledna expanze lykozrouta smrkového (SHO-
ROHOVA et al. 2009; SvoBoDa, ZENAHLIKOVA 2009; Lorz et al. 2010;
SvoBoDA et al. 2012; MALIX et al. 2014). Napiiklad silné narufe-
ni horskych lesi Tater vichficemi se béhem 150 let vyskytlo tiikrat
(ZIELONKA et al. 2010). Pi studiu dynamiky horskych lesii Sumavy je
véak nutné zdiraznit, Ze mnohdy neni moZné odliéit disturbance pfi-

rozeného a antropogenniho plvodu (SvoBopa, ZENAHLIKOVA 2009;
Capa, SvoBopa 2011). Podobn je tomu 1 v Krkonoéich, kde zejména
ve vychodni{ Cdsti pohoti byla vyrazné zménéna prostorovd a veko-
va struktura a genetickd skladba horskych lesii (VACEK S. et al. 2007).
Z téchto divodu tak stale lastéji v izké vazbé na klimatické extrémy
dochazi k riiznym poruchdm v dynamice horskych lesii (ZELoNKa,
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BEDNARIK, MATETKA 2014).

Po disturbancich stiedniho a vét§iho rozsahu casto dochdzi ke zmé-
ndm v bylinném a mechovém patfe. Piitom se pokryvnost druhii
mechi snifuje a travy, jako Calamagrostis villosa a Avenella flexuosa
a mnohdy i kapradin, a to zejména Athyrium distentifolium vyrazné
zvy$uje (KooryMan et al. 2000; FiscHER et al. 2002; JoNASOVA, Ma-
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TEIKOVA 2007; JoNASOVA, PRACH 2008; VAVROVA, CUDLIN 2010; Va-
CEK S. etal. 2017). V ditsledku zvy$ujici se pokryvnostia hustoty bufe-
né na kalamitnich holinich dochdzi k omezovini moZnosti pfirozené
obnovy (MALIK et al. 2014). V téchto pomérech se semenacky musi

vyrovnat s intenzivn{ souté#{ bylin (CASTRO et al. 2002; GOMORY et al.
2006; VANDENBERGHE et al. 2006; Dove 1Ak et al. 2008).

Zejména pak pii okrajich kalamitnich holin jsou nejpifznivéi$f pod-
minky pro pfirozenou obnovu z ditvodu blizkosti matefskych stro-
mi, pifznivéj§iho mikroklimatu a cenotickych i edafickych poméri
(GOMORY et al. 2006; JANISOVA et al. 2007; TassER et al. 2007; Dous-
kovA 2008; Dovciaxk et al. 2008; HALPERN et al. 2010). Dominantni
dievina horskych lesit smrk ztepily (Picea abies [L./ Karst.), ktery ve
vét§iné piipadit doprovazi jefab pta&i (Sorbus aucuparia L.) & bifzy
(Betula sp.), je anemochorni druh a jako takovy ma véts{ kolonizag-
ni potencidl nez dfeviny s jinymi strategiemi expanze (DosTALOVA
2009). Novi jedinci nejprve rostou pievizng blize ke star$im stromim
a vytvdiejf riizné bioskupiny (BAUMEISTER, CALLAWAY 2006; GOMORY
et al. 2006; HALPERN et al. 2010). Volné sukcesnd plochy mezi bio-
skupinami ¢i rozptylenymi jedinci jsou postupné vyplnény ve fizich
posloupnosti od nejpiiznivéjfich podminek k méné pifznivym (Lin-
GUA et al. 2008). Jak se postupné zvy$uje hustota obnovy, tak stoupa
i konkurence (HALPERN et al. 2010) a postupné dochdzi k piesunu od
agregovaného k pravidelnéjsimu prostorovému rozmisténi obnovy
(GOMORY et al. 2006). To potvrzuje skutecnost, Ze v lesich plati vech-
ny ti modely sukcese (facilitace, tolerance a inhibice; CONNELL, SLA-
TYER 1977).

Piirozenou obnovu nejen v horskych porostech, ale i na sukcesnich
plochéch viak Casto ve vivoji limituji $kody sparkatou zvéii (okusem,
loupanim, ohryzem) (RooNEY 2001; VACEK S. et al. 2014; VACEK Z.

Tab. 1.

2017; VACEXK S. et al. 2018; CukoR et al. 2019). Riist je negativné ovliv-
nén zejména okusem, coz miZe zapiicinit ovlivnéni druhového sloze-
nf v porostu, pfedevéim pak atraktivnich vtroudenych a pfimiSenych
listnatych dievin (MoTTa 2003; VACEK S. et al. 2014; KoNOPKA, Pay-
TiK 2015; SLANAR et al. 2017).

Nase studie se zaméfuje na popis sukcese lesa po naruSeni orkinem
Kyrill na 3 kalamitnich holinach ve vychodnich Krkonosich. Cilem
této prace bylo ziskat poznatky o stavu a vivoji sekunddrn{ sukcese,
vletné Skod zvéif, odumfelého dieva a vlivu piizemni vegetace na
pribeh piirozené obnovy v extrémnich klimatickych podminkich
8. lesniho vegetatniho stupné (LVS).

MATERIAL A METODIKA

Charakteristika zdjmového tizemi

Studovand oblast se nachdzi v jadrovém GzemiI. zény ochrany piirody
Krkonodského narodniho parku ve vychodni éasti Krkono$ na LHC
Mar$ov a Vichlabf. Zkoumané porostn{ skupiny se nachdzej{v 8. LVS,
kalamitni plochy jsou obdobného terénniho typu (14 - unosny, sklon
26-40 % a 13 - unosny, sklon 16-22 %) a obdobné orientace ke svéto-
vym strandm (] a% ] Z expozice). Kalamitni plocha 1 o vyméfe 0,75 ha
se nachdzi na dpat{ Svorové hory v nadmoiské vysce 1274-1283 m
(tab. 1). Priimérnd ro¢ni teplota se pohybuje v rozmezi 3,0-4,0 °C
s ro¢nim dhrnem sraZek 1300-1500 mm a délka vegetadni doby 65-
80 dnii. Mate¢ni horninou je svor a piidnim typem podzol modalni
Kalamitni plochy 2 a 3 o vyméfe 0,97 a 2,00 ha se nachazeji na svazich
Lis¢i hory v nadmoiské vysce 1166-1214 m (tab. 1). Pramérna ro¢n{

Charakteristika vyzkumnych ploch 1-14 v I. z6né Krkonodského narodniho parku
Characteristics of research plots 1-14 in the 1. zone of Krkonoge National Park

Kalamitni  Vyzkumna Nadmofska Expozice/ Sklon/ Lesnityp'/  Vegetaéni Odumrelé
holina/ plocha/ wvyska/ Exposition Slope Ecosite' pokryv/ drevo/
Disturbed Research plot Altitude Vegetation Dead wood
area cover
(m) ) (%) (m*ha')
1 1283 Jis 17 873 80 364
K1 2 1278 Jis 18 8Z3 85 313
3 1274 JIs 17 8Z3 85 485
4 1130 Jis 23 8K2 85 130
5 1199 JZISW 21 8K2 75 148
2 6 1214 JIs 22 8z4 85 150
i 1211 JZ/SW 21 8zZ4 85 239
8 1212 JZ/SW 21 8z4 75 227
9 1212 JZ/sW 19 8Z4 80 196
10 1214 JZ/SW 19 8z4 80 237
K3 11 1196 JZ/SW 20 8K2 85 282
12 1193 JZISW 22 8K2 85 198
13 1193 JZISW 24 8K9 75 113
14 1166 JZ/SW 24 8K9 70 162

Vysvétlivky/Captions: '873 - jefabova smréina rafelinikova/Rowan-Spruce Peat Moss [Sorbeto- Piceetusn (humile) Sphagnum spp.], 8K2 - ky-
seld smicina titinova/Acidic Spruce Reed Grass ( Picsetum acidophitum Calamagrostis arundinacea), 824 - jefdbova smréina titinovd/Rowan-
-Spruce Reed Grass [Sorbeto-Piceetum (humile) Calamagrostis arundinaceal, 8K9 - kyseld smrcina svahové/Acidic Spruce Slope ( Piceetum

acidophilum resurgemus)
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teplota kolisd okolo 3,0 °C a ro¢ni uhrn sraZek 1500 mm. Pramérna
délka vegetacni doby dosahuje 65 dnil. Prevladajic{ mate¢nou horni-
nou je svor a fylit a ptdnim typem podzol modalni (NEHVBA 2008;
MaTEKA et al. 2010).

Sbér dat

Sbér dat probéhl celkem na 14 kruhovych plochdch o poloméru
9,77 m, tj. o plofe 3 ary na tiech kalamitnich holindch o velikosti
0,75-2,0 ha. V roce 2007 stiedy dil¢ich ploch byly v terénu oznaceny
koltkem s pifslugnymi hodnotami GPS a jedinci obnovy nachdzejict
se na ploSe byly oznaceni §titkem s pofadovym &islem. V tomto roce
byl zaznamendn podet Zivych jedinch pfirozené obnovy (ks) a dru-
hové sloZeni. Nasledné v roce 2009 na téchto vyzkumnych plochach
byla zméfena u viech jedinch obnovy celkova vytka (cm), vyska na-
sazen{ zelené koruny (cm), priimér zelené koruny (cm) a vyskové pii-
rasty (cm). Déle bylo zaznamenano poskozeni terminalniho vrcholu
zvé, které bylo rozdéleno do péti stupiit: 1 - jedinec neposkozen;
2 - poskozen mirné (1 okus); 3 - poSkozen stiedné (2 aZ 4 okusy);
4 - pofkozen silné s regeneraci (5 okusti a vice); 5 - potkozen silné bez
regenerace (bez termindlu). Na diléich plochdch byl déle zjistovdn po-
kryv bylinného a mechového patra (%) a mnoZzstvi odumielého dieva
(m®ha™). Mé&feni bylo opakovdno v roce 2014, 2016 a 2018.

Analyza dat

Statistické analyzy byly zpracovany v softwaru Statistica 12 (€ Stat-
Soft, Tulsa). Zavislost mezi primérnou vyskou a vyskovym piirds-
tem byla testovana Personovym korelaénim koeficientem. Variabilita
dat je zndzorn&na smérodatnou odchylkou (+ SD). Analyza hlav-

nich komponenti (PCA) byla provedena v programu CANOCO 5
(© Microcomputer Power) pro zhodnoceni vztahu mezi stanovistnimi
charakteristikami, parametry pfirozené obnovy, mikrostanovistém
a kalamitnimi holinami Data byla zlogaritmovéina a standardizovina
pred analyzou. Udaje o klimatickych faktorech (srazky, teploty, délka
vegetaéniho obdobi) na jednotlivych vyzkumnych plochach byly in-
terpoloviny z meteorologickych stanic.

VYSLEDKY

Pocetnost piirozené obnovy

Na zkoumany-ch kalamitnich holindch byl zji§tén dostate&ny potencidl
nardstu pfirozené obnovy (obr. 1). V roce 2007 podet piirozené obnovy
dosahoval v praméru 2167 ks.ha. V roce 2014 byl béhem 7 let zazna-
mendn ndrdst poétu jedinch piirozené obnovy o 50 az 198 %. Nejvets{
narfst byl pfitom na kalamitni holing 1 a nejmensf na kalamitni holi-
né 2. Z toho procentualné nejmensi nartst byl u dominantniho smrku
ztepilého (SM, Picea abies [L.] Karst.; 37 %), naopak nejvétsi ndriist byl
zji$tén u listnatych dievin, konkrétné u biizy bélokoré (BR, Betula pen-
dula Roth.; 1685 %), jefdbu ptaciho (JR, Sorbus aucuparia L.; 326 %)
avrby jivy (VR, Salix caprea L.; v r. 2007 se na plochdch nevyskytovala).

Niriist poctu jedinctl v obdobi 2014 az 2016 byl velmi nfzky na kala-
mitnf holiné 1 (o 3 %), zdporny (-1 %) na kalamitni holiné 2 a témef
nulovy na kalamitn{ holiné 3. Nartst poctu jedincti v obdobf 2017 az
2018 byl v disledku stfedné bohatého semenného roku 2017 na rozdil
od pfedchazejictho obdobi virazny, a to na kalamitni holiné 1 o 11 %,
na kalamitni holiné 2 0 15 % a na kalamitni holiné 3 o 17 %.
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Obr. 1.

14 K1 K2 K3
izkumné plochy/Research plots

Pocetnost piirozené obnovy na vyzkumnych plochach 1-14 a kalamitnich holinach 1-3 po orkanu Kyrill v Krkonosich diferencované dle dievin

v roce 2007 a 2018
Fig, 1.

Density of natural regeneration on research plots 1-14 and disturbed areas 1-3 after Kyrill Hurricane in the Krkono$e Mountains differentiated
by tree species in 2007 and 2018 (SM - Picea abies, IR - Sorbus aucuparia, BR - Betula penduia, VR - Salix caprea)
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V soudasnosti na véech vyzkumngch plochich v SLT 8Z a 8K v sou-
ladu s obnovnimi cili vyrazné dominuje smrk ztepily (77,5-99,0 %).
V r. 2018 na kalamitni plose 1 podil JR dosahoval 1,7 %, BR 0,8 % a VR
0,2 %. Na kalamitni holiné 2 bylo druhové sloZeni listnatych drevin
nésledujict: JR 1,2 %, BR 1,3 % a VR 0,2 %. Nejvétsi podil vtrousenych
dievin byl na kalamitn{ holiné 3 - JR 6,2 %, BR 1,8 % a VR 1,1 %.
Konkrétné dle ploch, nejvétsi podil primiSenych a vtrousenych dfevin
byl na VP 14 (22,5 %) a 9 (17,0 %), naopak nejmen$ podil na VP 3
(1,0 %) a 6 (2,3 %). Behem sledovanych 12 let doflo k ndrfistu téchto
meliora¢nich a zpeviiujicich dfevin 0 334 % (21,6 % na 7,1 % v celkové
druhové skladbg).

Nejvetii podil jedincti obnovy na plo$nou jednotku byl zjistén na odu-
mielém dievé a v pokryvu mechidl (Polytrichum formosum), stredni
v Avenella flexousa a Vaccinium myrtillus a nejmens{ v Calamagrostis
villosa, Athyrium distentifolium, Dryopteris dilatata a Gentiana asclepi-
adea.

Vyikova struktura a pFirtst

V roce 2007 se jadro obnovy pohybovalo ve vyskovych tiidach 16-
25cm, v r. 2014 ve tiidach 66-85 cm, v r. 2016 ve tiiddch 106-125 cm.
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Obr. 2.

V 1. 2014 byl jiz velmi maly podet semenickii obnovy ve viskovych
tfidach do 25 em a v r. 2018 do 50 em.

Priimérné vysky a vyskové piirasty pfirozené obnovy na vyzkumnych
plochéch v r. 2009 a 2018 jsou zndzornény na obr. 2 a 3. Stanovistni
podminky mély vyznamny vliv na vi$ku zmlazeni. Nejvy$${ primérné
viiky byly v roce 2009 naméfeny na ploe 13 (84,2 cm + 73,1 SD), resp.
na ploe 14 v roce 2018 (287,9 cm * 176,1 SD). Nejniz§i primérnd
vyika zmlazenf byla zjisténa na plode 10 (2009 - 20,1 cm + 19,7 8D,
2018 - 134,9 cm + 87,8 D), ndsledovana plochou 2 (2009 - 24,9 cm +
16,1 SD, 2018 - 138,8 cm + 81,0 SD). Dynamika a diferenciace vyiek
obnovy v pritbéhu 9 let byla zna¢na (nejvétsi byla na plode 10 a 4). Ve
srovndni se viemi plochami v roce 2009 byla primérnd vyska 44,2 cm
+ 35,78D a v roce 2018 219,2 cm + 1353 SD.

Rozdily mezi vy$kovym piiriistem obnovy na jednotlivych vyzkum-
nych plochach byly také vyznamné. Nejvy$#{ pifrast byl zjistén v roce
2009 na plode 5 (13,3 cm + 8,8 SD), resp. na plose 12 v roce 2018
(37,4 cm = 16,5 SD). NejniZi piirtst byl zaznamendn v roce 2009 na
ploge 10 (5,1 cm + 2,6 SD), resp. na plo§e 2 v (15,6 cm + 12,0 SD) roce
2018 (obr. 3).

Pfi porovnani viech ploch dohromady, nejvéts{ roéni zména v pri-
mérném vyikovém piiriistu byla zaznamendna v roce 2015 (+ 3,8 cm),
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Primérna vyska pfirozené obnovy na vyzkumnych plochach vletech 2009 a 2018; chybové asecky predstavuji smérodatnou odchylku

Fig. 2.

Average height of natural regeneration on research plots in 2009 and 2018; error bars represent standard deviation
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Primérny vyskovy piriist pfirozené obnovy na vyzkumnych plochdch vletech 2009 a 2018; chybové usecky predstavuji smérodatnou odchylku

Fig. 3.

Average height increment of natural regeneration on research plots in 2009 and 2018; error bars represent standard deviation
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naopak nejmensi v roce 2011 a 2018 (+ 0,6 ¢cm). Béhem vyzkumu
(2009-2018) se celkovy pramérny vyfkovy piiriist zvydil z 9,1 em
(+ 5,9 SD) na 26,5 cm (+ 16,7 SD) (obr. 4). Pti porovnani interakce
mezi vy$kovym pfiriistem a vyikou jedinci obnovy byla pozorova-
na signifikantni pozitivni korelace (r = 0,922, P < 0,001, y = 1,986 +
0,112*x) (obr. 5).

Skody zvéri

V 1. 2018 nejvétsi podil podkozeni smrkového zmlazeni zvéii (49,9 %)
byl zjistén na kalamitni holiné 1 a nejmens{ pak na kalamitn{ holi-
né2 (17,7 %; tab. 2). Na viech méfenych plochach byl podil poskozeni
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0
S AN G I )
F 8 555" 5
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Obr. 4.
Vivoj priimérné vysky piristu jedinch pfirozené obnovy na véech
zkoumanych dil¢ich plochéch v pribéhu ¢asu (2009-2018); chybové
tusecky predstavuji smérodatnou odchylku
Fig. 4.
Development of average height increment of natural regeneration on
all research plots in course of time (2009-2018); error bars represent
standard deviation

Tab. 2.

smrku okusem mirny az stfedni Na kalamitni holiné 1 bylo 24,9 % SM
semenalkd poskozeno mirné a 14,4 % stfedné, na kalamitn{ holiné 2
10,8 % SM semendcki poSkozeno mirné a 3,3 % stfedné, na kalamitn{
holiné 3 14,5 % SM semendéki poskozeno mirné a 4,2 % stiedné. Na
vyzkumnych plochdch bylo celkem pogkozeno 29,3 % jedincii smrku
a 74,9 % listnatych dievin (obr. 6), piitom jefdb ptaci a vrba jfva byly
sparkatou zvéii poskozeny 100 %. U vtrousenych a pfimiSenych dfe-
vin dominoval 3. a 4. stupeii po§kozeni zvét, naopak smrk byl posko-
zen pouze mirng,

Jind je situace u listnatych dievin. Ty byly poSkozeny prevainé stied-
né az silné (s regeneract). U kalamitni holiny 1 bylo zvéi{ poskozeno
100 % listnatych dievin stfedné, u kalamitni holiny 2 bylo pofkozeno

100

(em)

Vy&kovy pFirlist/Height increment

VyskaHeight (cm)

Obr. 5.

Korelace mezi vy§kovym pfirastem a vy$kou pfirozené obnovy na
viech plochach v roce 2018

Fig. 5.

Correlation between height increment and height of natural regenera-
tion on all plots in 2018

Stupné poskozeni dievin okusem na kalamitnich holinéch 1-3 diferencované dle dievin v roce 2018
Damage degree by browsing of tree species in disturbed areas 1-3 differentiated by tree species in 2018

Kalamitni holina/  Dfevina/ Stupné poskozeni/Damage degree (%) Celkern/Total
Disturbed area  Tree species 1 2 3 4 5 (%)
SM 50,1 24,9 14.4 94 12 49,9
- JR 0,0 0,0 84,2 158 0,0 100,0
BR 66,6 334 00 00 0,0 33,4
VR 0,0 0,0 75 125 125 100,0
SM 82,3 10,8 3,3 24 12 17,7
JR 0,0 9.4 30,2 60,4 0,0 100,0
K2 BR 84,2 15,8 0.0 00 0,0 15,8
VR 0.0 0.0 25 75 0.0 100,0
SM 79,6 145 42 17 00 20,4
- JR 0,0 12,5 28,2 593 0,0 100,0
BR 75,4 18,5 8.1 0,0 00 24,6
VR 0,0 0,0 40,0 60,0 0,0 100,0

SM - Picea abies, JR - Sorbus aucuparia, BR - Betula penduia, VR - Salix caprea
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Obr. 6.
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Potkozeni termindlniho vrcholu zvéfi u smrkia (vlevo) a souhrnné pro listnaté dieviny (vprave); podkozeni rozdéleno do péti stupfiin: 1 - jedinec
nepodkozen; 2 - potkozen mirng; 3 - pofkozen stiedné; 4 - pofkozen silné s regenerac; & - podkozen silné bez regenerace

Fig. 6.

Darnage of the terminal shoot by game at the spruce (left) and overall for broadleaved trees (right); damage was divided into five degrees:
1 - undamaged; 2 - slightly damaged; 3 - medium damaged; 4 - strongly damaged with regeneration; 5 - strongly damaged without regeneration

ZvEF] 66,6 % silné a 33,3 % sttedné, u kalamitni holiny 3 bylo stfedn?
potkozens 5 % BR, 9.9 % JR a 20 % VR a silné bylo poskozenc 50 %
BRas76%]R.

Vztah mezi ristovymi parametry pfirozené obnovy a stanovistém

‘sledky PCA analyzy jsou prezentoviny ve formé ordinatniho dia-
gramu na obr. 7. Prvni ordinaéni osa vysvétlaje 57,5 %, proni dvé osy
86,7 % a vechny ctyfi osy dohromady 97,8 % wvariability dat. Osa =
predstavuje pramérnon vitku a vidkovy phirist pfirozené obnovy,
zatimco osa v je charakterizovina podtem jedinch pfirozené obnovy
spolefné se vzdalenostl plochy od porestu. Pofetnost pfirozené ob-
novy byla pozitivné kerelovina se zvydujicl se vaddlenost! od porostu
a s pokryvnost] dvenella flexuosa, zatimeo Calamagrostis villosa nega-
tivné plsobi na vyskyt obnovy. Dile z hlediska vegetace bylo zjiSténo,
Ze viikn a vigkovy phrast obnovy pozitivié ovliviiuje pokryvnost
Voceinium myrtillus, Se zvydujiclm se sklonem, teplotou a délkou ve-
getaini doby dechdzi k ndrfistu primérné viEky a vitkového pfirtstn
obnovy, naopak tyte parametry byly negativné koreloviny se srdZka-
mi, nadmotskou vigkou a mnoZstvim odumfielého dfeva. Lesni typ
mél] prevladajict vliv na vikovy vyvoj pfirozend obnovy, naproti tomu
lokalita (kalamitni holiny) vyrazngji ovliviovala pofetnost obnovy.
Celkové vy jedinci obnovy byly zji$tény na stanovidtich edafické ka-
tegorie kyselé (8K) pfi porovnani s fadon zakrslou (82).

DISKUSE

Wysledky méfeni v I zéng Krkonodského narodntho parku na THC
Marfov a Wrchlabi prokézaly dostatedny potencidl pfirozené ob-
novy. V roce 2007 se podet ptirozené obnovy pohyboval v rozmezi
56-3533 ks.ha, v roce 2018 hustota pfirozené obnovy dosahovala
1452-6983 ks.ha. V prabéhu sledovangch 12 let (2007-2018) byl
zaznamendn narist poétu jedinct ptirozené obnovy o 46 az 198 %,
WrE hustota phirezend obnovy byla zji#téna v horskych smriindch na
Surnavé (SticHA et al, 2010; 1960-10 200 ks hal; M aLiz et al, 2014:
1520-19 760 ks.ha'), Vy#{ podet primérmé obnovy v horskgch smr-
éindch (9322 ks ha') byl také zji§tén na Slovensku (HoLEKsa et al
2007),

Z hlediska vivoje podtd pfirozené obnovy v obdobi 2014 az 2016 byl
nédrast jedined téméf nulovy Nejvyddl nirtist od roku 2007 byl sle-

61

< N2018
— N2007

8
Q
Porostni vzdalenost
Stand distance
AveFle
@3
Vegetacni pokryv

g::]\r;: 524.Veg etation cover
Vegetacni doba

Odumielé df
H2018 Growing season sl

A JIS " Dead wood

Hiz018 ] S_r_aik}{.
K1 recipitation
H2009 Teglols K3 o @ Nadmoiskaviska
Hi2009 ~ Temperature CaMi Alitude @
= 830 4
&}
BK9 .
14 Q@
9]
1
<
3 10
Obr. 7.

Ordinaéni diagram znédzorfinjici vysledky PCA analyzy vztahil mezi
stanovistnimi charakteristikami (Madmofska v§ka, Sklon, Expozice —
1.1Z, Lesni typ — 8K3, 8K2, 824, 323), parametry obnovy (H2009/2013
— Vyika 200972018, HI20092018 - ViSkewy pfirtst 2000/2018,
N2017/2018 - Hustota 2007/2018), mikrostanoviStém (Vegetadni
pekryv, Cdumfelé dfevo, pekryvnost CalVil - Calamagrostis villaza,
VacMyr — Vaccinium myrtillus a AveFle - Avenella flexuosa) a kalamit-
nimi holinami (K1, K2, K3); oznadeni 1-14 charakterizuji vizkumné
plochy

Fig. 7.

Ordination diagram showing results of PCA analysis of relationships
amongsite characteristics (Altitude, Slope, Exposition - 8, SW, Ecosite
- 3K9, 8K2, 824, 823), parameters of regeneration (H2009/2013
— Height 20052018, HI2008/2018 - Height increment 2008/2018,
M2017/2018 — Density 2007/2018), microsite (Vegetation cover, Dead
wood, cover of CalVil - Calamagrostis villosa, VacMyr — Vaccinium
myriillus a AveFle — Avenella flexuosa) and disturbed areas (K1, K2,
K3); marks 1-14 characterize research plots

ZLY, 65, 2020 (2): 72-81 ﬂ



PROKUPKOVA A. et al.

dovan na kalamitni plo§e 1, ktera leZi sice ve vy$$i nadmorské vyice
(cca 0 90 m) a v LT 8Z2, kde by mély byt méné piznivé klimatické
a edafické podminky pro zmlazeni (VAcek S., SPULAK 2005), avéak
nachézi se zde fadové dvojndsobné vy§§i mnoZstvi odumielé dfevni
hmoty. Tento stav obnovy potvrzuje, Ze ponechané odumfelé dievo
na kalamitnich holindch vytviii pfznivé podminky pro piirozenou
obnovu (ZIELONKA 2006; VACEK S. et al. 2010). Sledovany ndrdst po-
&tu jedinch v obdobi 2017 a# 2018 byl v disledku stiedné bohatého
semenného roku 2017, na rozdil od pfedchazejiciho obdobi, vyrazny.
Je viak otdzkou, jak se tyto semenalky zejména v porostu Calamag-
rostis villosa budou dale vyvijet, jeliko? jejich mortalita v téchto po-
rostnich pomérech byva velmi vysokd (VACEK S. et al. 2017). Nejvétsi
podil jedincii obnovy na plo$nou jednotku byl zji$tén na odumielém
dievé a v pokryvu mechii (Polytrichum formosum), sttedni v Avenella
flexousa a Vaccinium myrtillus a nejmensi v Calamagrostis villosa. Ob-
dobné vysledky uvad&ji také ostatni prace (REMES et al. 2009; VacEx
S. et al. 2010; SticHA et al. 2010). Z na${ studie vyplyva, 7e z hlediska
silné konkurence neprostupny pokryv Calamagrostis villosa negativné
plisobi na hustotu ptirozené obnovy, naopak pifznivéél piidni pod-
minky spolen& s vy$$i ujimavosti obnovy a viskovou konkurenci
Vaccinium myrtillus pozitivné ovliviuji vyskovy pirist. Pocetnost
obnovy je na nami sledovanych kalamitnich holinich téZ zavisla pre-
dev$im na blizkostia dostate¢ném poétu plodnych matefskych stromt
(MaLix et al. 2014). Poéetnost pfirozené obnovy na vizkumnych plo-
chéch byla pozitivné korelovdna se zvysuijici se vzdalenost{ od porostu,
co mize byt zplsobeno stafim vzniku a velikost{ holin v kombinaci
s negativnim vlivem porostniho okraje.

Pfi porovndni zji$téné druhové skladby dievin na zkoumanych plo-
chich se skladbou cilovou dle LHP &i pldnu péce o KRNAP (FLoUSEK
et al. 2010) podil listnatych drevin prevy$uje podil cilovy. Na viech
vyzkumnych plochach v SLT 8Z a 8K v souladu s obnovnimi cfli vj-
razné dominuje SM (93-99 %). Na zkoumanych kalamitnich holindch
mé byt podil JR 1 % a ve skutecnostiv r. 2018 byl v rozmezi 1,2-6.2 %,
navic podil BR byl 0,8-1,3 % a VR 0,2-1,1 %. Béhem sledovanych
12 let doslo k vyznamnému ndrdstu téchto melioraénich a zpeviinji-
cich dievin o 334 %, zejména pak JR. V r. 2018 maximélni podil JR na
vyzkumnych plochéch dosahoval 20,7 %, pficemz napf. na Slovensku
v horskych porostech JR tvotil v obnové v priiméru 40,8 % (HoLEksa
et al. 2007).

Z hlediska vy$kové struktury byl v r. 2018 zjidtén velmi maly podet
semenacki obnovy ve vyskovych tifdach do 50 cm. Tato zji§téni uka-
zuji na dileZitost dostateén& bohatych semennych let a na vét§i ob-
tiZnost piirozeného zmlazen{ na plochach, kde po nghlém rozpadu
porostu doslo k prudkému zvyseni pokryvnostia hustoty travin (UL-
BRICHOVA et al. 2006; VACEK S. et al. 2017). V roce 2009 priimérna
vy$ka obnovy dosahovala 44,2 cm (+ 35.7 SD) a v roce 2018 219,2 cm
(+ 135.3 SD). Nejvys#i vyskovy pfirast byl naméten v roce 2009, na-
opak nejnizéi byl pak zaznamendn v klimaticky nepi{znivych letech
2011,2017 2 2018 (CHMU). Napi pti porovnani piiristu v roce 2016
a 2018 u 7 m vysokého jedince SM, byla zji§téna pramérna 20 cm
ztrata. Pfi porovnani jednotlivych ploch byl zjidtén signifikantnf roz-
dil v priimérné vysce a pifristu. DosaZend vyika pfirozené obnovy
odrazi vhodnost stanovistnich podminek, zejména mikroreliéfu a ve-
getaéniho pokryva (VACEK Z. et al. 2017).

Nejen klimatické podminky a stanovi§té negativné ovliviji ristovou
dynamiku piirozené obnovy, ale také $kody zvéii zde hraji vyznam-
nou roli. V r. 2018 na vyzkumnych plochéch bylo celkem poskozeno
29,3 9% jedinch smrku a 74,9 % vtrousenych a piimiSenych listnatych
dievin, pfi¢em? $kody okusem u obnovy JR a VR dosahovaly 100 %.
Potvrzuje se tim, Ze zvéf patfi k vyznamnym limitujfcim faktorim
piirozené obnovy lesa (AMMER 1996; KoorrMaN et al. 2000; RooNEY
2001; MoTTA 2003; VACEK S. et al. 2014; VACEK Z. 2014). V prabéhu
sukcese $kody zvéri okusem jen nepatrné mirné klesaly se zvySuji-
cimi se poéty obnovy. Listnaté dfeviny bez poskozeni okusem rostly
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pouze v t&sné blizkosti jedincd SM a pod jejich ochranou (VACEK S. et
al. 2014). Nizké poéty listnatych jedinci pfirozené obnovy jsou dané
piedeviim nedostatkem matefskych stromii v okoli a také specificky-
mi ndroky dfevin. Nizky vyskyt BR je zptisoben zejména konkurenc{
a vysokou pokryvnosti Calamagrostis villosa, vi$kovy piirast JR je sil-
né ovliviiovan stile se zvySujicimi stavy sparkaté zvéie (SticHa et al.
2013; MALIK et al. 2014; VACEK Z. 2017).

ZAVER

Na zkoumanych kalamitnich holindch ve vychodnich Krkonosich
bylo 12 let po orkinu Kyrill zjisténo relativné dostate¢né mnozstvi
piirozené obnovy, které by mélo postacit prirodé blizké tvorbé téchto
porost v 1. zén& ochrany pfirody. Ve sledovaném obdobi 2007-2018
celkovy podet jedinci piirozeného obnovy na kalamitnich holindch
stoupl o 68 %. Zmlazen{ v zdsadé odpovida cilovému druhovému slo-
zeni porostit. SM tvoif 75-99 %, JR 1-21 % a 0-12 % tvoii BR a VR.
Z hlediska poskozen{ zvé#{ je patrné, Ze pfirozend obnova listnatych
dfevin je znaéné limitovana okusem, zejména pak u JR a VR. Hustota
a vyska zmlazeni na plochich je variabilni, coZ poukazuje na velkou
diferenciaci obnovy dle stanovistnich podminek. V§znamnym nega-
tivofm faktorem ovlivinjicim dynamiku ptirozené obnovy je Cala-
magrostis villosa. Pii interpretaci vysledki je viak nutné brat v tivahu
omezeny pocet zkoumanych ploch a délku sledovaného obdobi. Z hle-
diska péstebniho doporudeni je diileZita ochrana a podpora vtrouse-
nych listnatych dievin formou individualni ochrany, redukei sparkaté
zvéfe, reintrodukci vika ¢ efektivnim vyuzivanim prezimovacich oba-
rek. PFi umélém vnaseni téchto melioraénich a zpeviujicich dfevin
je dilezité v maximdlni moZné mife vyuZivani vhodného stanovi§té

(odumfelé dievo, pokryv bez C. villosa, vyvySeniny atd.).
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DYNAMIKA PRIROZENE OBNOVY HORSKYCH LESU PO VETRNE KALAMITE: MODELOVA STUDIE PRO KRKONOSE

DYNAMICS OF NATURAL REGENERATION OF MOUNTAIN FORESTS AFTER WIND DISTURBANCE:
MODEL STUDY FOR THE KRKONOSE MTS. (CZECH REPUBLIC)

SUMMARY

In Central Europe, the dynamics of mountain forests has been for a long time most influenced by wind storms. The Kyrill Hurricane in January
2007 greatly damaged large areas of spruce stands in the Krkono$e Mountains (Czech Republic). The aim of this study was to evaluate the
structure and development of secondary succession in extreme climatic mountain conditions on disturbed areas in the eastern Krkonose Mts.
Presented research was focused on structure, dynamics, density, species diversity and growth parameters of natural regeneration with emphasis
on game damage in period 2007-2018.

The study area was located in the 1. zone of the nature conservation of the Krkonose National Park in the eastern part of the Krkonoe Mts.
Research was conducted on 14 ring research plots of 300 m?® in 3 disturbed areas at an altitude of 1130-1283 m a.s.l. (Tab. 1). The ecosite type
was Piceefum acidophilum and Sorbefo-Piceetum with prevailing Podzols soil type. The annual sum of precipitation was in range 1300-1500 mm
and annual temperature reached 2.5-4.0 °C. Growing season ranged from 60 to 80 days.

Results showed significant density increase of natural regeneration during the 12 years of observation. In 2018, the average number of natural
regeneration reached 3,637 recruits ha' (+ 1,864 SD), while in 2007 it accounted 2,167 recruits ha (+ 1,307 SD) (Fig. 1). Density of dominant
Norway spruce (Picea abies [L.] Karst) increased by 65% and deciduous tree species increased even by 334%, especially in rowan (Sorbus
aucuparia L.). In tree species composition, spruce share decreased from 98.4% to 92.9% in favor of deciduous tree species during the observed
period. In 2018, deciduous tree species — rowan, goat willow (Salix caprea L.) and silver birch (Betula pendula Roth.) - accounted 1.0-22.5%
of tree species composition. In terms of height structure, the average height of regeneration was 44.2 cm (£ 35.7 SD) in 2009 and 219.2 cm
(+ 135.3 SD) in 2018 (Fig. 2, 3) with the significant low height growth in 2011, 2017 and 2018, caused by negative climatic factors. The mean
average height increment reached 9.1 cm (£ 5.9 SD) in 2009, and 26.5cm (+ 16.7 SD) in 2018 (Fig. 4). Height growth was significantly correlated
with height (Fig. 5). However, game was significant limiting factor of growth of natural regeneration. Natural regeneration was damaged by
browsing in average 31.9%, while regeneration of willow and rowan was totally destroyed by deer (100.0% damage) (Tab. 2; Fig. 6). In relation
to site conditions, the negative effect of dense grass cover of Calamagrostis villosa on density of the natural regeneration was observed as well
as positive effect of decreasing altitude and increasing slope on height growth of natural regeneration (Fig. 7). However, the limited number of
research plots and the length of the study period must be considered when interpreting the presented results.

In conclusion, study research plots destroyed by Kyrill Hurricane have a great potential for natural regeneration in the studied I. zone of the
Krkono$e National park after the period of observation. The recommendation for limiting the intolerable game damage and protection of
valuable admixed deciduous tree species (especially rowan) is reduction of large deer population, individual tree protection, and efficiency of
overwinter closure or reintroduction of large predators. When introducing the soil improving and stabilizing tree species into the forest stands
artificially, it is important the maximum use of suitable habitat conditions (dead wood, cover without Callamagrostis villosa, mounds etc.).
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5.1.2. Effect of vegetation on natural regeneration of mixed silver fir forests
in lowlands: case study from the Rogow region

2. PROKUPKOVA A., BRICHTA J., VACEK Z., BIELAK K., ANDRZEICZYK T., VACEK S.,
STEFANCIK 1., BIiLEK L., FUCHS Z. (2021): Effect of vegetation on natural regeneration of
mixed silver fir forests in lowlands: case study from the Rogow region. Sylwan, 165 (11):
779-795. ISSN: 0039-7660.

Publikace se zabyva vyznamem jedle bélokoré (4bies alba Mill.) ve stfedni
Evropé a analyzou jejiho soucasného redukovaného zastoupeni, které je zplisobeno
lesnim hospodafenim, Skodami zpasobenymi zvéfi, klimatickymi zménami ¢i
antropogennimi vlivy. Cilem studie bylo urcit pocetnost, druhovou diverzitu a vySkovou
strukturu ptirozené obnovy v porostech s dominantni jedli bélokorou. Pro vyzkum bylo
vybrano 27 trvalych vyzkumnych ploch v oblasti Rogéw ve vychodnim Polsku. Celkova
z4soba zkoumaného porostu ve véku 60 let ¢inila 301 m>.ha!, s podilem jedle bélokoré
75 %. Pocetnost piirozené obnovy jedle dosahovala 52 667 jedincti.ha™!, coz piedstavuje
63 % celkového sloZeni ptirozené obnovy na vybranych plochach, resp. o 12 % méné nez
ve stromovém patie. Z vysledku dale vyplyva, ze podil jedle klesa s rostouci vyskou
obnovy, nebot’ zatimco ve vysce do 0,5 m tvotila 74 % obnovy, ve vysce nad 0,5 m se
podil snizil na pouhych 8 %. Analyzy ukézaly, Ze primérnd vyska pfirozené obnovy jedle
byla 0 24 cm niZ8i ve srovnani s primérnou vyskou ostatnich 15 zastoupenych dievin
(primérna vyska 43 cm). Vztah mezi primérnou vyskou pfirozené obnovy a vertikalni
diverzitou byl signifikantné¢ pozitivni, coz poukazuje na vliv konkurence mezi
jednotlivymi vrstvami vegetace. Zvlastni pozornost byla vénovana vlivu konkurence
vegetace na vySku jedinci pfirozené obnovy jedle. Analyzy prokazaly vyznamny
pozitivni vliv konkurence vegetace na vysku vSech jedincii piirozené obnovy, coz je tizce
spojeno s tvorbou mezer v korunovém patfe umoziujici vétsi pfistup ke svétlu. Druh
bylinné vegetace nemél prokazatelny vliv na vysku zmlazeni jedle, nicméné nejvyssi
jedinci obnovy byli pozorovani na mistech s pfitomnosti nejvyssi vegetace, konkrétné
ostruzin. Traviny ukazaly nejvétsi vliv na rast a vySku obnovy jedle, coz mize byt
problémem na stanovistich bohatych na ziviny a v porostech s rozvolnénym korunovym
patrem. Zavérem, jedle bélokora je relativné citlivou dievinou v kontextu lesnickych
zasaht a z hlediska managementu je nezbytnd jeji cilend podpora efektivnimi lesnickymi

pristupy, zejména v souvislosti s probihajicimi klimatickymi zménami.
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ABSTRACT

Silver fir Adies a/ba Mill. represented a historically high proportion of the narural species com-
position in Central Europe, but at present, due to forest management, game damage, climate
change, and human activities, its share is extremely low. This paper aims ro determine the
abundance, species diversity, height structure, and especially the effect of competition level (1-4)
and vegeration cover (mosses, herbs, ferns, grasses, Vaceinium, Rubdus, tree litter) on the narural
regeneration in a fenced forest stand with dominant fir in the tree layer. Research was conducted
on 27 research plots in a lowland mixed forest (194 m as.l) in the Rogéw region of eastern
Poland. Stand volume of the studied stand was 301 m’/ha at the age of 60 years, with a fir share
of 75%. The abundance of natural regeneration reached 52,667 recruitstha, 63% of which was
fir. Fir represented 74% in the initial (height <0.5 m) regeneration, while it only composed 8%
of the advanced regeneration (height >0.5 m). Comparing tree layers, a decrease in the share
of fir and European beech Fagus syfoatica L. and an increase of European larch Larix decidua
Mill. and Scots pine Piuus sylvestris L. was observed in natural regeneration. Fir measured the
lowest average height (24 cm) of all 15 occurring tree species (average heighr 43 em), The mean
height of natural regeneration was significantly positively correlated with vertical diversity. The
rallest regeneration individuals were observed in the Rubus cover. The number of regenerations
significantly (p<0.05} increased with vegeration cover and species richness. The highest density
of fir was observed in the moss cover. The competition level had a significant (p<0.05) positive
effect on the vertical and species diversity of natural regeneration, while its effect was negative
on the proportion of fir. In terms of vegeration species, grasses had the largest effect on natural
regeneration, while mosses had the lowest, Silver fir is very sensitive to silvicultural interven-
tions, and it is necessary to support it with effective silviculture approaches during the ongoing
climare change.
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Introduction

Silver fir Adies alba Mill. is one of the most important commercial and ecological coniferous tree
species in Burope (Poleno e 4/, 2009; Dobrowolska ez 4/, 2017; Vitasse 7 af., 2019). It grows in
enclaves across Europe, stretching from the south — from the Iberian Peninsula to the Balkan
Peninsula — as well as from northwestern Germany through Central Europe to the Carpathian
Mountains (Jaworski and Zarzycki, 1983; Westergren ef 4., 2010; Gazol ¢z &/, 2015). Silver fir is
distributed on elevared areas wirh an altitude range of 500-2000 m a.s.l. (Diaci e 4/, 2011; Mauri
et al., 2016). This ecologically valuable tree species, especially in moist and gleyed habitats,
increases the staric stability, biodiversiry, soil qualiry condirions and forest recreational value of
the landscape (Poleno e ¢/, 2009; Mauti ef 4/, 2016; Podrdzsky ez 4/, 2018). Similar ro Norway
spruce Picea abies (L) Karst., significant mortality has been observed in fir, with signs of dieback
recorded in the previous two centuries (Mdlek, 1981; Dobrowolska er @/, 2017). Initially, fir
dieback was more prevalent in the northern part of its natural range, while later, dieback was
observed throughout its entire range (Bergmann e 4/, 1990). However, the potential adaptabil-
ity of fir to the ever-changing climaric condirions has become increasingly predicrable (Vitasse
etal., 2019; Mikulenka & &/, 2020).

The decline and dieback of fir are the results of several facrors, but clear-curring manage-
ment of this tree species has probably reduced irs ability to adapt to changing environmental
conditions. High levels of air pollution in the 1980s equally contributed o this damage in synergism
with an overabundance of silver fir woolly adelgid Dreyfisia nordmannianae Eckstein (Zakopal
1978; Mrkva 1994; Vacek e7 o/, 2007, 2015; Mikulenka 7 @/, 2020). In this regard, climate-smart
silviculrure or fertilization may be one solution to promote fir health (Vacek ez 4/, 2020a; Gallo
étal, 2021). Hoofed game-induced damage, which in some cases can cause mortality (Ammer, 1996;
Heuzea ez 4/, 2005; Vacek et ¢/, 2014), is also a significant limitation to the natural regeneration
and the successful growth of fir (Jaworski and Zarzycki, 1983; Gill, 1992; Motra, 1996; Dobro-
wolska, 2008; Klopcic ez #/., 2010; Kupferschmid e a/., 2013, 2018; Huth e /., 2017). Small-pole
and pole-stage stands are also heavily damaged through bark browsing and stripping by deer (Pach,
2005, 2008; Metzler ez al., 2012; Vacek & &l 2020b). Regeneration is also negatively affected by
frost, especially the increased frequency of late frost events, and can be a significant threat in
the furure (Maxime and Hendrik, 2011; Gallo & &/, 2017; Kupferschmid and Heiri, 2019).

Despite the increased management of silver fir stands, the densiry of its natural regenera-
rion is often very low {Dobrowolska, 2000, 2008; Filipiak, 2002; Filipiak and Barzdajn, 2004;
Szymura er al, 2007; Vacek e 47, 2014, 2015; Vacek, 2017). One of the reasons for the generally
uncommon regeneration of silver fir is the low share of parent trees in forest stands, which are
often arranged in right clusters {Filipiak and Barzdajn, 2004; Hofmeister ez @/, 2008; Vacek & a/.,
2015). Within the stands, new individuals are distributed over an area of several square meters
close to mature trees (Filipiak, 2002). Here, the quantity and quality of fertility matrer (Souléres,
1962; Paluch, 2005). High-quality seeds are found only in sparse fir stands with well-developed
crowns, a prerequisire for a successful natural regenerarion ( Korpel and Ving, 1965; Skrzyszewska
and Chtlanda, 2009). Locally, the application of new ecological findings on silver fir silviculture
has led to the successful regeneration of fir stands or mixed stands conraining fir (Dobrowolska,
2000; Filipiak, 2002; Robakowski and Wyka, 2003; Hofmeister ¢7 47, 2008; Mikulenka ¢ a/.,
2020). Less informarion is, however, available on the spatial distribution of seedlings in various
microhabirars, as well as the effect of ground vegerarion on the natural regeneration of fir (Szymura
e al., 2007). For example, Paluch (2005) stares that Oxadis acetosella L. and Vaccintum myreilffus 1.
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indicate trophic and favourably moist soil profiles and conditions for the successful establishment
and survival of silver fir seedlings. Conversely, typically unsuitable conditions for the natural
regeneration of fir are creared by dense ferns such as Dryapieris fiix-mas (L..) Schott and Preridium
agquitinum (L..) Kuhn (Jaworski and Zarzycki, 1983). Therefore, some vegetation creates explicitly
suitable conditions for fir regeneration, bur others suppress it through space and resource com-
petition (Jaworski, 1973; Pysek, 1993; Paluch, 2005). High competition of ground vegetation can
thus have a negarive effect on the availability of resources for fir regeneration. In some cases, it can
completely suppress fir recovery (EngeBer e ¢/, 2011),

The prediction of the health and production capacity of silver fir in the contexr of global
climare change is currently an important topic. There are numerous discussions on this issue
(Vitasse er /., 2019). For example, some studies (Maiorano ez a/., 2013; Zimmermann e 4/, 2014)
suggest that silver fir will not be able to withstand the climatic conditions expected to prevail
in most regions of Western and Central Europe towards the end of this century. Other studies,
however, predict healthy fir stands under climate change in most regions of Central and Eastern
Europe (Tinner ez 4/, 2013; Bugmann ¢7#/, 2015; Henne ¢ &/, 2015; Ruosch ez 4/, 2016 Dyder-
ski ez al., 2018b). Bosela e @/. (2018) add that this will not be the case in the driest and warmest
regions of Europe. It should be mentioned that the area of interest for this study in the Rogdw
region (PL) is locared in lowlands, where precipitation is one of the limiting factors.

Numerous studies have been published focusing on the influence of habitat and vegerta-
tion on the narural regeneration of major commercial tree species such as Norway spruce Picea
abies (gtfcha ét al., 2010; Dyderski ez @/., 2018a), European beech Fagus syboatica 1. (Bilek et al,
2014; Vacek ez al, 2015, 2017) and Scots pine Pinus sylvestris L. (Gonzilez-Martinez and Bravo,
2001; Bilek ez #Z, 2018). However, insufficient information is available on silver fir regenerarion,
especially in lowland areas compared to mountains (Hunziker and Brang, 2005; Paluch, 2005;
Szymura ¢ ¢/, 2007). It was this fact thar prompted the writing of this manuscript. The main
objectives of this work were (i) to assess the structure, density, and species composition of natural
regeneration in mixed fir stands, and (ii) to determine the influence of ground vegetation and
competition level on the abundance and establishment of natural regeneration of silver fir in the
lowland forests in the Rogéw area.

Material and Methods

STuDY AREA. The study was carried out in a mixed forest with predominant silver fir in the east-
ern outskirrs of L.édzkie Hills in the central part of Poland. The experimental plot was locared
close to the town of Rogéw in the Strzelna Forest ar an alritude of 194 m a.s.1. (GPS coordinates
19°54'41"'E, 51°48'55"N). Other admixed and interspersed tree species occurring in the study
stand include European larch Larix decidua Mill., European beech, sessile oak Quercus perraea
(Mart.) Liebl., Scots pine Piris syloestris, European hombeam Carpinus betulius L., and European
aspen Populus tramwla L. The standing volume ar the age of 60 years was 301 m*/ha with 378
treestha. The average diameter at breast height was 33.1 cm, with an average height of 22.2 m.
In 2017 thinning was performed aiming to remove pioneer tree species like silver birch Besuia
pendula Roth and aspen, as well as to irregularly reduce the density of fir. The same year, to
avoid any influence of wild game disturbances, the experimental site was fenced.

The bedrock consists mostly of glacial formations made of clays and sands (Konecka-
-Betley e a/., 1993), with the predominant soil type being Luvisol according to World Reference
Base (Zddorovd and PeniZek, 2011}, The forest site is eutrophic. The groundwater level is very
low, often too low for trees roots. The vegeration period lasts 211 days on average. The average
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annual precipirarion is 583 mm, of which less than 65% falls during the vegeration period. The
average annual remperature is 7.6°C. January is the coldest month with an average monthly rem-
perature of —2.%°C, while July is the warmest month averaging 17.9°C {Ozga, 2002). According
to Kdppen’s (1936) climatic classification, the site falls within the Cfb subtype (oceanic climate)
charactrerized by mild summers and cool but nor cold winters, with a relarively narrow annual
remperarire range, and few thermal extremes.

DATA COLLECTION. Dara were collected in two steps on a permanent research area of 0.36 ha.
First, the position, species, DBH, and height of all individuals in rthe tree layer (parent stand}
were recorded using FieldMap rechnology (IFER 2007). Second, natural regeneration individ-
uals were measured in a toral of 27 circular subplots of 5 m? for individuals <0.5 m {including)
and 10 m? for individuals 0.5 m. For all natural regenerarion individuals, the species and their
height classes were recorded (1: <25 cmy; 2: 25-50 cmy; 3: 50-100 cmy 4: 100-150 em; 5: 150-200
cmy; 6: 200 em). [n addirion to the number of regeneration individuals, the type of vegeration
(mosses, herbs, ferns, grasses, Vaceiivm, Rudus, and no vegeration/rree licter) and its share inthe
rotal ground vegerarion, as well as the comperition level of ground vegeration cover, was derer-
mined in each subplor. Competition level 1-4 represents the level of ground vegetarion that
affecrs the growth of individual tree regenerarion (1 — low, 0-25% coverage; 2 —medium, 25-50%
coverage; 3 — high, 50-75% coverage; 4 - very high, 75-100% coverage).

Dara aNALYSIS. In terms of species diversity, indices of species richness (Margalef, 1958; Menhinick,
1964), species heterogeneiry (Shannon, 1948; Simpson, 1949), and species evenness (Hill, 1973;
Pielou, 1975) were calculared for individual plots (Table 1). The vertical structure was evaluared
according ro the Gini index {Gini, 1921). Relevant equations of diversity indices are given in
Vacek ¢ /., (2020¢).

Microsoft Excel was used for basic dara analysis and the creation of graphs, specifically
species composition and height distriburion. Narural regeneration was divided into inirial
(height <0.5 m) and advanced (height >0.5 m) recruirs. Sratistica 13 (TIBCO, 2017) was used
for the following statistical analyses, Dara were first tested with the Shapiro-Wilk normality rest,
and then with the Bartlett variance test. When both requirements were met, the differences
between the examined paramerers were tested by an analysis of variance (ANOVA) followed by
the Tukey HSD rest. If normality and variance were not met, the investigared characreristics
were tested by the nonparametric Kruskal-Wallis test. The relationship between natural regen-
eration height, vegeration cover, and competition level was evaluated using Spearman correlation.
In the graphical outputs, error bars indicate confidence intervals. Confidence intervals were
computed at the 93% confidence level (CL).

Table 1.
Overview of indices describing regeneration diversity and their common interpretation
Criterion Label Reference Evaluarion

Dy (Mai) Margalef, 1958
D, (Mei) Menhinick, 1964

Species richness minimum D=0, higher D= higher values

S E e X (Sii) Simpson, 1949 range 0-1; minimum =0, maximum %=1
et (RE=E H- (Shi) Shannon, 1943 minimum H’=0, higher H'= higher values
' E; (Pii) Pielou, 1975 o ¥ ’ _
Species evenness B, (Hil) Hill, 1973 range 0-1; minimum E=0, maximum E=1
Vertical diversity G, (Gii) Gini, 1921 g e bl sl o vy iz

differentiation G=0.7
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Principal component analysis (PCA) was performed in CANOCO 5 (Microcomputer Power,
USA) to evaluate the relationships between the structure of natural regeneration (height, height
of fir, density, share of fir), diversity of natural regeneration (see "lable 1), competition level, and
vegetation cover (vegetation cover total, grasses, herbs, mosses, Rudus, Vaccinium, tree litter). Data
were logarithmized and standardized prior to analysis. The results of the multidimensional PCA
analysis were visualized in the form of an ordination diagram.

Results
REGENERATION DENSITY AND TREE SPECIES DIVERSITY. The total number of natural regenera-
tion individuals was 52,667 pes/ha, with silver fir comprising 62.6% of the species composition.
IFor the abundance of individuals of the initial natural regeneration (heighr=0.5 m), fir was the
most abundant tree species with 74% (32,222 pes/ha; Fig. 1a), while the toral regeneration in
this height category reached 43,444 pesfha. Hornbeam was also abundant (9%; 3,852 pes/ha),
followed by maple (4%; 1,926 pestha) and beech (4%; 1,704 pes/ha). Other ligneous species
— o0ak, common hazel Coryius avellana .., pine, larch, and small-leaved linden Tilia cordara (Mill.)
— represented a total proportion of 9% (3,741 pes/ha).

The values in Fig. 1b reveal a trend of decreasing abundance of fir individuals with their
increasing height, the proportion for mature individuals (height >0.5 m initial regeneration)
being only 8% (721 pcs/ha). The most abundant tree species in this group is hornbeam (29%;
2,630 pestha). In the case of taller individuals, however, there is a higher diversity of other tree
species, as well as a greater species balance (poplar — 14%; silver birch Bewla penduia —12%;
hazel — 11%; Norway maple Acer platanoides L. — 11%; beech — 6%; others — 8% ). The total number
of mature individuals (height >0.5 m for advanced regeneration) was 9,222 pestha, representing
17.5% of the total regeneration (82.5% initial regeneration).

a) others; b) others; 8% fir; 8%
maple; 4% 9% (3 741 pesfha) (778 pestha) (721 pes/ha)
{1 926 pes/ha) hirch; 12%
. 448 pes/ha
fir: 74% (1 1448 pes/ha) maple; 11%
beech; 4% (32 222 pes/ha) (1 037 pesfha)
(1 704 pes/ha)
hazel; 11%
(1 000 pes/ha)
hornbeam; 9%
3 852 pesjha
(. pes/ha) poplar; 14%
2 4
{129 pesiha) harnbeam; 29%
(2 630 pes/ha)
beech; 6%
(593 pesfha)
Ofir hornbeam Hbeech B maple others Ofir maple hornbeam  [beech B poplar hazel birch others
¢ ) beech; 7%
) others; 6% {24 mfha)
{22 mha) ;
larch; 12%
{42 m%ha)
Fig. 1.

Summary of tree species composition for all research
fis75%  plots in 2021 for the a) initial (height <0.5 m) natural
(%63m*ha}  regeneration (according to numbers), b) advanced
(height >0.5 m) natural regeneration, and ¢) mature

Obeech Ofic  Blarch  Bothers stand (according to the stand volume}
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The description of the tree layer (Fig. 1c) is also essential, where fir was the main tree
species (75%; 263 m’/ha). Concerning the total standing volume (351 m*/ha), larch comprised
a significant proportion (12%; 42 m?/ha). Beech (7%; 24 m*/ha) and pine (2%; 6 m*/ha) also con-
tributes to the structure of the tree layer. The remaining tree species make up 4% (16 m*fha).

In terms of species diversitv of natural regeneration, species richness reached a low
(D,=0.469) to medium (D,=0.089) diversity, species heterogeneity ranged within the medium
values (2.=0.481, H=0.479), and species evenness was high (E,=0.640, E,=0.621).

HEIGHT STRUCTURE OF REGENERATION. The abundance of fir individuals shows a decreasing
trend as tree height increases, with the highest number of fir regeneration in the lowest height
class (individuals <0.25 m) — 24,568 pes/ha (Fig. 2). Firs are also abundant in the second height
class (0.25-0.5 m) - 7,622 pes/ha, but are rarely found in the 0.5 m range, with none present in
the 2.0 m height limit. The highest numbers of other tree species are found in the second
height class (0.25-0.5 m) — 16,132 pes/ha. In this height category, the numbers of individuals of
other tree species also exceed those of fir. Other tree species individuals are present in all height
classes of interest. Overall, the highest numbers of natural regeneration individuals are found in
the first age class <0.25 m, and their numbers decrease steadily as the regeneration height
increases.

In terms of the average height of natural regeneration of individual species, fir had the
lowest average height (19 cm), followed by cak (27 em), larch (34 cm) and pine (36 em; Fig. 3).
On the other hand, hazel (122 em), birch (119 cm) and goat willow Sadix caprea L. (94 cm) were
the tallest. The tree species with similar average height were hornbeam (72 cm), rowan (73 cm),
hawthorn (75 em), linden (75 ¢m), and cherry (75 ¢cm). The overall average height of all regen-
eration individuals was 43 cm. Vertical diversity according to the Gini index was medium
(G, =0.408) for all tree species or low (G, =0.176} in the case of the fir regeneration.

INTERACTION BETWEEN VEGETATION COVER, COMPETITION LEVEL, AND REGENERATION. COH]PBFitiDH
level had no significant (Kruskal-Wallis test: H 5 _,;,=2.74, p=0.43) eftect on the height of nat-
ural regeneration of fir, while it had a significant {Kruskal-Wallis test: H nopp=10.72, p<0.05}
effect on the height of all recruits (Fig. 4). The significantly (p<0.05) highest mean height of all
recruits was on competition level 4 (86.4 cm +32.1 Cl,) compared to the lowest on level 1(25.3 cm
+6.3 Cl,). The comperition level also had a significant (Kruskal-Wallis test: H, Nez7y= 127,
p<0.05) effect on the share of fir in natural regeneration, while the significantly {(p<0.05) lowest
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140 — 140
120 Silver fir 120
i £
= =
2 g0 L 2 &
x -
L i 40
20 20
1 2 3 4
Competition level
- 30000
Silver fir ab -
100 % 25000
= S 20000
o
§ 0 2 15000
® w0 % 10000
20 a 5000
0 0
1 2 3 4
Competition level
140 — 140
120 Silver fir 120
E’. 100 ’E‘ 100
= 80 = 80
= =
= 60 2 60
£ 4 a 2
40 a a 40
o I o - T :
Grasses  Herbs Litter Mosses  Rubus Grasses  Herbs Litter Mosses Rubus
Vegetation Vegetation
100 a  Silverfir a All
F® a
E 60
L
20
0 - %
Grasses  Herbs Litter Mosses  Rubus Grasses  Herbs Litter Mosses  Rubus
Vegetation Vegetation
Fig. 4.

Effect of competition level (upper graphs) and vegetation cover (lower graphs) on mean height and num-
ber of natural regenerations on research plots differentiated by silver fir (left), and for all natural regener-
ation (right) in 2021; error bars indicate confidence intervals at the 95% confidence level; significantly
(Kruskal-Wallis test or ANOVA, p<0.05) ditferent values are marked by ditterent letters

73



786  Anna Proktipkovid ez af.

share was observed on level 4 (16.9% +24.7 Cly;) compared to the highest on level 1 (68.2%
+25.7 Clgg). No signiticant (ANOVA: F; ,,=1.66, p=0.20) effect of the competition level was
observed for the density of all regeneration, including fir.

The type of vegetation cover had no significant (Kruskal-Wallis test: Hy, No=1-88
p=0.75) effect on the mean height of tir, however, maximum fir height was observed in Rubus
(26.6 cm £38.2 Cl,,) and the lowest in tree litter (13.7 em +6.6 Cl,g; Fig. 4). Similarly, no signif-
icant effect on height was observed in the case of all recruits (Kruskal-Wallis test: HH; ]\'-2@}:2'99-‘
p=0.56), whereas the highest natural regeneration (72.5 cm £49.0 Cl,) was observed in Rubus
compared to mosses (32.2 cm +8.8 Cl,). Mosses also had a negative effect on the density of all
recruits on the research plots. On the other hand, a positive effect of mosses on the share of fir
was observed. However, differences in the type of vegetation cover on both the regeneration
density (ANOVA: FH. 2|):1‘27’ p=0.31) and the share of fir (Kruskal-Wallis test: H(4, Nozey=3-00,
p=0.56) were not significant.

The results of the PCA showing the interactions between the structure and diversity of
natural regeneration, vegetation cover, and competition level on 27 plots in the Rogéw area are
presented in the ordination diagram in Fig. 5. The first ordination axis explains 39.9% of data
variability, the first two axes explain 54.3%, and the first four axes together explain 72.2% of darta
variability. T'he x-axis represents the species richness of natural regeneration, while the y-axis
represents the share of fir in the regeneration as well as the Vaeinium cover. The mean height
of natural regeneration showed a significantly positive correlation with vertical diversity
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Ordination diagram of PCA results depicting relationships between the structure of natural regeneration
(height, height of fir, density, share of fir), diversity of natural regeneration {see Table 1), competition
level, and vegetation cover (vegetation cover total, grasses, herbs, mosses, Rudus, Vaceinium, tree litter);
© symbols indicate research plots (1-27}
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(r~0.95, p<0.001), competition level {t=0.56, p<0.01), and species ¢venness (r,=0.51-0.52,
p<0.05}, and a significant (t,=—0.73, p<0.01) negative correlation with the share of fir in natural
regeneration. The abundance of regeneration significantly increased with the vegerarion cover
(r=0.50, p<0.05) and species richness DI (r=0.33, p<0.01), while it decreased significantly
(r=—0.49, p<0.05) with tree litter cover. The competition level had a significantly (r,=0.46-0.70,
p<0.05) positive effect on all structural and species indices of narural regenerarion. Specifically,
in terms of vegetarion cover, grasses had the highest effect on narural regeneration. On the
other hand, the lowest explanatory paramerer in the ordinarion diagram was moss cover.

Discussion

The study’s results demonstrate significant relationships between the habirar and stand conditions
and the stand regeneration in mixed stands of silver fir on eutrophic sites ar lower altitudes. The
number of regeneration individuals was 52,667 pestha, of which 63% was represented by silver
fir (compared to 75% in the tree layer). In addition to fir, a decrease in the share of beech, and
an increase in the share of larch and pine in narural regenerarion was also observed compared
to ree layer composition. Similar results, in terms of the abundance of narural regeneration of
fir stands in Poland, were reported by Jaworski and Fujak (1983) and Paluch and Jastrzebski
(2013). In contrast, lower regeneration numbers in Europe are documented, for example, by
Dobrowolska (2000), Filipiak (2002), Filipiak and Barzdajn {2004), Szymura & /. (2007),
Hofmeister ¢z 4. (2008), Elling ¢ a/. {2009), and Vacek ¢ 4/. (2015). One of the reasons for the
relatively scarce regeneration of silver fir is high levels of browsing damage by deer (Motta,
1996; Senn and Suter, 2003; Vacek ef @/, 2014). However, tree fructification and habitar also play
an important role (Paluch, 2005; Skrzyszewska and Chlanda, 2009). Fir seeds germinate better
as the seedlings thrive on the mor-humus herizon rather than on raw humus (Rousseau, 1960;
Grunda, 1972). Orman and Szewczyk (2015) documenred abundant narural regeneration of fir
on heavily decomposed wood in the Western Carpathians and on mineral soil after windthrows
(Janfk ez al., 2014),

In this study, study plots were located in eutrophic habitats where the natural regeneration
of fir is worse than in acidic microhabirars because of strong competition {Korpel and Ving, 1965;
Jaworski, 1973; Schrempf, 1978; Ellenberg, 1988; Paluch, 2005; Ujhdzy ¢f 4/., 2005; Woziwoda,
2008; Paluch and Jastrzebski, 2013; Woziwoda and Kopeé 2015). Due to global climare change,
there has been a succession of mixed stands, including silver fir, thar shows an increasing pro-
porrion of deciduous tree species, especially hotnbeam and oak (Zerbe, 2002; Czerepko, 2004;
Kope¢ e af., 2011; Woziwoda and Koped, 2015). Therefore, it is necessary to mainrain a suffi-
cient proportion of fir in stands through consistent silviculrural management with an emphasis
on shelterwood practices (Vacek ¢74/, 2015). With silvicultural interventions, it should be taken
into account that fir is a shade-tolerant tree species, however, it matures (exhibit fluorescence
and frucrificarion) only in full sun (Horvar-Marolr, 1985; Dobrowolska ¢ 4/, 2017).

In the studied eutrophic habirarts, the ground vegerarion had a significantly higher effect
on narural regeneration than in acidic habirars {(Beckage ¢ @/, 2000; Paluch and Jastrzebski
2013; Woziwoda and Kopeé, 2015; Vacek and Maréjka, 2010; Vacek ez ¢/, 2010, 2017). Silver fir
regenerates well on a cover of Luzuda pitosa (L.) Willd., Majanthenum bifolium (L.) EW. Schmidr,
Lycopodium annotimem (L.) A. Haines, or Rubus fruticosus L. (Jaworski, 1973). In our case, the abun-
dance of regeneration is positively correlated with vegetation cover (the more vegetation, the greater
the regeneration), which is closely related to the canopy cover, and positively correlated with species
richness. Similar results were reported both by Hofmeister ef @/ (2008) and Vacek e /. (2015).
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Ground vegerarion on acidic sites not only promorte growth in the juvenile stages of regenerating
individuals but also protect them against deer browsing (Senn and Suter, 2003; Vacek ez, 2014;
Vacek, 2017). In the studied forest stand, grasses had the highest influence on natural regeneration
in terms of vegetation type, while mosses had the lowest influence. This is similarly reported,
for example, by Korpel and Ving (1965); Jaworski (1973); Korpel (1995) and Vacek ez a/. (2017).
In rerms of height structure, the highest individuals were recorded at sites with the presence of
Rubus (27 cm), while the smallest individuals were recorded in habirars dominated by tree litter and
no ground vegertation (14 cm).

Species diversity of natural regenerartion in the study lowland area was low to medium
according fo species richness (1,=0.469, [),=0.089), medium according tc species heterogene-
ity (A=0.481, H=0.479), and high according to species evenness (E,=0.640, E2:0.621). In com-
parison, higher species heterogeneity and evenness, but lower species richness was observed in
fenced spruce-beech-fir stands on the Orlicke hory Mts. (Vacek ¢ ¢/, 2014). However, signifi-
cantly lower species diversity was seen in this study on unfenced forest stands, similar to a study
on the Krkono$e Mts. in Czechia (Prokiipkovd ef a/., 2019).

Despite the increased silvicultural management of silver fir stands, natural regeneration is
often insufficient, and height is poor compared to other tree species {Dobrowolska, 2000, 2008;
Vacek ¢ 4/, 2015; Mikulenka ¢ 4/, 2020), Our firs reached the smallest average height (24 cm)
of all 15 present tree species, with the average height of all individuals being 43 cm. Specifically,
74% of all fir trees were found in the initial narural regeneration (h<0.5 m), while in the advanced
natural regeneration (h>0.5 m), the representation was only 8%. This is because silver fir is very
sensitive to silviculrural interventions (Dobrowolska er 4., 2017). Forestry systems used in Europe
are among the main reasons for silver fir decline in stands in some areas (Viska e 4/, 2009).
In the study region, the presence of silver fir reflects the suitability of the forest management
regimen applied. Therefore, it is necessary to mainrain a sufficient proportion of fir in stands
through consistent silvicultural management, with an emphasis on shelterwood management
and selection thinning practices (Vacek e a/., 2015 Mikulenka ez 47, 2020). A regeneration period
of at least 30-40 vears seems appropriate for supporting fir trees (Bernadzki, 1965). As already
mentioned, in the conrext of global climare change, the disappearance of silver fir from warmer
and drier areas in Slovenia has been observed primarily in fragmented forests and at the borders
of its natural range (Ficko e @/, 2011). The negative impact of the warming climate has also
been observed in southwestern Europe (Gazol e ¢/, 2015), especially in the Medirerranean,
where the fir decline has been linked to increased drought stress (Cavlovi€ & af., 2015).

Finally, the main limiration of the current study is thar it was a non-repeated measure-
ment, not a long-rerm study. Long-rerm research is very important for studying the dynamics of
forest stands, including the changes in species composition (Prerzsch, 2009; Vacek era/., 2017).
On the other hand, this dynamic was partially replaced in our study by a comparison of rhe
species composition of different developmental stages of regeneration and subsequently rhe
rree layer. The second limitarion of our research is the small area of interest. On the other hand,
27 experimental plots were examined in this forest complex and several case studies dealing
with fir also provide important insights into silviculture practice and forest management ( Barbu,
2009 Vacek ez o/, 2014). Furthermore, case studies can guide furure studies. The main benefit
of this research is the unique and rare alritude posirion in the lowland. Silver fir is a typical tree
species in hill and mounrain forests (Konnert and Bergmann, 1995; Diaci e ¢/, 2011; Dobro-
wolska e @/, 2017). Thus, the studied lowland area could model dynamics of fir forests on
mountains in relation to climaric changes associated with the lack of precipiration and rising
remperanires in the furure.
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Conclusion

The studied mixed lowland stands in the Rogéw area of Poland indicated a high natural regener-
arion potential (52,667 pcs/ha), with fir comprising 63% of the regeneration species composition,
12% less than in the tree layer. The proportion of fir decreased significantly with increasing
height, where fir represented 74% of the initial natural regeneration, but 8% in the advanced
regeneration. At the same rime, fir showed on average the lowest height values when compared
to the average height of the other tree species, while rhe highest was seen in pioneer tree
species (birch and hazel). In rerms of the vegetation influence, analyses revealed a significant
positive effect of ground vegetation competition on the height of all narural regeneration indi-
viduals, which is closely correlated to gaps in the canopy. The vegetation cover type had no
demonstrable effect on the height of fir regeneration individuals, but the rallest individuals
were recorded ar sites with the presence of the rallest vegetation — Rudws. In general, however,
grasses had the grearest effect on fir regenerarion. This can be a major problem in nutrient-rich
sites wirth a loose canopy. We recorded a decreased proportion of fir as the competition level
increased. This points to one of the main silvicultural recommendations, which is to promote fir
or maximize caution in the release (canopy opening) of this shade-tolerant tree species. Other
factors such as the influence of microhabitar, the competition of the parent layer, or the fact that
this is a case study from lower altitudes should also be taken into account when interpreting the
results.
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STRESZCZENIE

Wplyw runa le§nego na odnowienie naturalne mieszanvch laséw
jodlowych na nizinach: studium przypadku z Laséw Rogowskich

Jodta pospolita Adies afba Mill. jest waznym gospodarczo gatunkiem drzewa iglastego, ktdrego
udziat w lasach Europy w ostatnich dziesigcioleciach drastycznie spadt Celem pracy byto zbada-
nie wphywu typu pokrywy runa (Sciota, mszysta, zielna, boréwkowa, zadarniona, paprociowa,
jezynowa) i poziomu konkurencji wyrazonego stopniem pokrycia (1 — maly, 0-25%; 2 — $redni,
25-50%; 3 - duzy, 50-75%; 4 — bardzo duzy, 75-100%) na zageszczenie, réznorodnosé gatunkows
oraz strukture wysokosciows odnowleri naturalnych w drzewostanie z dominacja jodhy. Badania
przeprowadzono na terenie Lesnego Zaktadu Doswiadezalnego w Rogowle (centralna Polska,
~194 m n.p.m.), wykorzystujgc w tym celu 27 Rolowych powierzchni badawczych w ogrodzo-
nym 60-letnim drzewostanie rosnacym na siedlisku lasu $wiezego.

82



Effect of vegetation on natural regeneration 795

Laczne zaggszezenie dizew w warstwie odnowienia wyniosto 52 667 szt./ha, z czego 63%
stanowita jodta. W poréwnaniu z macierzysta warstwg drzew w odnowieniu naturalnym zaobserwo-
wano zmniejszenie udzial procentowego jodly i buka zwyczajnego oraz wzrost udzialu modrzewia
europejskiego i sosny zwyczajnej (ryc. 1). W warstwie nalotéw (wysokosé <0,5 m; 43 444 szt./ha)
najliczniej reprezentowanym gatunkiem byla jodta (74%; 32 222 szt./ha). Zageszezenie jodly
malato w kolejnych analizowanych klasach wysokosci odnowienia. W warstwie podrostéw
(wysoko$é >0,5 m) udzial tego gatunku wynosit zaledwic 8% (721 szt./ha) (ryc. 2). Calkowite
zageszezenie podrostéw wynosito 9222 szt.fha (17,5% wszystkich odnowierd). Najliczniej repre-
zenrowanym gatunkiem w tej warstwie byt grab (29%; 2630 szt./ha). Wyzsze klasy wysokosdciowe
odnowienia cechowaly si¢ wigksza réznorodnosceig gatunkows drzew i wigksza réwnomiernoscig
ich wystepowania. Srednia wysokos¢ osobnikéw wszystkich badanych gamunkéw drzew wyno-
sita 43 cm, przy czym jodta byta najnizsza (19 cm), a brzoza brodawkowata najwyzsza (122 em)
(rye. 3).

Analizy statystyczne wykazaly istotny wplyw konkurencji runa lesnego na srednie wyso-
kosci ogétem odnowier naruralnych (rest Kruskala-Wallisa: H(a, N:N):IO,?Z, p<0,05), jednak
wplyw tego czynnika nie zostat potwierdzony w przypadku jodly (rye. 4). Nie potwierdzono tez
starystycznie istotnego wptywu typu pokrywy runa na $rednie wysokesci wszystkich odnowien
oraz samej jodly, choé najwyzsze okazy rego gatunku odnotowano na powierzchniach z obec-
nosciy jezyny (26,6 cm), a najnizsze na pokrywie typu sciofa (13,7 em). Stednia wysokosé
odnowiefi naturalnych byta dodarnio skorelowana z ich réznorodnosciz pionows (r=0,95,
p<0,001), poziomem konkurencji (r.=0,56, p<0,01) i réwnomiernoscia gatunkows (r,=0,51-0,52,
p<0,05), natomiast ujemnie skorelowana z udziatem jodty w odnowieniu naturalnym {r =-0,73,
p<0,01) (ryc. 5).

Stwierdzony istotny wplyw rodlinnosci runa na zaggszczenie, réznorodnosé gatunkows oraz
strukrure wysokosciows odnowieri naturalnyeh ma réwniez implikacje prakryezne. Planujace od-
nowienie naturalne jodty, nalezy bra¢ pod uwage konkurencje ze strony roglinnogei runa oraz
samosiewdw innych gatunkéw drzew i kizewdw. Szezepdlng uwage nalezy zwrécié na poczatkowe
nasilenie cie¢ odnowieniowych, ktére powinno by¢ na tyle niskie, aby zapewnié cieniozno$nej
i bardzo wolno rosngcej jodle przewage konkurencyjng nad innymi gatunkami runa lesnego i tym
samym umozliwié jej przejscie do nastgpnej fazy rozwojowej.
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5.2. Tematicky okruh II - Struktura, produkce a péstovani smiSenych
porosti

5.2.1. Mixed vs. monospecific mountain forests in response to climate
change: structural and growth perspectives of Norway spruce and European
beech

3. VACEK Z., PROKUPKOVA A, VACEK S., BULUSEK D., SIMUNEK V., HAJEK V., KRALICEK
I. (2021): Mixed vs. monospecific mountain forests in response to climate change:
structural and growth perspectives of Norway spruce and European beech. Forest Ecology
and Management, 488: 119019.

Smisené lesy hraji klicovou roli z hlediska stability ekosystému, produkéniho
potencialu a adaptace na zmény klimatu. Dulezitym cilem vyzkumu bylo komplexné
analyzovat vliv druhového sloZeni na produkci, strukturu, diverzitu a rast jednotlivych
dfevin v porostu. Tato studie se zamétovala na dvé hlavni dfeviny v Evropé, smrk ztepily
(Picea abies [L.] Karst.) a buk lesni (Fagus sylvatica L.), a jejich vzajemné interakce v
acidofilnich smrkobukovych porostech v Krkonosich (980—1065 m n. m.). Pro detailni
analyzy bylo porovnano 5 variant (pomér smrku a buku) s 6 opakovanimi (celkem 30
vyzkumnych ploch): SM 100 %, SM 75:25 BK, SM 50:50 BK, SM 25:75 BK a BK 100
%. Na zdklad€¢ odebranych 178 vyvrtid byl také zkouman vliv klimatickych faktort
(teplota, srazky) a znecisténi ovzdusi (SO2, NOx, AOT40F) na radialni rist smrku a buku
v jednotlivych variantdch. Vysledky ukazaly, Ze smiSené lesy dosdhly o 7,7 % vyssi
produkce dieva nez smrkové monokultury a dokonce 0 47,3 % vyssi produkce nez bukové
monokultury. Nejvétsi produkce byla zaznamendna ve varianté smrku 75 % a buku 25 %,
druhti stromt. Z téchto vysledkl 1ze usuzovat, ze i mald piimés jiné dieviny miize mit
vyrazny pozitivni efekt na produkci a stabilitu smiSenych porosti. ZjiStény radialni rtst
obou druht v poslednich desetiletich poukazuje na schopnost téchto stromi pfizpisobit
se klimatickym zménam. ZneciSténi ovzdusi, zvlast€é emisemi SO> a NOx, mélo
signifikantni negativni vliv na radidlni riist smrku. Nicméné s postupnym snizovanim
podilu smrku v porostu se projevovala zvysena odolnost smrku vii¢i negativnim dopadiim
zneCisténi, a to podobné jako u buku. Klimatické faktory, zejména teplota a srazky, mély
vliv na ruast jednotlivych druhii ve smiSenych porostech. Zvlasté u buku byl pozorovan
vetsi vliv teplot na radidlni rist nez u srazek, zejména béhem vegeta¢niho obdobi. Vhodna
kombinace buku a smrku v porostech jednak zvySuje jejich produkéni potencial, ale také
zlepsuje ekosystémové funkce lesa, zvySuje diverzitu a snizuje riziko trvalé udrzitelnosti

zpusobené stresem a poSkozeni zvéii, které je v soucasné dob€ umocnovano klimatickou
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zménou. To je spojeno s ekonomickymi vyhodami smiSenych lestt v podobé vyssich
vynost a sniZzenych nejistot. VSechny tyto ukazatelé, v€etné stability porostu a zlepSeni
ptudnich parametri, mohou byt posileny lesnickymi opatfenimi s piimési jinych dievin,
naptiklad jedle bélokoré. Z téchto perspektiv je dulezité brat v uvahu odolnost a
pfizplsobivost vtrouSenych a pfimiSenych dievin klimatickym extrémim pfi jejim
péstovani ve smiSenych porostech a navrhnout a provést efektivni péstitelskéa opatieni pro
vytvoieni produktivnich a ekologicky stabilnich smiSenych lesi v souvislosti s
postupujici globalni klimatickou zménou. Zaveérem, pozitivni efekt smisenych lesti nesmi
byt v praxi redukovan nevhodnymi péstebni zasahy, jako snizovani poctu stromll na

urovenn monokultur, ¢i t€zba stinomilnych dfevin v podurovni.
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ARTICLE INFQ ABSTRACT

Keywords:
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Mixed forests play a key role in terms of stability, production potential and adaptation to ¢limate change. Norway
spruce [PA, Picea abies (L.) Karst] and European beech (FS, Fagus sylvatica L.) are among the most important tree
species in Europe. The aim of the study was to determine the influence of the species composition of these two
tree genera on the production, structure, diversity and growth of mixed Fageto-Piceetim acidophilim stands in the
Krkonose Mountains, in the Czech Republic. The following 5 variants (ratios) of mixture were compared in 6
replications (30 research plots in total): PA 100%, PA 75:25 I'S, PA 50:50 IS, PA 25:75 I'S and I'S 100%. Based on
178 tree core samples, the research also focused on the influence of climatic factors (temperature, precipitation)
and air pollution (80, NOx, AOT40F) on the radial growth of these tree species of particular variants. Mixed
forests showed a timber production higher by 7.7% (-10.8 to 31.5%) in comparison to sprucc monocultures, and
by 47 3% (21.9-79.7%) compared to beech monocultures. The largest production as well as the highest diameter
increment were documented in PA 75:25 FS (656 m® ha ). In addition, this variant had the lowest extreme
decreases/[Tuctuations in radial growth in both tree species, Over the last 50 years, the increment in beech
increased by 7.9% and by 2.5% in spruce. The cyclical behavior in the radial growth of both tree species occurred
in the short-term solar cycles of 9-11 and long-term periods of 50-75 years, while the spruce showed higher
eyclic intensity. The concentration of both SO, and NOy had a significant negative effect on the radial growth of
spruce. In both tree specics, the negative effect of air pollution lessened with their deereasing share in the stand.
Similarly, precipitation and temperature had a more significant effect on the growth of monospecific variants in
both tree species, especially in beech. Temperatures, when compared to precipitation, had a greater effect on the

Growth variability
Productivity
Diversily

Central Europe

radial growth of both (ree genera, especially during the vegetation period. In terms of diversity, mixed stands
achieved significantly higher structural (diameter, height, erown) differentiation and overall diversity compared
to monospecific variants. In general, mixed stands can achieve higher production potential, diversity and
especially resistance 1o climate extremes and air pollution in relation 10 climate change in the water-sufficient
highland and mountain arcas of the Czech Republic, Differences between mixed stands vs, monocultures, ic
the effect of tree species mixing, depend on suitable ratios of tree species and their spatial pattern.

1. Introduction most widespread and, socio-economically, most valuable species of

Eurcpean forest ecosystems (Euforgen, 2009). In the past however,

Mixed spruce and beech forests cover large mountain areas of Europe
(Brus et al., 2012; Sharma et al., 2016; Diaci et al., 2020). They oceur
from northeastern Spain in the west to western Ukraine in the east and
from the southern tip of Italy in the south to the Sudeten mountain
ranges in the north (Bohn and Katenina, 1996). Norway spruce [Picea
abies (L.) Karst] and European beech (Fagus sylvatica L.) are among the

# Corresponding author.
F-mail address: vacelz@fld czu.cr. (7. Vacek).
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Norway spruce and its monocultures were strongly preferred in clear-
cutting management at the expense of mixed forests (Spiecker, 2000;
Flopcic et al., 2017), mainly due to its econcmic efficiency, high pro-
duction and ability to grow well outside its natural range (Spiecker,
2003). For this reason, there are only even-aged spruce monocultures in
many localities instead of the original mixed mountain forests (Ott et al.,
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1997). In recent years, the adverse effects of climate change closely
commected with widespread spruce silviculture have become increas-
ingly problematic (Kolling and Zimmermarm, 2007; Albrecht et al,,
2012; Cremer and Prietzel, 2017) and the cultivation of spruce outside
its natural range has been increasingly questioned (Griess and Knoke,
2013; Hldsny et al,, 2014), Therefore, spruce monocultures are begin-
ning to be uansformed into all-aged stands with a higher proportion of
deciduous trees where beech predominates (Pretzsch et al,, 2014; Kolar
et al., 2017) to make use of its relatively high production and repro-
duction potential with a rather wide ecological valence (Ammer er al,,
2008).

Monoculture management tends to focus more on the production
function rather than biodiversity (Lindenmayer and Franklin, 2002),
which significantly impacts associated ecosystems (Jactel et al,, 2000;
Griess and Knoke, 2011) and brings a number of inereased risks (Schiitz
et al., 2006; Seidl et al., 2011; Griess et al., 2012). In contrast, mixed
forest management usually leads to a greater stand resistance to a
number of risks and can also provide increased economic value
compared to monocultures (Paquette and Messier, 2011; Gamfeldtecal.,
2013; Pretzsch etal,, 2013b; Felton et al,, 2016), especially in relation to
climate change (Seidl et al,, 2014; Pardos et al,, 2020), Climate change
affects both the production of forest stands (Guisch et al,, 2016) and
their survival (Seidl et al., 2017; Gallo et al., 2020), For this reason, the
entire forestry economy is affected (Friedrich et al.,, 2019; Toth et al.,
2020). Therefore, it is important to implement appropriate management
measures that will increase the stand stability and vitality, with mixed
forest silviculture playing an important role in this effort at the expense
of monocultural stands (Bolte et al,, 2009; Vacek et al,, 2020c¢). Spruce,
one of the most important monocultural tree species, manifests its
insufficient ability to adapt to climate change in the changing environ-
mental conditons (Valinger and Fridman, 2011; Griess and Knoke,
2013). Mixed forests, on the other hand, mitigate the negative impacts of
changing envirommental conditions better, on average, than mono-
cultures, especially when it comes to growth and survival of the tree
(Albert et al., 2015; Pukkala, 2018; Forrester et al.,, 2016). In addition,
these stands can be more productive (depending on tree species
composition and environmental conditions) than monocultures during
climate change (Ammer, 2019).

Changes in tree species composition and in the structure of forests
are important parts of their dynamies (Oliver and Larsorn, 1996), On the
other hand, forest ecosystems have faced significant anthropogenic and
climatic influence, resulting in dramatic changes in forest stands and the
way they provide their ecosystem functions (Klopcic et al, 2017).
Therefore, it is one of the most important decisions in forest manage-
ment today to select an adequate future tree composition of forest eco-
systems (Meuner et al,, 2015), In Tecent years, the study of mixed forest
stands has gained importance and attention, especially in relation to the
impact of mixing species for the stability and production of forest eco-
systems (Pretzsch et al,, 2013a; Tobner et al., 2016; Coll et al., 2018;
Pretzseh et al,, 2020). The effect of mixing has been studied for several
decades, beginning in the 19605 (Friedrich er al., 2019), and the influ-
ence of species richness on forest production has been addressed by a
number of works (Vallet and Pérot, 2011; Gamfeldt et al,, 2013; Bielak
et al, 2014; Pretzsch and Schiitze, 2016; Jactel et al,, 2018; Dormann
et al,, 2019), However, not only the effect of species richness is impor-
tant in relation to productivity, but species composition should also be
considered, too (Grossman et al, 2017; Ammer, 2019). Mutual in-
teractions of individual tree species not only affect productivity, but also
increase resistance to disturbances (Schuitz et al,, 2006; Pretzsch et al.,
2013b; Vacek et al., 2019a). The resulting resistance of mixed stands
depends on the tee species and the specific threat. In particular, the
mixing of species with different susceptibilities to biotic and abiotic
factors can lead to a significant reduction in the risk threatening forest
stands (Bauhus et al, 2017), Climate change can lead to alterations in
plant phenology (Walther et al, 2002), regeneration potential (Mok
et al., 2011), tree species production (van der Maaten-Theunissen et al.,
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2013; Lévesque et al, 2016) as well as higher mortality (Allen et al,,
2010, Allen et al,, 2015) or shifts in the distribution range of individual
species (Didion et al,, 2011; Rigling et al., 2013). The association be-
tween the climate and growth have been analyzed in the past by
comparing tree-ring width chronologies and meteorological data in
Gentral Europe for both spruce (Rybnicek et al., 2010; Koprowski, 2013;
Putalovd et al., 2019) and beech (Malder and Leuschner, 2014; Krdlitek
et al, 2017; Siminek et al,, 2019), Most of these studies conclude that
altitude is a major factor driving the main growth response to climate in
temperate zone forests (Bosela et al, 2014). The growth of wees at
higher altitudes is mainly influenced by rising seasonal temperature and
global radiation in recent decades (Dulamsuren et al., 2017; Kolar et al.,
2017). For these reasons, an apparent increase in growth has been
observed over the last 20 years (Ponocnd et al, 2016). In contrast, a
decrease in growth was observed in lower positions due to greater
drought, both in spruce (Lévesque et al., 2014) and beech (Rozas et al.,
2015). In the light of current climate change, it is therefore important to
formulate an adequate adaptive strategy for forest management based
on new knowledge, which this work should also contribute o (Fiirst
et al,, 2007; Vacek et al., 2020¢).

When comparing the production and dynamics of mixed forests
versus monocultures, it is also important to focus comprehensively on a
number of characteristics of the stand structure, such as vertical and
horizontal distribution, which can have a strong effect on the in-
teractions of species (Forrester and Pretzsch, 2015). Failure to include
these characteristics in the analysis could lead to a misinterpretation of
the species reaction (Schiitz, 1999; Del Rio etal, 2016). The objective of
this paper was to evaluate the structure, diversity, production and
growth in relation to climate change depending on different types of
beech and spruce mixtures in the western part of the Krkonose Moun-
tains and answer the following research questions:

(1) How does the mixing of European beech and Norway spruce
meodify the horizontal and vertical structure, structural (crown,
height and diameter) differentiation, species and overall diversity
and the timber productivity (basal area, stand volume, ete.) of
forest stands?

(2) Is the dynamics and cyclicity behavior of radial growth of spruce
and beech affected by their mixing?

(3) How does the mixing effect modify the sensitvity of the radial
growth of beech and spruce to climatic factors (precipitation,
temperature, extreme events) and air pollution (SOp NOy,
AOTA0F)?

(4) What interactions (correlations) exist among the stand structure,
production parameters, diversity, and different ratios of spruce
and beech in the tree species composition?

2. Material and methods
2.1, Study area

Long-term research activities of the protected area V Bazinkdch have
been ongoing since the mid-1880s, initiated by the Austrian Forestry
Research Institute in Maribrun (Vacek, 1996). In 1960, the State natural
reserve was established on the slopes of the Kozelsky ridge in the
western Krkonose Mts. in the northeast Czech Republic (Fig. 1). Since
then, the area has been left to spontaneous development. At present, it is
Nature Protection Zone I of the Krkonose National Park with an area of
33.39 ha (Vacek et al., 1987). Detailed research activities are taking
place there, in cooperation with the Forestry and Game Management
Research Institute and Czech University of Life Sciences, Faculty of
Forestry and Wood Sciences, in Prague. Our area of interest is located in
the upper part of Zone I at an altitude of 980-1065 m above sea level.
The average slope of the locality is 22° and the exposure is eastern. The
geological subsoil consists mainly of phyllites and gneisses. The pre-
dominant soil type is modal eryptopodzol (Matejka et al., 2010),
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Fig. 1. Localization of mixed stands in the study area V BaZinkdch in the KrkonoSe MNational Park with the meteorological stations — the source of data used for
dendrochronology analyses and the mean monthly climatic values (1975-2019); the map was made in ArcGIS 10 software (Esri).

The mean annual temperature is around 4.9 °C with a maximum in
July (14.4 °C) and a minimum in January (—4.0 °C). The total precipi-
tation is around 1309 mm (maximum in July — 143 mm, minimum in
April - 66 mm). Over 44 years (1975-2019), there has been an increase
in temperature by 1.4 °C and an increase in precipitation by 30 mm. The
vegetation period lasts approximately 105 days and the average number
of days with snow cover is 130 (Tolasz et al., 2007). Monthly averages of
S0, concentrations during the air pollution disaster (in the 1970s and
1980s) ranged around 10-35 ug m 2 and then led to a significant
decrease after 2000 to the current values of ca 4 pg m & (Krdl et al.,
2015; Vacek et al,, 2020b). The NOy concentration currently averages
around 8 pg m ? and AOT40F shows mean values of 27,000 ppb h 1.

Mountain acidophilous beech stands (plant association Calamagrostio
villosae-Fagetum sylvaticae Mikyska 1972) and mountain Calamagrostio
villosa spruce stands (plant association Calamagrostio villosae-Piceetum
abietis Schliiter 1966) predominate in the studied area. The forest type
is Fageto-Piceetum acidophilum (Acidic beech-spruce) (Viewegh et al,,
2003). The predominant tree species include European beech and Nor-
way spruce with admixed (<5% in the tree species composition)
allochthonous silver fir (Abies alba Mill.), sycamore maple (Acer pseu-
doplatanus L.) and rowan (Sorbus aucuparia L.). The stand consists of
three storeys aged approximately 234/50/28 years, with beech and
spruce represented in each storey. According to the forest management
plan, the average stand volume is around 540 m® ha 1,

2.2, Daia collection

The study area of 3.25 ha was divided into a grid of 25 x 25 m (52
squares), where data was collected on a total of 30 selected square plots
of 25 x 25 m (the size of one plot is 625 mz, total size of all measured
plots 1.875 ha) in the spring of 2020, Squares located in a swamp/spring
or rock outcrop were excluded before the selecting of plots. The per-
manent research plots (PRPs) were divided according to the species
composition into 5 variants (6 plots in each variant): 1) 92.5-100%
spruce (PA 100%), 2) 75 =+ 7.5% spruce and 25 + 7.5% beech (PA 75:25
FS), 3) 50 + 7.5% spruce and 50 =+ 7.5% beech (PA 50:50 FS), 4) 25 +
7.5% spruce and 75 + 7.5% beech (PA 25:75 FS) and 5) 92.5-100%
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beech (FS 100%). The species composition and division into variants
was determined by the percentage of the basal area. In terms of design,
the PRPs were randomly chosen (RNG Excel) and were arranged so that
plots with the same variants did not adjoin each other (no horizontal or
vertical neighboring plots), but the plots could touch in the corners
(neighbors in the transverse direction). FieldMap technology (IFER)
recorded positions of individual trees with dbh > 7 cm, and their erown
projection was measured in four directions. The squared grid was also
established by this technology, such as checking of boundary uees.
Boundary trees with more than a half of their diameter at breast height
(dbh) lying inside a PRP were counted in. The dbh was measured with a
Mantax Blue calliper (Haglof, Sweden) with an accuracy of 1 mm, and
the height of the individual trees and the height of the green crown with
a Vertex laser altimeter (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 a height of 1.3 m in
the direction up/down the slope. From each variant by its species
composition, 24 samples of Norway spruce and 24 of European beech
from the dominant and co-dominant trees according to the Kraft clas-
sification (Kraft, 1884) were randomly (RNG function, Excel) taken as
the significant growth response (compared to sub-dominant and sup-
pressed trees; Remes et al,, 2015). All these selected trees only come
from the upper tree storey (age about 234 years) with a registration
value of dbh over 30 em for beech and 50 em for spruce, respeetively. In
the variant with a wee share of 25%, only 18 core samples were taken
due to the limited number of trees. A total of 90 core samples of spruce
and 90 of beech were taken (180 samples in total; 178 samples
analyzed). Four (three) core samples were taken evenly on each PRP for
a particular tree species. The annual increments of the tree rings were
then measured with an accuracy of 0.01 mm using an Olympus binoc-
ular microscope on a LINTAB measuring table and recorded in TsapWin
software (Rinmtech).

Measurements from air polluton monitoring and meteorological
stations were used to derive stress factors related to air pollution and
climate. Available data from the station Desna-Sous (772 m a.s.l.; GPS
50°47'21"N, 15°19'11"E) were used for the analysis of the air pollution
situation in terms of concenwations of SO, (1971-2012), NOx
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(1992-2012) and AOT40F (1996-2012), Average and maximum con-
centration values were used for evaluation. Climate behaviour related to
temperature and precipitation conditions (1975-2018) was evaluated
on the basis of data from the meteorological station Pec pod Snézkou
(816 m a.s.l.; GPS 50°41'30”N, 15°43’43”E). The development of tem-
perature and precipitation conditions was based on the data of the
average annual temperature, temperature in the vegetation period,
temperature in individual months, annual total precipitation, total
precipitation in the vegetation period, and monthly total precipitation.

2.3. Daia analysis

The basic structure, diversity, and production characteristics of the
wee layer were caleulated by the SIBYLA Triquema 10 software using
tree-level and spatially explicit data set (Fabrika and Dursky, 2005;
Fabrika et al, 2018) based on our measurements. All collected den-
drometric parameters of individual trees (see Data collection section)
were used as input data (tree species, coordinates, height, dbh, crown
width, live crown base, age). The crown width was derived from the
measured area of the crown projection. The PointPro 2.1 (Zahradnik &
Pus, CZU) program was used to calculate the characteristics of the
horizontal layout of the individuals on PRPs using the Clark and Evans
aggregation index (1954). The volume of trees was calculated by the
volume equations published in Peras and Pajiik (1991), Crown closure
(Cr on and Stage, 1999), and the relative stand density index
(Reineke, 1033) were then calculated from the measured stand density
indicators, The relative SDI was calculated as the ratio of the actual
value of the stand density index to its maximum value. The stand density
index represents the theoretical number of trees per hectare, if the mean
quadratic diameter of the stand compeonent were equal to 25 em
(Reineke, 1033). The maximum SDI value was derived from the model of
yield tables [for spruce (beech) 1220 (1050) trees; Halaj et al.,, 1987].
Standard deviations (SD) were calculated for the mean quadratic dbh
and mean height. The form factor was determined from the mean tree
which is characterized by mean quadratic diameter and mean arithmetic
height.

Indices of species richness (Margalef, 1945), species heterogeneity
(Shannon, 1948) and species evenness (Pielou, 1975; Table 1) were
calculated as part of the evaluation of species diversity. Structural di-
versity was evaluated based on the horizontal structure (Clark and
Evans, 1954), the vertical structure using Arten-profile index (Pretzsch,
2006) and vertical diversity index (Jaechne and Dohrenbusch, 1997), the
structural differentiation of the stand using the indices of diameter and
height differentiation (Fiilldner, 1995) and crown differentiation
(Jachne and Dohrenbusch, 1997), The Arten-profile index was calcu-
lated using the basal area of wee species 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.
Last but not least, the stand diversity index was calculated in terms of
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complex biodiversity (Jachne and Dohrenbusch, 1997), Total diversity
is composed of the following components of diversity: tree species di-
versity, diversity of vertical structure, diversity of tree spatial distribu-
tion, and diversity of crown differentiation. The input variables are the
number of tree species, maximum and minimum tree species proportion,
maximum and minimum mee height, maximum and minimum wee
spacing, minimum height to crown base, and minimum and maximum
crown diameter. Detailed information about the calculation of the used
indices can be found in the works by Voréik et al. (2006) and Vacek
et al, (2020a).

Tree-ring increment series were individually crossdated (1o remove
errors caused by missing tree rings) using statistical tests in the PAST
application (Kni 2007) and subsequently subjected to a visual in-
spection 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. Re-
sidual chronologies and detrended average tree ring series were calcu-
lated in the ARSTAN program (Cook and Holmes, 1084), Firstly,
negative exponential spline, and subsequently, 0.67n spline were used
for age dewending (Grissino Mayer et al., 1992), Residual chronologies
were performed because a removal of serial autocorrelation was
required for a further statistical analysis (Cberhuber et al,, 2008). The
first-order autocorrelation AR1 was calculated in package dplr in R
software (Buni, . R Coare Team, 2019), The first-order autocorre-
lation assessed the relationship with the previous tree growth, or rather
the connection between the radial increment in two consecutive years as
a measure of the tree’s physiological buffering capaeity (Fritis, 1976).
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
occurrence 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 between climate characteristics (monthly average temper-
atures and sum of precipitation in particular years) and radial growth,
the DendroClim software was used (Biondi and Waikul, 2004).

Statistical analyses of diversity, production and structural parame-
ters between individual variants were processed in Statistica 13 software
(© StatSoft, Tulsa). Data were first tested by the Shapiro-Wilk normality
testand then by the Bartett variance test. When both requirements were
met, the differences between the examined parameters were tested by an
analysis of variance (ANOVA) followed by Tukey HSD test. If normality
and variance were not met, the investigated characteristics were tested
by the nonparamertric Kruskal-Wallis rest. The relation berween air
pollution parameters and radial growth was evaluated using Pearson
correlation. Fluctuations in beech and spruce radial growth, in terms of
the species composition variants, were evaluated by spectral analyses
that were used to identify the dominant periods/frequencies (cyclieal
behavior) of a time series. Spectral analyses for indexed (detrended)
radial growth were also performed with Statistica 13 software (©

Table 1
Overview of indices describing the stand diversity and their common interpretation.
Criterion Onantifiers Labd Reference Evaluation
Species diversity Richness D (Mi) Margal ef (1958) minimum D = 0, higher D = higher values
Heterogeneity H’ (8i) Shannon (1948) minimum ' = 0, higher H' = higher values
Evenness E (Pii) Pielou (1975) range 0-1; minimum E = 0, maximum E=1
Horizontal structure Aggregation index R (C&Ei) Clark and Evans, (1954) mean value R = 1; aggregation R < 1; regularityR > 1
Vertical structure Arten-profile index A (Pri) Pretzsch (2006) range 0-1; balanced vertical structure A < 0.3; selection
forest A> 0.9
Vertical div. 8 (J&Di) Jaehne and Dohrenbusch (1997) low S5 < 0.3, medium 8 = 0.3-0.5, high § = 0.5-0.7, very high
diversity § > 0.7
Structure differentiation Diameter dif. TM, (Fi) Fiilldner (1995) range 0-1; low TM < 0.3; very high differentiation TM > 0.7
Height dif. TM;, (Fi)
Crown dif. K (J&Di) Jaehne and Dohrenbuseh (1997) low K < 1.0, medium K = 1.0-1.5, high X = 1.5-2.0, very high
differentiation K > 2.0
Complex diversity Stand diversity B (J&Di) Jaehne and Dohrenbuseh (1997) monotonous structure B < 4; uneven structure B = 6-8; very
diverse structure B > 9
4
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Statsoft, Tulsa). The calculation was performed with the “Single Fourier
(Spectral) Analysis” function, using the cutput “Periodogram” plot by
“Period”.

The quadratic regression for an analysis of the effect of tree species
mixing (in relation to the ratio of the ree number, basal area, and stand
volume) on the total stand volume was performed in R software (R Core
Team, 2020), relevant plot was constructed via “ggplot2” package
(Wickham, 2016). Particular ANOVA tests with random factor were
computed to asses possible interactions with randomly selected study
plot via “lme4” package (Bates et al, 2015). The principal component
analysis (PCA) was performed in the CANOCO 5 program (Smilauer and
Leps, 2014) to evaluate the relationships between the stand structure,
production parameters, and tree species composition variants. Prior to
analysis, the data was standardized, centralized and logarithmized. The
results of PCA were presented in a species and environmental variables
diagram and classified sample diagram.

3. Resulis
3.1. Stund structure and production potential

The mixing of beech and spruce (species composition) had a signif-
icant effect on the structural parameters of the investigated stands
(Table 2). The significantly (ANOVA; F4, 25 = 4.98; p < 0.01) largest
dbh (52.1 em) was found in the PA 100% variant, while the smallest
diameter was in the FS 100% (41.2 cm) and PA 25:75 FS (44.7 em). We
have also performed ANOVA model with plot umber as a rand om factor
for dbh and tree height with similar results (dbh; p = 0.01, tree height; p
= 0.68), so we decided to use standard ANOVA test when possible.

Likewise, the significantly (ANOVA; F(4, 25) = 3.52; p < 0.05) highest
volume of the mean stem (2.31 m®) was found in the PA 100% variant
compared to the lowest volume (1.62 m?) in the F$ 100%. By contrast,
no significant difference was found between the mean height (ANOVA;
Fia, 25y = 1.89; p = 0.05) and the form factor (Kruskal Wallis test; H =
6.13; p > 0.05). The number of trees per hectare ranged from 228 to 295
trees ha !, while no significant (ANOVA; Fa, 25) = 1.30; p > 0.05) dif-
ference between the variants was found. However, in mixed stands, a
15.5% higher number of trees were found compared to monoeultures.
The slenderness coefficient was the significantdy (ANOVA; F, 25y =
5.86; p < 0.001) highest in the FS variant 100%. CGrown closure showed
no significant differences among variants (Kruskal-Wallis test; H =
7.61p > 0.05).

In terms of stand production, a significant difference between the

Table 2
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variants was found in the basal area (Kruskal-Wallis tes; H = 11.86; p <
0.05), stand volume (ANOVA; Fy, 25 = 4.47; p < 0.01), mean annual
increment (ANOVA; Fq, 25) = 4.17; p < 0.01) and stocking (ANOVA; Fy,
25)=23.27; p < 0.05). The basal area ranged from 30.5 (FS 100%) to 58.0
(PA 75:25 FS) m? ha !, which is a difference of 52.6%. Equally, the
highest stand volume was found for the PA 75:25 FS variant (656 m’
ha 1), while the stand volume (365 m® ha 1) in the beech monoculture
was 55.6% lower. On average, mixed stands showed 27.5% higher
production capacity compared to monocultures. Specifically, the stand
volume was higher in mixed stands by 7.7% (-10.8 o 31.5%) in com-
parison to spruce monocultures, and by 47.3% (21.9-79.7%) compared
to beech monocultures. Other admixed tree species (silver fir, sycamore
maple and rowan) reached the maximum share in the stand volume of
3.4% per PRP, respectively 0.6% per variant. The mean annual incre-
ment was again the significandy highest in the PA 75:25 FS variant,
reaching 3.12m® ha !y compared to an increment of 1.82m*ha 1y
in FS 100%. The variant PA 50:50 FS showed the second highest pro-
duction parameters (after PA 75:25 FS),

Comparing in detail, the dependence of the total stand volume and
the ratios (no variants) of spruce in relation to the number of trees, basal
area and stand volume (data from 30 PRPs), the highest positive effect of
species mixing on production potential was found in the ratio of 65-75%
spruce and 25-35% beech, according to quadratic regression (Fig. 2). In
all three cases, the ratio of spruce in the tree species composition had a
significant effect on the total stand volume, while it was the highest in
the case of the ratio of spruce volume [p(x) < 0.05, p(xz) < 0.001]
compared to the number of spruce trees [p(x) = 0,06, p(x?) < 0.05].

The diameter structure shown in Fig, 3 demonstrates greater diam-
eter variability with a broader distribution on the diameter spectrum in
the case of spruce than beech. The stands with a high proportion of
beech resembled the Gaussian curve in shape, which flattened with an
increasing proportion of spruce. In mixed stands, beech formed mainly
the lower storey while spruce formed the upper. Overall, beech was the
most common in diameter classes, ranging from 31 to 47 ecm and spruce
from 55 to 71 ¢m of dbh. The thickest beech’s diameter was 85.9 ¢m, the
spruce’s 108.1 cm.

3.2. Biodiversity of tree layer

In terms of species diversity, the studied stands showed low richness
(D = 0.009-0.182) and heterogeneity (H' = 0.015-0.288; Table 3).
Large differences were found in species evenness, where single species
variants (PA 100% and FS 100%) showed a very low diversity, while PA

Structural and production characteristics of the stand on permanent research plots (average value over all PRP + SE) differentiated by the species composition
(variants) in 2020; significant (p < 0.05) differences between values are indicated by different letters, with the significantly highest values highlighted in bold, P-values

in bold depict statistically significant results.

Variant n dbh h £ v N BA v HDR MAIL cC sSD1
(pes)  (em) (m) (m®) (trees (m*ha ') (m® (m*ha 'y (%)
ha ') ha ') b
PA 100% 6 521 + 240 + 0.45 + 231 + 228 + 46.1 = 499 + 46.2 + 232+ 70.8 = 0.58ab +
2.2b 1.5a 0.02a 0.22b 20a 2.7ab 34ab 2.4a 0.17ab 1.9a 0.03ab
PA 75:25 6 50.0 £ 248 £ 0.46 £ 222 & 295 & 58.0 + 656 + 498+ 312 + 852 0.76b +
FS 1.9ab 0.6a 0.01a 0.15ab 28a 5.9b 71b 1.9a 0.32b 54a 0.07b
PA 50:50 [ 502 + 228 + 0.46 + 210 £ 249 + 48.4 = 512+ 46.1 + 243 + 87.8 + 0.66ab +
FS 2.5ad 0.6a 0.01a 0.17ab 20a 3.8ab 39ab 2.4a 0.18ab 51a 0.05ab
PA 2575 6 447 + 219 + 0.50 + 1.70 + 261 + 41.0 + 445 + 49.4 + 217 + 90.0 + 0.60ab +
s 2.1a 1.0a 0.02a 0.16ab 23a 3.7ab 458 3.0a 0.22ab 2.0a 0.05ab
FS 100% 6 412+ 246 & 0.49 £ 1.62 £ 236 & 305+ 365+ 59.9+ 182+ 7841 0.49a +
1.4a 0.5a 0.00a 0.13a 30a 3.5a 3%a 1.6b 0.18a 6.0a 0.06a
Testing for differences [ANOVA - F (4 25y; Kruskal-Wallis test - H ¢4, 1 — 30)]
Test F=4.93 H=6.12 F=3.52 F=1.30 H=1186 F =447 F =586 F=417 H=761 F=3.27
p-value p < 0.01 p=0.19 p<0.05 p =030 p<0.05 p=<001 p<0.01 p=<0.01 p=0.11 p=<0.05

Notes: n— number of plots in one variant, dbh — mean quadratic diameter at breast height, h — mean height, f — form factor, v — mean tree volume, N — number of trees
per hectare, BA — basal area, V — stand volume, HDR — slenderness coefficient, MAI — mean annual increment, CC — canopy closure, SDI — relative stand density index

(stocking).
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Fig. 3. Diameter structure of forest stands according to tree species composition variants in the location V BaZinkach in 2020,

75:25 FS and PA 25:75 FS variants showed a high diversity; a very high
evenness was found in variant PA 50:50 FS. The significanty highest
species richness (Kruskal-Wallis test; H = 23.53; p < 0.001), species
heterogeneity (Kruskal -Wallis test; H = 25.75; p < 0.001) and species
evermness (Kruskal-Wallis test; H = 25.75; p < 0.001) were found in the
PA 50:50 FS variant.

No significant differences were found in the horizontal structure
between the individual variants (p > 0.05; Table 3). However, the
spatdal pattern was significantly (p < 0.05) aggregated (R

91

0.689-0.705) in single species variants (PA 100% and FS 100%), while
all other variants indicated a random horizontal swucture (R =
0.785-0.824). In terms of the predominant low diameter and height
differentiation, no significant differences (p > 0.05) were found between
the individual variants. No significant difference (p = 0.05) was found in
vertical diversity in the A index, but a significant difference (ANOVA;
F4, 5= 3.54, p < 0.05) was confirmed in the S index. Variants PA75:25
FS and PA 25:75 FS showed a significantly (p < 0.05) higher vertical
diversity compared to the other variants. Overall, according to the
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Table 3
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Indicators of stand biodiversity on permanent research plots (average value over all PRPs with SE) in 2020; significant (p < 0.05) differences between values are
indicated by different letters, the significantly highest values are highlighted in bold, P-values in bold depict statistically significant results.

Variant n D (Mi) H’ (81) E (Pii) R (C&Ei) A (Pri) 8 (J&Di) TMy (Fi) TMy (Fi) K (J&Di) B (J&Di)
(pes)
PA 100% ] 0.009 £ 0.015 £ 0.028 £ 0.705 £ 0.441 £ 0.684 & 0.291 &+ 0,257 £ 1171 £ 4.011 £
0.01a 0.01a 0.03a 0.04a’ 0.11a 0.09ab 0.07a 0.02a 0.14a 0.45ab
PA 75:25 6 0.173 & 0.204 + 0.679 + 0.785 + 0.558 + 0.715 + 0.362 + 0.280 + 1.370 + 5.013 &+
Fs 0.00b 0.02b 0.08b 0.04a 0.04a 0.06b 0.03a 0.04a 0.21a 0.39b
PA 50:50 6 0.182 + 0.288 + 0.959 + 0.798 £ 0.613 £ 0.696 = 0.5311 + 0.244 + 1.419+ 5.003 +
FS 0.00b 0.00¢ 0.02¢c 0.05a 0.04a 0.05ab 0.02a 0.03a 0.18a 0.30b
PA 25:75 6 0.180 + 0.240 + 0.797 + 0.824 + 0.616 £ 0.714 + 0.315 + 0.219 + 1.425 + 5.042 +
FS 0.00b 0.01be 0.02bc 0.10a 0.02a 0.05b 0.04a 0.02a 0.22a 0.36b
FS 100% 6 0.017 & 0.025 & 0.052 £ 0.689 + 0.561 = 0.415 & 0.212 & 0,152 & 0.851 & 2,765 £
0.01a 0.02a 0.03a 0.02a* 0.03a 0.08a 0.03a 0.02a 0.22a 0.4%a
Testing for differences [ANOVA - F (4 25); Kruskal-Wallis test - H ¢4, 11 — ag)]
Test H = 23.53 H = 2575 H=2575 F=041 F=143 F =354 F=186 F =160 F =154 F =595
P-value p < 0.001 p < 0.001 p < 0,001 p=0.80 p=0325 p < 0.05 p=0.15 p=10.21 p=022 P < 0.001

Notes: D — species richness, H' — species heterogeneity, E — species evenness, R — aggregation index, A — Arten-profile index, 8§ — vertical diversity, TMy — index of

diameter differentiation, T}, — index of height differentiation, K — crown differentiation, B — stand diversity index,

" statistically significant aggregation spatial pattern (a

monitored indices, the vertical diversity was medium for single-species
variants and high to very high for mixed variants, especially in the
mixing ratio of 25:75. Crown differentiation did not show significant (p
> 0.05) differences between variants and reached average values in
most cases. An exception was the low crown differentiation in 100%
beech stands.

Mixing had a significant (ANGVA; F4, 25y = 5.95, p < 0.01) effect on
the overall diversity of forest stands. A significantly higher structure (p
< 0.05) was found in mixed variants compared to beech and spruce
monocultures. In most cases, the monitored stands showed an even
strueture, except for the monotonous structure in stands with 100%
beech.

3.3, Dynamics of radial growih

The mean maximum age according to dendrochronoelogical analyses
for beech on PRPs was 215 years (max. 221 years) and for spruce 228
years (max. 239 years; Table 4). The average annual diameter increment
in spruce (2.897 mm) was 33.1% higher than that of beech (1.937 mm).
The highest diameter increment was found in the PA 75% variant, while
the lowest values were reached in the FS 100% variant. In terms of both
tree species, the highest values of radial growth are reached in stands
with 75% spruce and 25% beech, similarly confirmed by the analysis of
production in Table 2. On the other hand, a higher increment variability
was found in spruce compared to beech (Fig. 4, Table 4). The RWI
standard deviation was 0.244 in beech and 0.282 in spruce. In terms of
individual variants, the highest positive fluctuations in the increment of

Table 4

0.05) for horizontal structure (R index)

beech (in 1938 and 1994) were found in the FS 100% variant and the
highest negative fluctuations (in 1981 and 1986) in the FS 75% variant.
The variant with a 25% beech representation was the most balanced in
terms of radial growth (SD 0.211). Over the last 50 years (compared to
the preceding 50 years), radial growth has increased by 14.4% in FS
100% stands, by 21.7% in FS 75%, decreased by 5.3% in FS 50% and
increased by 0.9% in FS 25%. Conversely, in the case of spruce,
increased radial growth was observed in variants with a lower propor-
tion of spruce. In stands with 100% spruce, radial growth has decreased
by 7.3% over the last 50 years, in other variants there has been an in-
crease (PA 75% by 1.5%, PA 50% by 7.1% and PA 25% by 8.6%).
Overall, however, a higher increase in radial growth over the last 50
years has been found for beech (by 7.9%) than for spruce (by 2.5%).
High first-order autocorrelation indicated that radial growth was
strongly influenced by conditions in the preceding year, especially in the
case of spruce monocultures.

In terms of negative pointer years (NPY), an average of 6 years with
extremely low radial growth was found in spruce, while in beech 13
significantly negative years were analyzed. In beech, the least NPY was
found in the 25% variant and in spruce in the 75% variant. In spruce,
NPY were detected in all monitored variants in 1906, 1980 and 1981.
The years 1980 and 1981 are characterized by high concentrations of
805, In addition, 1980 was classified as the coldest in the observed
period 1961-2019 (annual temperatures 3.4 °C, long-term average
4.9 °C) and the year of 1981 brought the largest total precipitation in the
entire history of measurements (1761 mm, long-term average 1314
mm). Fig. 4 shows a significant decline in increment in 1980-1991 due

Characteristics of basic tree-ring chronologies of European beech and orway spruce dominant and co-dominant trees on permanent research plots differentiated

according to the species mixing variants (in years 1869-2019).

Tree species Share (%) Cores (n) Age min-max (vears) RW mean RWI SD AR1 Negative pointer years
European beech 100 24 164-216 0.832 0.261 0.641 1894, 1911, 1913, 1918, 1928, 1942, 1948, 1952,
1956, 1981, 1984, 1985, 1996
75 24 129-221 0.955 0.275 0.599 1872, 1878, 1886, 1894, 1913, 1928, 1929, 1934,
1952, 1953, 1981, 1984, 1985, 1996, 2011
50 23 117-212 1.011 0.232 0.584 1872, 1913, 1918, 1928, 1942, 1952, 1956, 1976,
1981, 1984, 1985, 1993, 1996, 2007, 2011
25 18 110-209 1.075 0.211 0.546 1913, 1916, 1929, 1981, 1984, 1985, 1996, 1998
HNorway spruce 100 24 126-232 1.334 0.335 0.854 1905, 1906, 1923, 1941, 1942, 1974, 1980, 1981
75 23 129-216 1.599 0.247 0.814 1906, 1974, 1980, 1981
50 24 147-239 1.486 0.278 0.833 1906, 1942, 1980, 1961, 1982
25 18 172-223 1.374 0.269 0.831 1906, 1942, 1943, 1974, 1980, 1981, 1982, 1984

Notes: Share — species composition on plot, Gores — 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 autocomrelation, negative pointer years - years with significantly extreme low radial growth.
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Fig. 4. standardized mean chronology of Eurapean beech and Norway spruce (tree species composition 100%, 75%, 50%, 25%) in 1809-2019 after removing the

age trend expressed by the tree-ring index.

to the synergism of the air pollution disaster and numercus climatic
extremes, and also in 1980-1986 the attack of bark beetle. Subse-
quently, in the years 1991 to 2014, after the decrease of the air pollution
load, the radial growth increased or stabilized. However, this trend was
disrupted by the bark beetle attack in 1993 and 1996. Since 2015, due to
drought and a decrease in precipitation, there has also been a decrease in

increment. This is most pronounced in the area with 100% spruce.
Similarly, the negative year of 1982 is attributed to a lack of precipita-
tion and increased drought in the vegetation period (precipitation lower
by 53.6% than the average). On the other hand, in 2002, for example,
there was a significant increase in radial growth, due to the historically
warmest (+1.5 °C above average) and rainiest (monthly + 83 mm) early

Norway spruce
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of 150 years. The periodogram values (y-axis) show the spectral power of cyclical behaviour on time period (x-axis).
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months of the year.

A reverse situation was observed in beech, where the number of NPY
ranged, according to variants, from 8 to 15 (4-8 NPY in spruce). In
beech, a higher number of common NPY for all variants was found too:
1913, 1981, 1984, 1985 and 1996. The year 1981 is characterized by a
severe damage (o the assimilation apparatus by late frost and extremely
high precipitation (see above), The years 1984 to 1989 are characterized
by an intensive occurrence of woolly beech scale (Cryptococcus fagisuga
Lindinger 1936) on stems and beech gall midge (Mikiola fagi Hartig
1839) on leaves, that are certain o have caused a more significant
decrease of radial growth during the period of strong SO air pollution
loads. Years 1990-2015 were the times of an overall increase but with
four more significant distruptions. In 1993, 1996, 2007 and 2011 there
was significant damage to the assimilation apparatus by late frosts. The
most prominent damage occurred in 1996, when the lowest tempera-
tures (—1.1 °C, long-term average 1.5 °C) were historically measured in
the period January—May. Similar to spruce, beech also found some years
with a significantly higher radial growth, for example in 1994, This year
is characterized by the warmest month of July (+2.9 °C), but signifi-
cantly above-average temperatures during the vegetation period as a
whole.

Spectral analysis (Fig. 5) was used to investigate the cyclical periods
(oscillation patterns) in wee-ring width signal. In a basic comparison of
the spectal analysis of the indexed tree-ring width chronology of indi-
vidual tree species, there are more pronounced cycles for spruce stands
than for beech stands. It is evident in that the periodogram values (that
indicate the spectral intensity of the basic cycles in time series) for
spruce are on the order of 3 to 5 times higher than for beech. Thus,
spruce stands undergo larger periodic fluctuations in radial growth than
Dbeech stands, as evidenced by the graph of the basic chronology (Fig. 4).
The highest periods of the indexed data are in 100% spruce variants. At
the same time, a decrease in “pericdogram values” of spruce isrelated to
a reduction in the propertion of Norway spruce in the stand; the 25%
spruce variant is a minor exception, showing slightly higher values
compared to PA 50%. In beech stands, the “periodogram values” do not
decrease as significantly as in spruce, but at the same time, the lowest
values of “periodogram values” are found in the 25% beech variant.
Thus, European beech shows the smallest fluctuations in radial growth
in stands with the smallest proportion (FS 25%).

Spectral analyses of the indexed tree-ring width chronology in Fig. 5
also confirm that all variants of spruce and beech show a repetitive
increment development in short-term 9 to 11-year periods. Theresults in
Fig. 4 also show that all variants go through long-term 50-year or 75-
year cycles, or eycles from 50 to 75 years which occur simultaneously.
The spectral analysis reveals a noteworthy occurrence of 30-year cycles
for beech (FS 100%). An occurrence of 2 to 7-year periods in beech also
applies to all variants of beech stands, but a 4-year eycle in the FS 75%
variant is the most prominent.

3.4. Effect of climate

Temperatures in the vegetation period are significantly correlated to
the radial growth of both ee species; in the case of spruce, it is mainly
the beginning of the vegetation period, and in the case of beech, the
second part (Fig. 6). Significantly the most prominent month in terms of
radial growth was July (1 = 0.44-0.50) for beech, and April (v =
0.41-0.50) for spruce. Overall, spruce was more influenced by precipi-
tation than beech. In beech, the positive effect of temperatures on
growth prevailed, except for July in the preceding year. Conversely, in
spruce, the effect of temperatures was positive in all cases, In terms of
mixtures, the same number of significant months (8) was found in all
variants in spruce, but in terms of the correlation coefficient, the 100%
variant was most affected by temperature. In beech, the most stable in
terms of temperature was the variant with a representation of 50%. A
difference in the number of significant months was found between the
individual variants. The FS 100% showed 8 months, while the FS 25%
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Fig. 6. Coefficients of correlation of the regional residual index tree-ring width
chronologies of European beech and Morway spruce with monthly average air
temperature differentiated according to tree species compaosition variants. The
period from April of the preceding year (capital letters) to September of the
current year (lower-case letters) during the period 1961 to 2019 was used for all
correlation analyses presented. Correlation values are displayed only if a sig-
nificance level corresponding to p < 0.05 was reached.

only 4 months.

Compared to temperatures, precipitation had a significantly lesser
effect on radial growth (Iig. 7). In both tree species, they can have both
positive and negative effeets. In beech, the most important month was
December of the preceding year (r = 0.29-0.36), while in spruce it was
April in the current year (r = —0.31 to —0.39). In beech, significant
differences were found among the variants once again. The effect of
precipitation was most prominent in the FS 100% stands (6 months) and,
conversely, least prominent in FS 25% stands (2 months). Spruce did not
show that significant of a difference between the variants, but it was
more significant than in the case of temperatures. PA 25% and PA 50%
showed a lower effect of temperatures compared to the 100% and 75%
variants (5 vs. 6 significant months).

3.5, Effect of air pollution

In terms of the effect of air pollution, Norway spruce is clearly a more
susceptible species than European beech (Table 5). This is also
confirmed by a significant decrease in radial growth in Fig. 4 in
1980-1991 caused by high annual SO» concentrations with an average
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Fig. 7. Goefficients of correlation of the regional residual index tree-ring width
chronologies of European beech and Morway spruce with monthly sum of
precipitation differentiated according to tree species composition variants. The
period from April of the preceding vear (capital letters) to September of the
current year (lower-case letters) during the period 1961 to 2019 was used for all
correlation analyses presented. Correlation values are displayed only if a sig-
nificance level corresponding to p < 0.05 was reached.
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Table 5
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Gorrelations between the radial growth increment and air pollution factors (80, 1970-2012, Oy 1992-2012, AOT40F 1996-2012) differentiated according to tree

species composition variants.

European beech Horway spruce
25% 50% 75% 100% 25% 50% 75% 100%
S50, mean -0.37 —-0.31 -0.32 —0.40 —0.66%* —0,68%* —0.72%* —0.74%*
505 max —0.47 —0.40 -0.38 —0.52% —0.65%% —0.68%* —0.72%* —0.70%*
MOy mean -0.06 -0.01 -0.06 -0.14 -0.39 -0.35 -0.47 ~0.61*
NOy; max -0.39 —0.36 —0.42 -0.40 —0.47 -0.41 —0.52% —0.51*
AOT40F —0.05 —0.02 0.04 —0.05 -0.18 —0.06 —0.28 —0.30

Notes: SOz and NOx concentrations (mean — mean annual concentration, max — maximum daily concentration), AOT40F — ozone exposure index; significant corre-

lations ate indicated bold with an asterisk (* p < 0.05, ** p < 0.01).

of 18.2 yjgm & (currently 3-4 pg m 3). In all cases (mixing variants),
spruce was negatively correlated with average annual and maximum
daily SO, concentrations, SO, concentrations had the greatest negative
effect on radial growth in variants 100% and 75% (p < 0.01,1r = —0.70
to —74) and the smallest in variant 25% (p < 0.01,1 = —0.65 t0 0.66). In
all, the annual average SO, concentrations had a greater negative effect
than the daily maxima. Specifically, in terms of individual months, the
highest negative effect of SO, was found in December and January (p <
0.01) and - in the vegetation season — in April and August (p < 0.05). On
the contrary, the smallest effect of SO, on the diameter increment was in
September. In the PA 100% variant, a significantly negative effect of SO3
was found in all months, while in the PA 50% variant, only in 5 months.
Mean and maximum NOx concentrations had a significantly negative
effect only in the PA 100% variant (p < 0.05,r =—0.51 to 0.61) and — in
the maximum concentrations — in the PA variant 75% (p < 0.05, 1 =
~0.52). In the other two variants, no significant effect of NOy on the
radial growth of spruce was demonstrated. The ozone exposure index
(AOT40F) did not have a significant (p > 0.05) effect in the increment in
any case, but in all cases the effect was negative (the largest in 100%
variants, again).

European beech shows a significantly better resistance to air pollu-
tion in terms of radial growth of trees. In all monitored eases (variants as
well as pollutants), a significant correlation (p < 0.05) was found only in
one case. Maximum annual SO, eoncentrations had a significant nega-
tive effect on radial growth (p < 0.05, 1 —0.52). In beech, the
maximum daily concentrations had a more significant impact from all
pollutants than the annual average. In spruce, the situation was
balanced.

1.0

AP)

1w

3.6. Interaction between structure, production, diversity and species
effects

The results of PCA are presented in an ordination diagrams in Fig. 8
[A) - species and environmental variables diagram and B) — classified
sample diagram]. The first ordination axis explains 38.1% of data
variability, the first two axes together explain 58.1% and the first four
axes 82.8%. The x-axis illustrates the swuctural differentiation and
canopy (crown closure) and the y-axis represents the stem volume
together with the vertical structure (Arten-profile index; I'ig. 8A). The
stand volume was positively correlated with the basal area and stocking
(SDI), while these parameters were negatively comrelated with the height
to diameter ratio. The structural diversity and total diversity rose with
an increased number of tees and canopy. The stem volume was posi-
tively correlated with the mean diameter and height, while these pa-
rameters were negatively correlated with the vertical Arten-profile
index. The tendency for regular distribution of wees rose with increased
stocking, but the pointer of horizontal swucture (R index) was the lowest
explanatory variable in the ordination diagram. In terms of tree species
mixture variants, differences among all parameters were remarkable in
monospecific stands, as marks from each record were relatively distant
one from another, whereas marks symbolizing mixed stands were rela-
tively close to each other. A high diversity and rich structure were
characteristic for mixed stands compared to monospecific stands. The
highest production potential was observed in the variant with the
composition of PA 75:25 FS. The lowest variability in terms of one
variant (6 PRPs) was observed in a balanced proportion of both tree
species (PA 50:50 FS). On the other hand, the height variability between
6 PRPs in all studied parameters (structure, diversity, production) was
analyzed in both monospecific variants (Fig. 8B).

Fig. 8. Ordination diagram showing results of the
PCA analysis of relationships between variants tree
species composition (Fagus sylvatica - FS 100%, Picea
abies - PA 100%, PA 25:75 FS, PA 50:50 FS, PA 75:25
FS), stand characteristics (Stand volume, Stem vol-

»
& o

EPYH (5 i capi .
D) {Deu:ity A 25:15F

<

-1.0

ume, Basal area, Diameter, HDR, Height, Canopy,
Density) and diversity (D, H, E, A, TMd, TMh, K and B
indices). Diagram on the left (A) is focused on the
species and environmental variables, while the right
diagram (B) showing classified samples (border of tree
species mixing variants); small grey symbols indicate
30 research plots and large black symbols indicate
centroids of 5 variants of tree species mixtures,
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4. Discussion
4.1, Stand production and structure

When compar ing mixed and monospecific stands of beech and spruce in
the Krkonose Mts., a significant effect of mixing on the production potential
was confirmed. The highest volume of all examined mixture variants was
found in the variant PA 75:25 FS (656 m® ha 1) and subsequently in the
variantPA 50:50 FS (512 m®ha 1), while the lowest volume was evident in
the beech monoeulture (365 m® ha 1), Overall, however, production in the
studied mixed stands decreased with higher proportion of beech, similar to
the findings from Slovakia (Sharma et al., 2010), When comparing mixed
stands, a lower stand volume (449 m®ha 1)wasalso found in spruce-beech
stands in the Krkonose Mts. (Vacek et al., 2015a). Kralicek et al. (2017) also
reported a lower stand volume (239-536 m®ha 1) in mixed spruce-beech
stands in similar habitats (905-990 m a.s.1.) in the Orlické hory Mts. In
contrast, beech-spruce-fir stands in another area of the Orlické hory Mts.
showed a similar production (538 m® ha 1 Vacek, 2017). A comparison
study of non-mixed stands in the Krkonose Mts. showed that both mono-
specific beech stands (altitude 940-1030 m as.l, volume 198 m® ha %
Simfnek et al., 2020) and sprucestands (altitude 710-1250 ma.s 1., volume
322 m® ha 1,' Putalova et al, 2019) featured lower stand volumes
compared to mixed stands. In more detail, the most suitable ratio was PA
65-75% and FA 25-35% according to the quadratic regression in owr study,
while the best variable predictor in the species ratio was the stand volume
(compared to the number of trees or basal area).

As in our case, mixed stands showed on average 27 5% higher pro-
duction capacity compared to monocultures, or more precisely, the
stand volume higher by 8% than spruce monocultures and by 47% than
beech monocultures according to the stand volume. An extensive meta-
analysis involving 51 publications across several climatic zones (boreal,
temperate, Mediterranean, subtropical) shows a mean overyielding at
the specieslevel of 14.5% and, asresults from 20 works, an overyielding
of 26.5% at the stand level (Pretzsch and Forrester, 2017). However, if
we focus on the Central European region in more detail, a study from
Germany reports that mixed stands produce 11-30% larger volume of
strains than monocultures (Pretzsch, 2016). In our study, the mean stem
volume was 9.7% higher in beech and 7.7% higher in spruce in mixed
stands than in monocultures. Another extensive meta-analysis of 46
mixed spruce-fir-beech stands documents that mixed stands achieve
19% (spruce) and 24% (fir) higher production compared to neighboring
monospecific stands (Pretzsch and Forrester, 2017), In our case, an
increased stand volume of silver fir is caused by different silviculture
strategies, and its low sunlight demands, compared to beech and spruce
(Vacek et al,, 2015b; Dobrowolska et al., 2017). Moreover, a study from
beech-spruce-fir mountain forests in Europe showed that the highest
increase in volume increment over last 30 years was observed for fir,
while it significantly dropped for spruce, due to climate change (Hilmers
et al, 2019), A prevailing positive effect of admixtures of European
beech and Norway spruce on production is confirmed by several other
works (Pretzsch and Schiitze, 2009; Pretzsch et al., 2010, 2012a,
2013b).

In addition to production, the nature of the mixture can also signif-
icantly affect the number of trees, stocking and stand density index
(Amorosos and Turmblom, 2006; Pretzsch and Biber, 2016; Pretzsch and
Zenner, 2017), Thisalso corresponds with the results of our study, where
the number of trees in mixed stands was 15.5% higher compared to
monocultures (higher by 27.2% in the variant PS 75:25 FS). The pro-
ductivity of mixed stands compared to monocultures is positively
influenced by higher stand density, crown projection area, size asym-
metry and size inequality (Pretzsch et al.,, 2014; del Rioc et al, 2017).
Monospecific stands have a relatively less complex canopy structure
(horizontal predominates over vertical), lower stucture variability
within the stands and lower resource efficiency (Forrester and Albrechr,
2014; Pretzsch, 2014). Trees in mixed stands may manifest a higher
resource efficiency and therefore have a significantly higher growth rate
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compared to trees in monospecific stands (Richards et al,, 2010; Pretzsch
et al, 2016; Sharma et al., 2016, 2017) due to different ecclogical de-
mands (nutrients, moisture, climatic factors, lighting ete.) of individual
tree species (Knoke et al., 2008; Vacek et al.,, 2019b; Mikulenka et al,,
2020). At the same time, even a relatively small admixture can induce
strong positive effects (Pretzsch, 2014). In our case, admixing some of
the wee species up to 25% increased the stand volume by 26.7%
{compared to monoculture). There are economic benefits also associated
with a higher production of mixed forests (Agestam et al., 2006; Felton
et al,, 2010).

4.2. Diversity of tree layer

In terms of species diversity, the study confirmed that species rich-
ness (D 0.01), heterogeneity (H’ 0.02) and evermess (E 0.03) were
significantly lower in monocultures compared to all variants of mixed
stands (D 0.18, H' 0.25 and E 0.82), Similar values of tree species di-
versity were found in a spruce-beech forest in the Jizerské hory Mts. (D
0.17, H' 0.20, F 0.66 — Vacek et al,, 2019a), On the other hand, higher
diversity was observed in species richness and heterogeneity, and lower
in species evenmess, respectively, in a spruce-beech forest in the Orlické
hory Mts. (Vacek, 2017). This was caused by the admixture of other tree
species such as silver fir, rowan, and sycamore maple. In our study, the
greatest differences between mixing variants were found in species
evenness and heterogeneity. The highest (significantly in the case of H’
and E indices) species heterogeneity, evenness and richness, were found
in the variant PA 50:50 FS and, conversely, the lowest values of in-
dicators of species diversity were reached in the spruce momnoculture.
Many studies primarily use species richness to explain the diversity-
productivity relationship (Morin et al, 2011; Gillman et al,, 2015),
but species evenness and heterogeneity should also be inecluded to
models in terms of species diversity and interspecific interactions (MNijs
and Roy, 2000; Zhang et al.,, 2012). The global meta-analysis of 54
studies showed that the best predictor in the explanation of the pro-
ductivity model was species evenness (34%), while species richness
explained 13% of the variation (Zhang et al., 2012), However, our study
showed that an even size distribution of spruce and beech (PA 50:50 FA,
high evenness) reduces the productivity, as was confirmed in complex
analyses of mountain mixed forests in 7 European countries (Torresan
et al,, 2020).

No significant mixing effect was found on the spatial distibution.
However, the horizontal structure in monocultures was significantly
aggregated, while mixed stands showed random spatial distribution.
Random distribution of the tree layer was also found in mixed stands in
the Oilické hory Mts, (Kralicek et al., 2017; Vacek, 2017), in the Boubin
old-growth forest (Sebkova et al, 2011) and in Poland (Szwagrzyk and
Czerwezak, 1993), A similar tendency to aggregation in beech and
spruce monocultures at higher altitudes, as was in our case, also found in

other areas of the Czech Republic (Vacek et al., 2014a; Krdl et al., 2015;
Vacek et al,, 2019¢), The horizontal structure of the wee layer in natural
and close-to-nature forests is random in most cases (von Cheimb et al.,

2005; Héjek et al, 2020; Vacek et al,, 2020a) but with increasing age
and increasing habitat richness, the competition increases too, and the
structure changes from aggregated to random and, finally, regular
(Wijdeven, 2003; Rugani et al., 2013; Bulusek et al., 2016). In the initial
growth stages (natural regeneration) or in exwreme habitats (upper forest
boundaries, rocks), aggregation of individuals occurs (Nagel et al., 2006;
Vacek et al., 2015d).

In terms of structural differentiation, admixtures had no significant
effect on diameter and height differentiation. Nevertheless, mixed
stands (TMd 0.33, TMh 0.25) did show a higher differentiation in
comparisen to monecultures (TMd 0,25, TMh 0,20), Similarly, higher
diameter differentiation was found in mixed stands in the Krkonose Mts.
(TMd 0,47 — Vacek, 2017) and in the Orlické hory Mts. (TMd 0.40 —
Kralicel et al,, 2017) in comparison with monocultures in Krkonose
(TM4d 0.33 - Vacek et al,, 2015d; TMdA 0.36 - Kral et al,, 2017) and in
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Slovakia (TMd 0.36; Stefancik, 2015), Mixed stands also showed a
higher vertical diversity (by 18.7-29.0%) compared to monospecific
stands. Variants with a 25:75 admixture ratio reached the significantly
highest values. Crown differentiation was 38.9% higher in mixed stands
compared to monocultures. Rich vertical diversity and crown differen-
tiation allows mixed stands to close canopy gaps (formed by dead trees
or disturbances) faster than single layered monospecific stands. This
lessens the damage and increases the density, growth and production of
mixed versus monospecific stands (Pretzsch and Forrester, 2017). In
addition, much denser and diversified completion of the canopy space in
mixed stands can increase light capture, stand density, productivity, but
also growth resistance to defects (Pretzsch, 2014).

In assessing the effectiveness of mixing, an analysis of the overall
diversity of stands, including species composition, vertical structure,
spatial distribution and crown differentiation, is important (Jachne and
Dohrenbusch, 1997). The above results show that the total diversity was
significantly higher by 47.4% in mixed stands compared to mono-
cultures. This is in line with other results of work documenting a higher
overall diversity and mixed beech-spruce stands (B 7.2 - Krdlicel et al.,
2017; B 8.5 - Vacek, 2017) compared to spruce monocultures (B 6.2 -
Kralicek et al,, 2017) and beech monocultures (B 6.4 — Vacek et al.,
2015d),

4.3. Radial growth in relation to climate and pollution

‘The mean width of annual rings for beech was in the range of 0.5-2.0
mm (mean 0.97 mm) on the studied PRPs. It was the largest in the stands
with a beech share of 25% (1.08 mm) and smallest in the stands with
100% share (0.83 mm). Over the last 50 years, in stands with domi-
nating beech, the radial growth has increased significantly (by 18.1%)
compared to the FS 50% and FS 25% variants where there has been a
decrease of 4.4%. However, the last 50 years in the Krkonose Mts. has
manifested a higher increase inradial growth in beech (7.9%) compared
to spruce (2.5%). Similarly, in other studies, a demonstrable increase in
growth has been observed at higher altitudes in recent years, both in
spruce (Pornoend et al., 2016) and especially in beech (Dulamsuren et al.,
2017), where it reaches the upper limit of its distribution (Vacek and
Hejeman, 2012; Bulusek et al., 2016). Tree species respond to climate
change and rising temperatures by reduced growth in the lowlands but
increased at higher altitudes (Dulamsuren et al., 2017; Kolif et al,,
2017), where low summer temperatures are a characteristic limiting
factor for growth and production of mountain forests worldwide (Grace
etal, 2002; Cukor et al,, 2020), The opposite situation occurs in lower
areas, where tree species are limited by climate-change induced redis-
wibution of precipitation and long-term episodes of drought (Lindiier
et al.,, 2010, Hlasny et al., 2014).

A mean width of annual rings in Norway spruce on the studied PRPs
ranged from 0.2 to 3.1 mm (mean 1.44 mm). It was the largest in 75%
spruce stands (1.60 mum) and smallest in 100% spruce stands (1.33 mim).
In the PA 100% variant, the radial growth decreased by 7.3% over the
last 50 years compared to the preceding 50 years; in the other mixing
variants there was an increase (PA 75% by 1.5%, PA 50% by 7.1%, PA
25% by 8.6%). A higher radial growth of spruce compared to beech in
spruce-beech stands in southern Sweden is reported by Bolte et al,
(2010). The situation is similar in the Orlické hory Mts. in the Czech
Republic, where the originally dominant diameter increment of spruce
has been decreasing over the last 50 years, while in beech it is constant
or slightly increasing (Kialicek et al., 2017).

Dendrochronological results also show that the relatively high first-
order autocorrelation indicated that radial growth was strongly influ-
enced by conditions in the preceding year, while it was higher in terms
of spruce compared to beech. In both cases, the highest value of auto-
correlation was observed in monocultures compared to mixed forests.
Generally, conifers have a higher autocorrelation due to the cyclical
formation of, e.g., needles, or a higher autocorrelation may occur due to
fruitripening (Speer, 2010). A study from the Austrian Alps also showed
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high autocorrelation in radial growth throughout the timberline ecotone
due to a strong effect of climatic factors in the preceding year (Ober

huber et al,, 2008), Similarly, our studied forest stands are located in the
high-altitude area (980-1065 m a. s. 1.), whereas timberline in the
Krkonose Mts. is located at 1260 m a.sl. (Vacek and Hejeman, 2012),
Moreover, spruce showed a greater variability in radial growth
compared to beech. The PA 75:25 FS mixture variant seems to be the
muost suitable, where — in terms of an extreme decrease inradial growth —
negative pointer years were the least frequent. During the 1980s, growth
minima in both studied mee species were caused by synergism of air
pollution (especially high concentaations of SO»), climate (late frosts,
winter drying) and biotic pests (woolly beech scale, beech gall midge,
spruce bark beetle and larch tortrix), which is confirmed in many pub-
lications (Jurasek and Vacek, 1987; Krejéi et al, 2013; Vacek et al.,
2015¢, 2020b). In terms of air pollution, the concentrations of SO, and
NOy have had a significantly negative effect on the radial growth of
spruce in all variants, though with its decreasing presence in the stand,
the resistance increases. By contrast, beech was highly resistant to air
pollution (a negative effect of SO, was confirmed only in the mono-
specific variant), Similarly, in the Jizerské hory Mts., the effect of air
pollution on beech growth was not confirmed, in contrast to the
significantly negative effect on spruce growth, In addition, spruce was
more resistant to air pollution and climatie stress in mixed stands (Vacek
et al., 2019a). In accordance with our study, Bolte et al. (2010), Vacek
et al. (2015¢), Krdlieek et al. (2017) and Vacek et al. (2020d) reported a
negative effect of drought on the radial growth of spruce. Overall, our
study confirmed that, in terms of radial growth, spruce was a more
sensitive tree genus to climatic conditions than beech. The review of
Leuschner (2020) also confirmed less drought sensitivity of beech
compared to spruce and sycamore. However, beech can be highly sen-
sitive to climatic extremes in the initial stage of growth (Gallo et al.,
2017). In both wee species, monocultures were more influenced by the
climatic factors. Ding et al. (2017 also stated that spruce benefits from
the admixture of beech in terms of resistance to climatic extremes.
Spruce growth in inter-specific beech environments is 20-50% less
affected by drought episodes compared to intra-specific constellation
(Pretzsch et al., 2020).

The effect of mixing on growth stability was also confirmed by
spectral analyses; the largest fluctuations in increment occur in mono-
cultures, Overall, larger fluctuations (6 times higher periodogram
values) were found in the radial growth of spruce compared to beech. In
addition, a period of 9 to 11 years is repeated for all spruce and beech
variants. This can be explained by the influence of solar activity, which
has recently been confirmed for beech in the Krkonose Mits, (Siminek
etal., 2020, 2019), The influence of solar activity on forest stands occurs
across Europe; tree-ring analyses show 11-year periods, for example in
western Russia on Scots pine (Pinus sylvestris L.; Shumilov etal,, 2011) or
in Portugal on cork cak (Quercus suber L.; Surovy et al,, 2010). Our re-
sults also documented 50 to 75-year cycles, which can be attributed to
the length of the stage of the natural development cycle of forest tree
species. Forest wee species such as European beech and Norway spruce
go through nartural developmental cycles. In European beech, its natural
cycle — its lifespan of a wee species in the Krkonose Mts. - is 200-250
years, and it is 300-350 years in spruce, with three stages occurring
during this cycle — growth, the optimum and decay (Vacek et al,, 2010),

Presently, warming, drought and the rise of extreme weather events
have an increasingly negative impact on forests in Europe (Lindner et al,,
2010; Milad et al,, 2011; Reyer et al., 2017; Seidl et al., 2017). For this
reason, it is necessary to develop appropriate forest management
adaptation strategies to mitigate the impacts of global elimate change on
forest ecosystems (Lindner et al.,, 2014; Paul et al., 2019; Vacek et al.,
2020c¢). In the future, an ecological peint of view will probably lead us to
expect a greater preference for mixed stands over monocultures and
beech at the expense of spruce, which have proved to be more sensitive
to the existing level of global climate change in recent years and will
probably worsen when the climate change intensifies. In addition, a



Z. Vacek eral.

suitable combination of the stand mixture will not only improve the
stability and resistance of the stand to adverse factors, but will also in-
crease its produetion potential. These findings are consistent with, for
example, the work of Liipke (2004), Bréda et al. (2006), Pichler and
Oberhuber (2007), Pretzsch and Dieler (2011), wvan der
Maaten-Theunissen and Bouriaud (2012), Pretzsch and Forrester
(2017), Novdk et al. (2017), Pretzsch et al. (2020), Vacek et al. (2020¢).
Also, in addition to the mixing of the two aforementioned tree species,
we must not forget about the positive effect of admixing of other
allochthonous tree species on the forest environment and stand stability,
such as silver fir and sycamore maple in mountain areas (Podrazslky
et al,, 2018; Vacek et al,, 2018; Mikulenka et al., 2020). On the other
hand, we must take into account the greater complexity of silviculture in
richly struetured mixed stands (in terms of knowledge and experience of
forest managers), and also their higher attractiveness in terms of game
damage compared to monocultures (Ammer, 1996; Vacek et al,, 2014D;
Prokipkova er al., 2020; Vacek et al., 2020c¢

The results presented in Discussion should be viewed as particular
results obtained in a specific area, and are not meant to describe forest
ecosystem dynamics worldwide. Nevertheless, they correspond with
many other studies cited in this section. In general, mixed stands can
achieve higher production potential, diversity and resistance to air
pollution, elimate extremes and climate change in water-sufficient
highland and mountain areas in the boreal zone. In particular sites, e.
g. with drought stress, the species-specific mixing effects can be negative
(Grossiord et al., 2014), For example, Pretzsch et al. (2010) documented
that on fertile sites, admixture of beech can have negative effects on
spruce stands as well as an admixture of spruce on beech in poor sites.
Negative mixing effects can also occur due to an unsuitable number of
tree species, or functionally similar ree species in the composition
(Ammer, 2019). A positive effect of species mixing can also be signifi-
candy reduced by inappropriate silviculture strategies, such as stand
density reduction to the level of the monocultures (admixture of ather
species can reduce competition), and thinning from below of shade-
tolerant tree species (Cordonmier et al., 2018; Pretzsch et al,, 2012b;
Pretzsch and Sehiitze, 2016). The limitations of our case study call for
future long-term studies to reveal the effect of mixing on forest ecosys-
tems in global scale in relation to climate change. Future research should
also address interactions of a larger number of tree species (very often,
only two tee species are compared with monospecific stands) and the
consequence of spatial patterns on the mixing effect. Moreover, the
nested structure of the data used (regions, experiments, plots, rees)
should be considered when evaluating the results (Lin et al, 2020;
Moreno-Fernandez et al.,, 2020).

5. Conclusion

Species mixing can significantly increase the density of the stand, the
growth rate, and thus the overall produetion of the stand. In the studied
area of the Krkonose Mts., mixed forests showed a higher timber pro-
duction by 8% than spruce monocultures, and by 47% than beech
menocultures, Research has shown the benefits of production-efficient
spruce when mixed with beech, both in terms of production potential
and the resistance and stability of the stand. Even a low admixture of
another tree species can induce a strong positive mixing effect. The
spruce 75:25 beech seems to be the most suitable proportion. Inaddition
to the highest production, both wee species had the lowest fluctuations
inradial growth in this ratio. In terms of climate change over the last few
decades, there has been an increase in radial growth in both tree species,
especially in beech. In this tree species, the highest increase was recor-
ded in stands with its dominant share, while it was the reverse in spruce.
Analyses also confirmed that beech responds less intensively to fluctu-
ations in radial growth than spruce. Air pollution has significantly
negative effects on the radial growth of spruce, while with its decreasing
share in the stand, the resistance increases (such as in beech). Similarly,
climatic factors have a more significant effeet on the growth of
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monospecific stands, especially beech. Mixed stands also achieve
significantly higher structural differentiation and overall diversity
compared to monospecific stands.

The appropriate stand combination of beech and spruce increases
their growth potential, improves the ecosystem functions of the forest,
inereases biodiversity, and reduces the risk of productivity caused by
stress and damage, which is currently worsened by climate change. This
is also linked to the economic benetits of mixed forests in terms of higher
yields and reduced uncertainties. All of these parameters, including
stand stability and soil improvement, can be amplified by silviculture of
other admixed allochthonous tree species, for example silver fir. From
these perspectives, it is important to take into account the resilience and
adaptability of spruce to climatic extremes when growing it in mixtures,
and design and implement effective growing measures to create pro-
ductive and ecologically stable mixed forests in the face of advancing
global climate change. In conclusion, a support of shade-tolerant species
in lower-height (subdominant) classes is recommended in improving
productivity of mixed forests, as well as a higher maximum stand den-
sity/lower thinning intensity - in comparison to monospecific stands -
to reduce competition ameong tree species.
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5.2.2. Silviculture as a tool to support stability and diversity of forests under
climatic change: study from KrkonoSe Mountains

4. VACEK Z., PROKUPKOVA A., VACEK S., CUKOR J., BiLEK L., GALLO J., BULUSEK D.
(2020): Silviculture as a tool to support stability and diversity of forests under climatic
change: study from Krkonose Mountains. Central European Forestry Journal, 66 (2):
116-129.

Hlavnim cilem publikace bylo vytvofeni vhodné adaptacni strategie pro péstovani
lesa jako reakci na stale vétSi negativni dopady globélni klimatické zmény na lesni
porosty ve stiedni Evropé, konkrétné na piikladu v KrkonosSich. Cilem bylo zhodnotit
produkéni potencial, strukturu a diverzitu porostli na osmi experimentalnich vyzkumnych
plochach. Nasledné byly porovnany tfi varianty managementu ve smiSenych porostech
ve véku 17-20 let pochazejicich z pfirozené obnovy: A) kontrolni varianta (porosty pred
probirkou), B) nove navrzend probirka v kontextu adaptace na klimatickou zménu a C)
simula¢ni podiroviiova probirka. Nové navrzena adaptatni probirka vznikla ve
spolupraci s pracovniky Katedry péstovani lesti (Fakulta lesnicka a dfevaiska, Ceska
zemédélska univerzita v Praze), Ceskou lesnickou spolednosti, Vyzkumnym tstavem
lesniho hospodarstvi a myslivosti, Colloredo-Mannsfeld spol. s.r.o. a lesy mésta
Jilemnice. Pro nové navrzenou adaptacni probirku bylo vybrano 7 indikatort podle
dilezitosti ve vztahu k mitigaci zmény klimatu: druhové sloZeni feSici zménu klimatu,
zdravotni stav, druhova diverzita, strukturdlni diverzita, kvalita produkce, rlstova
tendence a ochrana pidy. Po provedeni nové navrzené adaptacni probirky doSlo k 32 %
snizeni poétu stromt na 3 256 stromi.ha!, a simulovana poduroviiova probirka zptisobila
36 % redukci hustoty porostu. Kruhova zakladna se ve varianté B snizila o 22 % a ve
variant¢ C o 12 %. Po aplikaci adaptacni probirky doSlo k signifikatnimu zvySeni
strukturni diverzity a druhové bohatosti, zatimco poduroviova probirka jednoznacné
vedla k poklesu tloustkové diferenciace a celkové diverzity porostu, zahrnujici vertikalni
a horizonatlni strukturu, druhovou diverzitu a korunovou diferenciaci. Z hlediska
horizontalni struktury a prostorového uspofadani se zménila z agregovaného na ndhodné
rozmisténi, a to zejména po adaptacni probirce. Nové navrzend metoda strukturalni
adaptacni probirky se zda byt ve zvoleném prostiedi a obdobnych porostnich podminkach
vhodnéjsi volbou ve srovnani s bézné provadénou podiroviiovou probirkou. V budoucnu
je vSak dilezité se tizce zaméfit na spolupraci s lesnickymi odborniky (pfenos vyzkumu
do praxe), aby bylo mozné najit optimalni péstebni feSeni piizpiisobené¢ konkrétnim

podminkam.
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Abstract

In Europe, warming, droughts and the rise of extreme climate events have an increasing significant negative effect
on forest stands. Therefore, it is necessary to create appropriate adaptation strategies of silviculture to mitigate the
impacts of globalclimate change on forest ecosystems in Central Europe. The objectives of this paper were toevaluate
stand production, structure and diversity on eight experimental research plots in the Krkonose Mountains. Subse-
quently, three variants of management were compared in mixed stands at the age of 17 — 20 years originating from
natural regeneration: A) control variant (stands before thinning), B) applied newly designed thinning in the context
of climatechange adaptation and C) simulative thinning from below. Number of trees decreased from 3,256 trees ha™
by 32% after adaptation thinning and by 36% after thinning from below. The basal area decreased in variant B by
22% and invariant C by 12%. Structural diversity and tree species richness increased after application of adaptation
thinning, while decrease of diameter differentiation and total diversity was observed after thinning from below.
Moreover, horizontal structure changed from aggregated spatial pattern to random distribution after the interven-
tions, especially under adaptation thinning. The newly designed structuralizing adaptation thinning method seems
to be a more suitable option in given habitat and stand conditions compared to the commonly performed thinning
from below. In future, this issue will certainly require further close cooperation of forestry experts in order to arrive
at optimal variants of solutions differentiated according to specific conditions.

Key words: thinning; forest adaptation; stand structure; timber production; Central Europe

Editor: Igor Stefanéik

The adaptation of forests to climate change is both a
major challenge and a long-term task for European for-
estry (Lindneret al. 2010). Strategic decision-makingin
forest policy in Europe will have to rely on objective scien-
tific knowledge with some uncertainty at local, regional
and continental levels (Lindner et al. 2014; O’Connor et
al. 2015). However, knowledge about the response of for-
est ecosystems to climate change is still insufficient or
only partial (Pretzsch etal. 2014; Gazol etal. 2015). For-
ests of Central and Northern Europe are known to have

1. Introduction

Climate change substantially affects the geographi-
cal distribution of plant species worldwide (Bolte et al.
2010; Rigling et al. 2013; Schefferset al. 2016). Most of
the changes are associated with an increase in air tem-
perature, decreasing rainfall during the growing season,
and extreme climate events such as prolonged droughts,
more frequent stormsorunevenoccurrence of precipita-
tion (Allen etal. 2010; IPCC 2013; Spathelf et al. 2014).
Global warming also increases the incidence of insect

outbreaks, fungal pathogens and forest fires (Jonsson et
al. 2009; Seidletal. 2014; Boselaetal. 2018). These unfa-
vourable conditions induce changes in tree species such
as acclimatization and phenotypic plasticity, local adap-
tation, migrationand mortality (Bussottiet al. 2015). For
these reasons, forestecosystem managementdeservesan
increased attention (Knoke et al, 2008; Seidl et al. 2016;
Dyderskietal. 2017).

*Corresponding author, Zdenék Vacek, e-mail: vacekz@fld.czu.cz
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increased their growth in the lastcentury (Pretzsch et al.
2014). In contrast, many tree species suffer from drought
stress at the southern edge of their current distribution
in Europe and are likely to shift their span to the north
and to higher altitudes (Rabasa et al. 2013; Saltré et al.
2014; Kozak & Parpan 2019). According to Hanewinkel
etal. (2013), Norway spruce (Picea abies [L.] Karts.), the
most commercial tree species in Europe, will only find
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appropriate conditions for growth in Central Europe at
the highest elevations by the end of thiscentury. Decidu-
ous stands (beechand oak) should be dominant inWest-
ern, Central and Eastern Europe (Stefancik etal, 2018),
Mainly Mediterranean oak species should be utilized in
southern Europe (Moreno-Fernandezetal. 2016). Euro-
pean beech (Fagus sylvatica L.), as ecologically and eco-
nomically one of the most important native tree species
in Europe, has experienced varied changes across the
continent depending on the site quality and the altitudi-
nal conditions of the environment (Piovesan et al. 2008;
Aertsenetal. 2014; Podrazsky etal. 2019). The situation
was similar in the Czech Republic (Vins et al. 1997) and
inthe study areaof Krkonose Mts., where itwas originally
an important dominant tree species (Vacek & Hejcman
2012; Bulugek et al. 2016: Simfinek et al. 2019). Bosela
etal, (2016) report from the Carpathians in this respect
that the increase of temperature in the growing season
together with sufficient rainfall had a positive effect on
the growth of beech. In contrast, Zimmermann et al.
(2015) in Central Europe indicate the increasing tem-
perature and intensity of droughts during the growing
season as the main limiting factors for beech and warn
against its cultivation in the area of interest.

The search for appropriate adaptive management
practices in specific natural conditions should be based
on structural and developmental knowledge of local
natural forests in recent decades (Hemberet al. 2012;
Bosela et al. 2016; Vacek et al. 2019b). It will ordinar-
ily be a set of cultivation measures (especially thinning
and regeneration cutting) known from the past, which
must be tested in changing specific habitats and stand
conditions. O‘Hara (2015) states that forestry should
consider a number of new facts and opportunities when
seeking ways of adaptive management, especially from
the point of view of climate, invasive organisms, pests
and introduced tree species. In particular, the continuous
cover forests absorb climate extremes most effectively,
improves carbon sequestration and effectively manage
water (Pokorny 2013). Itis however a questionwhatspe-
cies, age, spatial and genetic structure should we seek for
to secure the permanence of quantity, quality and safety
of production.

Forecological stability and production safety, forests
should be differentiated in terms of species, spatial and
age structure (Brang et al. 2014). In case of quality and
quantity of timber production, it will depend mainly on
the composition and structure of the forest (Coomes et
al. 2014;Vacek et al. 2014), which are highly dependent
on management methods (Vacek etal. 2015a). In moun-
tain locations, forests can be managed by shelterwood
silvicultural system, but it can also be a selection or par-
tial cutting method or combination of both (Gallo et al.
2020). At the same time, highly important question is
how tooptimize the tending of existing stands (Stefancik
2015). Bosgelaetal. (2016) showed that the ways of tend-
ing the beech stands significantly influence not only the
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quality and quantity of production, but also theirvitality.
Beech trees in the lower stand layers have not responded
to an increase in temperature, suggesting that vertically
diversified forests could be more stable under the condi-
tions of warming climate. Primicia et al. (2015), on the
other hand, states that trees with a high level of competi-
tion, especially in the lower layers, may be very sensitive
to drought-heat stress in the future, as beech is known
to be a sensitive species to temperature extremes in the
initial stage of growth (Gallo etal. 2017).

Adequate species composition and form of mixing
also play an important role in forest management under
the unfavorable conditions of changing climate (Neuner
etal. 2013; Vitali et al. 2018; Vacek et al. 2019a). Mixed
forests are much more effective at mitigating the nega-
tiveimpacts of changing environmental conditions, espe-
cially in the cases of growth and survival (Albert et al.
2015; Pukkala 2018) and can even be more productive
underclimate change (Podrazsky etal. 2014; Liangetal.
2016). Inaddition, the selection of a suitable species com-
position has a significant effect on carbon sequestration
(Andivia et al. 2016; Cukor et al. 2017). In this respect,
mixed forests have been more frequently established in
Europe over the last two decades (Bravo-Oviedo et al.
2014; Forrester & Pretzsch 2015; del Rio et al. 2016;
Metzetal. 2016; Pretzsch & Biber 2016) and it is neces-
sary to obtain exact knowledge about their management
(Fahlvik et al. 2005; Agestam et al. 2006; Hynynen et
al. 2011; Novék et al. 2017). Knowledge of thinning in
various stand mixtures is not vet sufficient (Stefancik &
Kamensky 2006; Stefanéik 2010; Prévost & Gauthier
2012; Dhar et al. 2015; Drissler et al. 2015), especially
in terms of stand growth, stability and vitality. Based on
thedescribed changes, the forest management practices
should be significantly changed in following decades.

The aims of the presented study conducted in mixed
forest stands (age of 17 — 20 years) in the western
Krkonose Mountains were to: (1) design a new opti-
mized structuralizing thinning intervention in support
of stand stability and diversity in the context of climate
change adaptation, (2) determine basic stand character-
istics, timber volume, structure (diameter, height) and
diversity (species, structural, total) of mixed stands in the
study area and (3) compare the state of the forest stands
A) before the tending intervention, B) immediately after
the model application of the newly designed structural-
izing thinning intervention and C) after the simulative
performance of the thinning from below.

2. Material and methods

2.1. Study area

The research was conducted in the western part of
the Krkonose Mountains close to the village Konéiny,
north part of the Czech Republic (GPS: 50°42°45“N,
15°27°31“E;Fig. 1). The study sitebelongs to the protec-
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tion zone ofKrkonode Mountains National Parkateleva-
tion of 581597 ma.s.l.and slopeof 12— 19" witheast to
north-casternex posure. Annual temperature of the local-
ity is 7.2 °C, and the annual precipitation varies around
940 mm. The highest amount of precipitation is in July
(113 mm), the lowest in October (52 mm; Fig. 1). The
warmest monthis in July (16.5 °C), the coldest monthin
January (—2.2 *C). The growing season lasts about 130
days (T _=10°C) with anaverage temperatureof 13.1°C
and a total precipitation of 530 mum. The average number
of days with snow coveris 135 days and the number of
days with precipitation (P, _ =1 mm) is 125 days. The
study area is qualified as a humid continental climate
zone, characterized by warm to hot, humid summers
and cold te severely cold winters (Dfb) according te the
Képpen climateclassification (Koppen1931). According
to the detailed Quitt climate classification (Quitt 1971),
the area can be classified in the cold climatic region (sub-
region CH 6). The parent rock consists mainly of slate,
phyllites and schist. Modal cambisol is the predominant
soil type.

[n the area, 8 experimental research plots (ERP) in
two foreststands (4 ERP ineachstand) wereestablished.
Both forest stands originated fremna tural regeneration.
The first studied stand (ERP 1 —4) was composed of
European beech (Fagus sylvatica L), Sycamore maple
(AcerpsendoplatanusL.), European ash (Fraxinusexcel-
siorL.) and rowan (Sorbus aucupariz L) of meanage20
years. Second studied stand (ERP 5 — 8) was composed
of main tree layer of silverbirch (Betula pendula Roth.),
rowan and beech of mean age 17 years under the stand-
ards of beech and silver fir (Abies atba Mill.) of mean
age 51 years. Inbothstands Norway spruce (Picea abies

[L.] Karst.), European aspen (FPopolus fremuia L), wild
cherry (Prunus avium L)) and goat willow (Salix caprea
L.) were admixed tree species. Ash trees were weakened
by Hymenoscyphus fraxineus (T. Kowalski) and attacks
by Hylesinus fraxini (Panzer). In terms of phytocoenol-
ogy, all ERP belonged to Abieto-Fagetum acidophilim
(5K — Acidic Fir-Beech; Viewegh et al. 2003) and the
alliance Luzalo-Fagion sybaticae Lohmeyer et Tlizen in
Tixen 1954,

2.2. Data collection

Field-Map technology (IFER-Monitoring and Mapping
Solutions Litd.) was used to determine the structure of
the tree layer of mixed forest stands on 8 ERP of 12.5 x
12.5 min2019. The positions of all trees with diameter
atbreastheight (OBH) =4 cmwere localized. The height
of the live crownbase and the crown projection were also
measured in the tree layer, at least in4 directions perpen-
dicular to each other. Diameters of the tree layer were
measured bya Mantax Blue metal calliper (Haglif, Swe-
den) with an accuracy of 1 mm and heights were meas-
ured using a Vertex laser hypsometer (Haglof, Sweden)
withanaccuracy of 0.1 m. According to the classification
by Kraft (1884), the social position of the trees within a
stand was assessed: 1 — predominant, 2 —dominant, 3 —
co-dominant, 4 — sub-dominant, 5 — suppressed.
Subsequently, twe thinning interventions were
marked (trees selected for harvesting) inthestands onall
the 8ERP: (B) newly designed climate change adaptation
thinning (hereinafter “adaptation thinning™) described
inTable 1and (C) thinning from below (harvested sub-
deminantand suppressed trees) according to Kraft clas-
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sification with the support of natural tree species com-
position (preferentially spruce and beech at the expense
of other tree species), which is applied in classical forest
managementon study site (Fig. 2); both tendingmethods
were compared with the stands before the intervention
(A). This new structuralizing adaptation thinning sup-
porting admixed tree species was created in cooperation
with the employees of Department of Silviculture, Fac-
ulty of Forestry and Wood Sciences, Czech University
of Life Sciences in Prague, Czech Forestry Society (the
largest forestry professional association in the Czech
Republic), Forestry and Game Management Research
Institute, Collorede-Mannsfeld spol. s.r.o. (the largest
privateforest ownerin the Czech Republic) and Jilemnice
municipality forests. A form with 10 indicators was cre-

ated by main author according to references (Slodi¢ak &
Novalk2007; Cordonnier et al. 2013; Pokorny 2013; For-
est Europe 2015; Vacek et al. 2019a) and subsequently
the experts in silvicultural field (15 academic and prac-
tical persons) numbered the indicators according to
theimportance from 1 (min.) — 10 (max.) in relation to
mitigate climate change. In order to simplify this thin-
ning variant, the 3 least rated indicators were excluded
from the evaluation. Trees selected for harvesting were
documented in Field-Map technology. From January to
February 2020, adaptatien thinning was applied on all 8
ERP and immediate stand changes were compared with
the simulative thinning from below.

Table 1. Considered suitable objectives with description and relevance of the newly designed climate change adaptation

thinning.
Order of importance Indicators of thinning choice Description
adaptable tree species (for drought, climate extremes), shift of forest zones,
1 Species composition addressing climate change optimal stand mixtures in terms of ecologieal ertteria (valeney, susceptibility to damnage,
tolerance and adaptability of tree species)
2 Health status resistance, vitality, foliation, abiotic andbietic damage
3 Species diversity species richness (number of tree species), heterogeneity and evermess
4 Struetural diversity diameter andheight (age) differentiation, vertical canopy, horizental structure
5 Quality of production zlli;lec:gt;f)ﬂpatmum, stem quality (straighiness, defects), crown quality (length, regularity,
6 Inerement timber, growth tendencies; periodit, mean and value increment
7 Continuous soil protection canopy conservation, area and distribution of erown projections

Note: The eriteria in the table should be applied in ¢lose relition te specific habitatand stand ¢ onditions.

Fig. 2. Vertical schema of mixed forest stand A) before thin-
ning, B) after application of the climate change adaptation
thinning and C) thinning from below; figure was made in soft-
ware SIBY LA Triquetra 10 (Fabrika & Pretzsch, TUZVO).
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2.3. Data analysis

The basic structure, diversity and production charac-
teristics of the tree layer were evaluated by the SIBYLA
Triquetra 10 forest growth simulator (Fabrika & Dursky
2005). The PointPro 2.1 (Zahradnik & Pug, CZU) pro-
gram was used to calculate the characteristics of the
horizontal layout of the individuals on the plots. Forthe
evaluation of the spatial pattern, the following indicators
were computed:index of non-randomness (Pielou 1959;
Mountford 1961), aggregation index (Clark & Evans
1954), index of cluster size (David & Moore 1954) based
onthe 10quadrats and Ripley L—function (Ripley 1981).
The test of the significance of deviations fromthe values
expected for the randem arran gement of the points was
made using Monte Carlo simulations. The mean values
of L—function were estimated as arithmetic means from
L—functions computed for 999 randomly generated point
structures. Species and structural diversity were evalu-
ated by speciesrichness (Margalef 1958), species hetero-
geneity (Shannon 1948), species evenness (Pielou 1975),
Arten-profile index (Pretzsch 2006), diameter and height
differentiation (Flldner 1995), crown differentiation and
total stand diversity (Jachne & Dohrenbusch 1997; Table
2). Stand volume was calculated according to Petrds &
Pajtik (1991). The relative stand density index (SDI;
Reineke 1933) and the crown closure (CC; Crookston
& Stage 1999) were observed for each plot.
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Table 2. Overview of indices describing the stand diversity and their common interpretation.

Criterion Quantifiers Label Reference Evaluation
Richress D (Mi) Margalef (1958) minimum D= 0, higher D= higher values
Species diversity Heterogeneity H(S1) Shannon (1948) minimum H = 0, higher H'=higher values
Evenness E(Pii) Pielou (1975) range 0— 1; minimum £= 0, maximum £=1
. Index i Pielou (1959); iy : . _—
Horizontal structure ofnon randomness o (P&Mi) Mourtford (1961) meanvalue o= 1; aggregation o > 1; regularity o< 1
Aggregation index R{C&Ei) Clark & Evans (1954) mean value R=1; ageregation R < 1; regularity R>1
Indexof cluster sizz~ CS(D&Mi David & Moore (1954) mesan value C5= (; aggregation €S> 0; regularity CS< 0
Vertical structure Arten-profile index A(Pri) Pretzsch (2000) range 0 - 1; balanced vertical structure A< 0.3; selection forest A> 0.9
Structre differentiation Dl‘fé.“;?;f T%ZEE'B Fildner (1995) range 0—1; low TM<0.3; very high differentiation TM> 0.7
Complex diversity Stmddiversty  BU&D) Juhned Dobrenbusch(1go7) ~ Jerotoneus tructure B uncvenstructure 5= 6,

very diverse structure B>9

Unconstrained principal component analysis (PCA)
inCanoco5 (Smilauer & Leps 2014) was used to analyze
the relationships between stand structure, timber pro-
duction and diversity of three variants of management.
Data were log-transformed, centred and standardized
before the analysis. The results of PCA were exported
into the form of ordination diagram.

3. Results

3.1. Stand characteristics, structure and
timbervolume

Tree density ranged from 2,112 to 5,184 trees per ha™
before thinning (control variant A), after model adapta-
tion thinning (variant B) number of trees was between
1,280 to 3,968 trees ha* and after simulative thinning
from below (variantC) itwas from 1,408 to 3,008 treesha™
(Table 3). Numberoftrees decreased from mean density
of 3,256 trees ha™' by 32% after adaptation thinning (to
2,192 trees ha™) and by 36% after thinning from below
(to 2,096 trees ha™'). In variant A, basal area ranged

between 21.8 — 39.2 m? ha™ and stand volume reached
127 — 377 m® ha'. After thinning interventions, stand
volume decreased from 185 to 159 m* ha™ in variant B
(—14%)and to 175 m* ha invariant C (-6%). The basal
area decreased in variant B by 22% and invariant C by
12%. Onthe other hand, mean DBH increased by 8% after
adaptation thinning, respectively by 16% after thinning
from below. Similar positive trend after interventions was
observed in stem volume and stand height. Mean height
was higher in variant C (12.5 m) compared to variant A
(10.8m)andvariantB (11.2 m). SDIdecreased from 0.75
to 0.58 invariant B and to 0.63 in variant C. The highest
differences among thinning variants were observed in
tree density and mean height.

The diameter frequency on ERP 1-8 before thinning
(variant A) showed visible left-skewed selection distribu-
tion, where beech dominated the overstorey and birch,
beech and rowan mostly formed the understory (Fig. 3
and 4). Sycamore wasevenly represented acrossdiameter
classes. Rowan was observed only indiameterto 12 em.
Birchwasdominantinalldiameterclasses to20 cm. After
adaptation thinning number of trees decreased in classes

Table 3. Basic stand characteristics on experimental research plots 1 -8 in A) control variant (before thinning), B) after applied
climate change adaptation thinning and C) after simulative thinning from below.

ERP T dbh h v i N BA v HDR cC SDI
P fem) [m] [mn’] teesha]  [mthe?]  [méhe] )
A 119 10.3 0,069 0.596 3,520 39.2 242 87.3 99.2 0.91

1 B 138 ~ 114 ~ 0100 ~ 0584 ~ 2,112 N 34 N 212 N BI1 N 992 N 068 N
C 140 ~ 122 » 0099 »~ 0527 ~ 2432 ~ 372 ~ M1 0~ 814 o~ 987 N 08 N
A 10.0 9.4 0.038 0.519 3,712 29.2 142 94.1 994 0.77

2 B 1m0~ 95 »~ 0081 ~ 0563 »~ 2304 N~ 207 9~ 118 N 868 N 986 N 055 N
C 1.9 ~ 108 ~ 0058 ~ 0482 .~ 190 ~ 211~ 112 N 94 N 981 s 053 N
A 9.1 10,0 0.031 0475 4,096 2604 127 1103 994 0.75

3 B 93 ~ 100 N~ 0035 o~ 0509 ~ 2,752 0N 185 N 95 N 1076 N 989 N 052 N
C 104 ~ 114 ~» 0044 ~ 0452 ~ 2880 ~ 243 0~ 126 N 1100 N 991 N 066 N
A 117 10.8 0,070 0,601 2,368 25.2 166 92.5 99.2 0.65

4 B 11~ 105 N 0065 N~ 0634 N 1,728 N 164 ~ 112 NO99 0 N 974 N 045 N
C 134 ~ 123 ~ 0097 ~ 0557 »~ 1664 ~ 233 0~ 162 N 922 0N 987 0N 055 N
A 125 12.0 0.067 0455 2,624 318 177 96.4 994 0.77

5 B 139 ~ 128 ~ 0091 ~ 0469 ~ 1,664 ~ 251 N 152 N 922 N 989 N 058 N
C 140 ~ 135 ~ 0091 ~ 0435 ~ 1792 ~ 274 N 162~ %6  ~ 992 ~ 063 N
A 84 11.4 0.021 0332 5,184 287 109 136.3 99.5 0.85

6 B 87 o~ 17 ~ 0023 ~ 0336 o~ 398 ~ 236 N 93 N~ IS N 994 s 069 N
C 95 ~ 129 ~ 0029 ~ 0312 ~ 3008 0~ 212 0N 86 N 1365~ 992 N 061 N
A 14.1 115 0.155 0.861 2,432 37.8 377 81.8 99.2 0.78

7 B 163 ~ 124 ~ 0215 o~ 0829 » 1728 N~ 353 0~ 372 0N 763 0N 985 N~ 070 N
L5 168 ~ 135 ~ 0220~ 0755 -~ 1,664 N 30.5 N 376 SN 804 N 987 N 073 N
A 115 11.1 0.067 0.575 2,112 218 141 96.9 98.7 0.52

8§ B 128 -~ 16 » 0091 ~ 0610 » 1280 ~ 161 9~ 117 0~ 901 N~ 952 N 041 N
C 137 »~ 132 »~ 0099 »~ 0508 .~ 1408 ~ 205 ~ 139 0~ 965 0N 977 N 049 0N

Notes: dbh - mean quadratic diameter at breast height, h- mean height, v - mean tree volume, f - form factor, N - number of trees per hectare, BA - basalarea, V - stand volume, HDR - height to

diameter ratio, CC- canopy closure, SDI - stand densify index; changes: . - decrease, .~ - increase,
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from 4 to 16 cm, while the center of thinning interest for
variant C ranged from 4 to 8 cm. After thinning, the high-
est decrease in tree numbers was observed in first class
4 — 6 cm in both variants — in variant B by —448 trees
ha!(—34%) and especially in variant C by =960 trees ha™
(—74%). In variant B, the percentage of harvested trees
was evenly distributed across diameter classes, while
for variant C the percentage of harvested trees rapidly
decreased with increasing diameter. In variant B, the
most frequent diameter class have been still 4 — 6 cm,
while it was moved to class 6 — 8 cm in variant C.

3.2. Biodiversity of tree layer

Before thinning (variant A), the main tree species on ERP
1—8 was birch (39%), followed by beech (21%), syca-
more (11 %), rowan (11%) and ash (9%; Fig. 5). After
adaptation thinning (variant B) the highest change was
observed in decrease (by 5%) of ash share due to weak-
ening of trees by pests (see Study area). Share of birch
decreased by 4%, while share of sycamore increased by
3% and beech by 2%. Share of all other tree species also
increased. In variant C (thinning from below), share of
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Fig. 3. Histogram of tree layer diameter structure according to main tree species in A) control variant (before thinning), B) after
applied climate change adaptation thinning and C) after simulative thinning from below.
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Fig. 4. Summary histogram of complete tree layer diameter
structure in A) control variant (before thinning), B) afier ap-
plied climate change adaptation thinning and C) after simula-
tive thinning from below.

rowan decreased by 10% and willow by 4% due to their
occurrence predominantly in the understory. On the
other hand, an increase was observed in beech (by 2%)
and especially inbirch (by 8%). Higher mean species rich-
ness D was observed in variant B (0.573) and variant A
(0.559) compared tovariant C (0.346; Table4). Together
with species heterogeneity H “both indices showed high
diversity compared to moderate diversity in variant C.
No differences were observed in species evenness £
among thinning variants indicating very high diversity
(A-0.721,B-0.726,C—0.736).

In terms of structural diversity, higher height differ-
entiation TM, was observed in stands after adaptation
thinning (0.292)andin controlvariant (0.256) compared
to thinning from below (0.212; Table 4). Similarly, lower
diameter differentiation TM was observed in variant
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Fig. 5. Tree species composition in A) contrel variant (before thinning), B) after applied climate change adaptation thinning
and C) after simulative thinning from below; others tree species include: Prunizs avivam, Abres alba and Populus tremuda.
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Table 4. Tree layer biodiversity on experimental research plots 1—
mate change adaptation thinning and C) after simulative thinning from below,

8 in A) control variant (before thinning), B) after applied cli-

B Hone D H E o¥ R* Cs* A ™, T™, B
P [Mi] [Si] [Pii] [P&Mi] [C&EI] [D&MI] [Pri] [Fi] [Fi] [J&Di
A 049 0.576 0.824 1.602 1.006 0.189 0.692 0.371 0.309 7.846

1 B 0523 ~ 0540 s~ 0773 0~ 1303 N L1410~ 0031 N 0591 N 0390~ 0287 N TS9N
C 0385 N~ 0560 s 0930~ 1140 N 1.020 20116~ 0719 ~ 0344 N 0220 N 6740 N
A 0852 0.797 0.883 L677% 0.9013% 0.086 0.756 0308 0.242 9.111

2 B 0904 » 0802 ~ 088 .~ 1568 ~ 0979 » —0053 ~ 068 ~ 0340 ~ 0277 ~ 8866
C 0661 ~ 0625 ~ 0803 ~ 1198 ~ 1082 ~ 0088 ~ 0717 ~ 0306 ~ 0225 ~ 7840 ~
A 0721 0.604 0.715 1.619* 0.980 0.190 0.672 0.334 0.244 8.13%

3 B 0.631 ~ 0566 ~ 0727~ 1221 N 0935 N 0060 N 0673 -~ 0354 ~ 0236 o~ 7422
C 0502 ~ 0589 ~ 0843 ~ 151 ~ 0987 .~ 0060 ~ 0710 ~ 0306 ~ 0205 ~ 6887
A 0TT2 0.571 0.676 1.622 1.009 0.239 0.664 0.408 0.310 8.107

4 B 0.805 »~ 0624 »~ 0738 » 0845 1.129 » —0.08 ~ 0609 ~ 0457 » 0367 » 8378 -~
C 053 ~ 0495 ~ 0708 ~ 2073* ~ 0893 ~ 0165 ~ 0673 ~ 0396 ~ 0249 ~ 7105 ~
A 0.254 0.420 0.880 1.364 1.085 0.042 0.793 0.384 0.259 6.193

5 B 0270 ~ 0421 -~ 08% »~ 12589 ~ 1209~ —0.525% ~ 0761 N 0406 o~ 0.261 2 5866
C 0133 ~ 0301 ~ 1000~ 177 N 1.051 S 0215 N 078 2~ 0344 0~ 0229 N 4356 N
A 0351 0.334 0.555 1.549% 0.962 0.239 0.551 0.261 0.197 5.787

6 B 0362 ~ 0372 »~ 0618 ~ 1485 ~ 0967 ~ 0185 ~ 0558 o~ 0238 » 0183 0~ 5533
C 0000 ~ 0000 ~ 0000 ~ 1452 ~ 1083 0~ 0210 0495 N 0210 v 0117 s 3310 N
A 0.513 0,497 0.711 1.192 1.133 —0.135 0.519 0.294 0.233 8.039

T B 0537 ~ 0302 ~ 0714 ~ 0809 ~ 1296 ~ 0384 ~ 0521 ~ 0390 ~ 0301 ~ 804
C 0270 ~ 0472 ~ 0989 »~ 1535 ~ 1021 ~ —0.284 ~ 0616 ~ 0276~ 0197 N 5945 N
A 0523 0.371 0.§31 1851~ 0.663* =0.334 0.510 0.324 0.267 6.924

8 B 0559 ~ 0344 ~ 0492 N~ 0901 N 0930 2 —0559% N 0459 N~ 0501~ 0417 2 6492 N
C 0276 ~ 0295 ~ 0618 ~ 13583 ~ 0750 ~ 0348 ~ 0546 2~ 0335 ~ 0254 0~ 6039 N

Notes; D —speciesrichness, H — species heterogeneity, E — speci o.~index of non

diameter differentiation, TM, - index of height differentiation, B — stand diversity index; changes:  —
= statistically significant (o =0,05) for horizontal structure (* - aggregation, - regularity),

C (0.314) compared to variant B (0.383) and variant A
(0.335). Structuraldifferentiation waslow to medium in
all variants. No difference was found in vertical Arten-
profile index A (A 0.644, B - 0.606, C — 0.657) that
showed high diversity. Complex diversity index B showed
lower diversity in variant C (6.027) compared to other
two variants (A—7.518, B—7.257).

Differences were observed also in horizontal struc-
ture. Index of non-randomness showed higher tendency
to aggregation in stands before intervention compared to
thinning variants. Similarly, other both indices showed
the highest tendency to regular spatial pattern of trees
in variant B. In the case of 5 ERP, horizontal structure
moved from aggregated distribution to random, respec-
tively from random to regular. Moreover, L-function

rom acsoreoated structure in variant A

aggregated uciure rant a

(fromdistance of 0.5 m) to prevailing random structure

indes, €S~ index of duster size, A~ Arten-profile index, TM, — index of
decrease, 7~ — increase;

in the other two variants, especially in adaptation thin-
ning (Fig. 6).

3.3. Interactions between stand parameters,
structure, diversity and management

The results of PCA are presented in an ordination dia-
graminFig. 7. The first ordination axis explains 31.1% of
data variability, the first two axestogether explain 59.4%
and the first four axes 84.7%. The x—axis illustrates the
slenderness quotient (HDR) with crown closure (can-
opy) and the y—axis represents the mean stand height.
Stand volume was positively correlated with mean diam-
eter, tree volume and basal area, while these parameters

were neg:

vere neg

index of non-randomness. Aggregation spatial pattern

rely correlated with tree d

4

25 3 35
Distance (m)

25 3 35 4 2 25 3 35 4
Distance (m) Distance (m)

Fig. 6. Spatial pattern of tree layer on experimental research plots 1 — 8 expressed by L-function in A) control variant (before
thinning), B) after applied climate change adaptation thinning and C) after simulative thinning from below; the black line rep-
resents the L—function for real distances of trees; the bold gray line represents the mean course for random spatial distribution
and the two thinner central curves represent 95% interval of reliability; when the black line of tree distribution on the ERP is
under (below) this interval, it indicates a tendency of trees toward aggregation (regular) distribution; graphs made in software

PointPro 2.1 (Zahradnik & Pus, CZU).
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was increasing with increasing number of trees. [ndices
of diversity were positively correlated to each other. Mean
height and species richness are the highest explanatory
variable in ordination diagram compared to low explana-
tion in SDI and Arten-profile index. Differences among
all parameters were remarkable for ERP as marks of each
records wererelatively distant one fromanother whereas
marks symbolizing variants of thinning were closer to
each other, especially for adaptation thinning (variant
B) and control variant A (before thinning). Before thin-
ning, forest stands were characterized by high number
of trees with aggregated structure, stands after applied
adaptation thinning (variant B) had higher diameter and
high differentiation and species evenness and the high-
est stand height was typical for simulative thinning from
below (variant C). Generally, type of thinning had the
highest effect (expected differences between plots) on
mean height, species, structure and total diversity.

strategy to cope with climate change (Jactel et al. 2009;
Kolstrom et al. 2011; Bravo-Oviedo et al. 2014; Reims
etal. 2015). Emphasis is at the same time placed on the
variability of mixed forests corresponding to the given
habitat and stand conditions (Seidletal. 2011; Rio etal.
2016; Krali¢ek etal. 2017; Vacek et al. 201 7a; Mikulenka
et al. 2020). Mixed forest tending is more complicated
and require higher forestry expertise and qualification
than tending of homogenous stands due to the need of
consistently respecting the characteristics of tree species,
inter- and intra-specific competition in close relation to
habitat conditions (Slodi¢ak & Novak 2007; Poleno et
al. 2009; Svec et al. 2015; Slanat et al. 2017).

Our results suggest that 33% of the trees, 22% of the
basal area and 12% of the stand volume was harvested
from the original number of 2,112 to 5,184 trees ha™
in caseof adaptation thinning, and it was 36% of thetrees,
12% of the basal area and 6% of stand volume in case

o
o

<
Digimeter Tree volume
5] ¥
Basal area 5
Stand volume
o
B - adaptation
TMd (Fi)
E (Pii)
THh (F) il
(0]
B (J&DI) 2
H(si)
b D (M)
'

Height

C - from below

Oo‘:

SDi
Canopy

HDR

A - control

©
3

Tree number

-1.0

1.0

Fig. 7. Ordination diagram showing results of the PCA of relationships between variants of thinning (A — control before thin-
ning, B — adaptation thinning, C — thinning from below), stand characteristics (Stand volume, Tree volume, Basal area, DBH,
HDR, Height, Canopy, Tree number) and structural diversity (D, H', E, A, TMd, TM1, o and B indices); Symbols indicate

® plots 1-8 and M variants of thinning (A, B, C).

4. Discussion

Climate change is currently one of the major challenges
forthe protection andmanagement of forest ecosystems
(Cotillas et al. 2009; Borys et al. 2016). It is therefore
necessary to develop appropriate forestry strategies to
mitigate the impact of global climate change on forest
ecosystems (Chapin et al. 2001; Alvarez et al. 2016). In
relation to ecological stability, it is then desirable to grow
forests spatially, ageand species differentiated (Brang et
al. 2014). Promotion of mixed forests and species diver-
sity is therefore often identified as a forest adaptation
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of thinning from below. For comparison, slightly higher
density (4,878 — 5,267 trees ha !) was found before the
intervention in equally old (19 years) mixed spruce-beech
stands in South Bohemia (Novdk & Slodi¢ak 2009).
On the other hand, lower number of trees (1,566 —
2,240 treesha ), such as stand volume (67 - 77 m* ha'),
was observed in mixed birch-dominated stands of age
20 years (Vacek et al. 2009). In parallel, there was an
increase in average DBH by 8% and height by 4% for
adaptation thinning and 16% in height and DBH for
thinning from below. As in Waskiewicz et al. (2013),
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the aim of the stand tending was to improve the stability
of the stand and keep the desired species composition
in the young mixture. In our case, similarly to Novak
et al. (2017), it is a lower intensity of the intervention,
however, the internal stability of the stands of studied
mixtures has been demonstrably increased. In connec-
tion with the intensity of the intervention, Konépka et
al. (2008) showed that even with higher intensity of the
intervention (40% of the removed basal area), the stabil-
ity of the stand can be significantly increased.

More intensive opening of forest stands has a greater
impact on habitat and stand conditions, as evidenced by
many researches (Poleno 1993, 1994; Jaworski 2000;
Stefanéik 2006, 2015; Rio et al. 2016). These are prima-
rily microclimatic and ecological conditions, which can
have a significant impact on the stability, production,
health and vitality of stands (Chroust 1997). In the con-
text of major global climate change, a number of papers
from the Mediterranean conditions cite, for example,
Roig et al. (2005); Gea-lzquierdo et al. (2009); Guille-
motetal. (2015); Rio et al, (2016), that stronger tend-
inginterventions improve the moisture conditions in the
stand and consequently the growth of the stand can be
increased compared to stands without any intervention.
Wherefore, higher openingof the vegetation under adap-
tation thinningaccording should have a more favourable
effect on microclimatic and ecological conditions in the
monitored stands compared to the thinning from below
as well ason thediversity and development of herb layer
in relation to light availability (Axmannova et al, 2011;
Hédl et al. 2017). It is also noted that the high intensity
of tending leads to an increase in the vitality of dominant
trees in the stand after severe drought-stress events (Mis-
sonetal.2003; Kohleretal. 2010; Sohnetal. 2013). Also,
Bosela et al. (2016) showed that methods of differenti-
ated tendingof beech stands significantly influenced their
vitality in conditions of the Carpathians, where the aver-
age temperature in the growing season has been rising
since 1950.

The level of stress from water deficitis strongly influ-
enced also by the species composition of stands. Prior to
tending interventions, the main species on the experi-
mental plots were birch (39%), beech (21%), sycamore
(11%), rowan (11%) and ash (9%). After adaptation
thinning, the largest change in the species proportion
was observed for ash as a result of damage by Hylesi nus
fraxini and Hymenoscyphus fraxineus, similarly to situ-
ation in other parts of the Krkonose Mts. (Vacek et al.
2015b, 2017b). Furthermore, the prevailing proportion
of birch trees decreased, while there was a percentage
inerease in beech, sycamore, willow, rowan and other
admixed tree species (cherry, aspen, fir). In case of thin-
ning from below, the proportion of birch, beech and
sycamore increased on the expense of the proportion
of rowan and willow due to minimal economic use. In
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relation to tree species composition, researches showed
a higher probability of drought stress in young spruce
stands than in beech or other deciduous trees (Jelinek &
Kantor 2001; Borken & Beese 2005; Novak & Slodiéak
2009). From this point of view, this proposed thinning
could be a suitable adaptation option todecrease the risk
of drought stress in forest stands.

In terms of diversity, adaptation thinning caused a
shift in horizontal structure from aggregated to random-
to-regular spatial distribution of trees. Furthermore,
there was an increase in the diameter and height dif-
ferentiation of the stand and an increase in species rich-
ness compared to the thinning from below or control
variant. Thinning from below caused significant overall
decrease in diversity of the stand. Our simulative results
areconsistentwith Fahlvik etal. (2015), Holmstrom etal.
(2016) and Novék et al. (2017), who show a significant
influenceofstand tending in young mixed stands on their
structure. It should be noted that both the type of tend-
ing and the mixing, including the horizontal and vertical
structure of the stands, modify the use of aboveground
andunderground resources and affect the distribution of
growth among the trees in the stand and thereby the way
of competition (Pretzsch & Schiitze 2014, 2015; Rio et
al. 2014). More intensive tending intervention generally
increases the growth capability of a stand and its vitality
(Chroust 1997: Stefanciketal. 2018; Sharmaetal. 2019).
In case of adaptation thinning, we assumed that the new
space created by tending intervention was necessary for
the growth of promising future target trees, which will
better resist the ongoing climate changes.

5. Conclusion

In this paper we tried to create a conceptual framework
of the most important principles of stand tending, which
take into an account the negative effects of global climate
change on forest stands on the example of Krkonose
Mts. The proposed thinning system offers various ways
of management, especially in terms of optimizing eco-
logical and economic criteria for selecting tree species.
The results show that adaptation thinning seems to be a
more suitable option in given habitat and stand condi-
tions compared to the thinning from below. There was
an increase in structural diversity and species richness
inadaptation thinning which is heading to higher stabil-
ity of forest stands. In addition, it is important to ensure
that the proposed silvicultural measures can deliver the
required social and environmental functions and serv-
ices of forest ecosystems continuouslyand in the highest
possible quantity and quality. As a next step, different
thinning approaches for different climate scenarios and
site conditions should be developed and tested in field
conditions, in order toverify their validity and feasibility.
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5.3. Tematicky okruh III — Vliv klimatickych faktori na rist

5.3.1. Effect of climate and air pollution on radial growth of mixed forests:
Abies alba (Mill.) vs. Picea abies (L.) Karst.

5. MIKULENKA P., PROKUPKOVA A., VACEK Z., VACEK S., BULUSEK D., SIMON .,
SIMUNEK V., HAJEK V. (2020): Effect of climate and air pollution on radial growth of
mixed forests: Abies alba (Mill.) vs. Picea abies (L.) Karst. Central European Forestry
Journal, 66 (1): 23-36.

Smrk ztepily (Picea abies [L.] Karst.) a jedle bélokorad (4bies alba Mill.) jsou
hlavnimi dfevinami stiedni Evropy, které jsou v soucasnosti velmi ohrozené v dasledku
ptsobeni klimatickych zmén, jako je zvysujici se teplota, nerovnomérné rozlozeni srazek,
dlouhodobé periody sucha, frekventovanéjsi vétrné disturbance a intenzivnéjsi extrémni
udalosti. Na druhou stranu nesmime zapominat na sekundérni biotické sktidce, zejména
ktirovce a houbové patogeny. Tento vyzkum byl zaméfen na analyzu vlivu klimatickych
faktorti a znec€isténi ovzdusi na radialni rtst jedle bélokoré a smrku ztepilého ve smisenych
riznoveékych porostech (56146 let) v Chranéné krajinné oblasti Jeseniky (LS Janovice,
stanovis$té¢ SK a 50). Cilem bylo komplexné zhodnotit diverzitu, strukturu a produkci
téchto porosti a zaroven urcit interakce mezi radidlnim rastem jedle a smrku s
koncentracemi znecistujicich latek v ovzdusi (SO, NOx, troposféricky ozon) a
klimatickymi faktory (srdzky, teplota). Pro stanoveni struktury lesa a produkce byla
pouzita technologie Field-Map (IFER). Pro analyzu radialniho riistu bylo na 5 trvalych
vyzkumnych plochéch odebirano celkem 100 vyvrti ve vysce 1,3 m pomoci Presslerova
nebozezu. Vysledky ukézaly, ze koncentrace SO, a NOx mély negativni vliv na radidlni
rust jedle, zatimco radiélni riist smrku byl vice negativné ovlivnén troposférickym ozonem
(AOT40F). Jedle vykazovala signifikantn¢ vys$i variabilitu radidlniho ristu a byla
sensitivnéjsi na vliv klimatickych faktorti ve srovnani se smrkem. Na druhou stranu, jedle
se ukazala jako pomérné adaptabilni dfevinou, ktera dobfe regenerovala po odeznéni
stresovych faktorti, jako je imisni zatéz, napadeni korovnici kavkazskou (Dreyfusia
nordmannianae Eckst.) nebo poskozeni mrazem. Limitujicim faktorem pro radialni rist
byly v této studované horské oblasti nizké teploty, zejména u jedle. Jedle byla znacné
citlivd na pozdni mrazy, zatimco smrk na zimni vysychani a jarni sucha, zejména v
synergii s imisni zatézi. Zavérem lze konstatovat, ze prestarlé kmenoviny byly vyraznéji
negativné ovlivnény imisni zat¢zi a klimatickymi extrémy ve srovnani s mladymi porosty

1 porosty sttedniho véku (tyCoviny, dospivajici kmenoviny).
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Abstract

Norway spruce (Picea abies [L.] Karst.) and silver fir (Abies alba Mill.) are main tree species of Central Europe
that are currently highly vulnerable in times of global climate change. The research deals with the effect of climate
and air pollution on radial growth of silver fir and Norway spruce in mixed age-varied (56 — 146 years) forests in
the Jeseniky Protected Landscape Area, the Czech Republic. The objectives were to evaluate biodiversity, structure
and production, specifically interaction of radial growth of fir and spruce to air pollution (80, NO,, tropospheric
ozone) and climatic factors (precipitation, air temperature). Concentration of SO, and NO, had negative effect on
radial growth of fir, while radial growth of spruce was more negatively influenced by tropospheric ozone. Firshowed
highervariability in radial growth and was more sensitive to climatic factors compared to spruce, On the other hand,
fir was relatively adaptable tree species that regenerated very well when the pressure of stress factors subsided (air
pollution load, Caucasian bark beetle, frost damage). Low temperature was a limiting factor of radial growth in the
study mountainous area, especially for fir. Fir was significantly sensitive to late frost, respectively, spruce to winter
desiccation and spring droughts with synergism of air pollution load. Generally, older forest stands were more nega-
tively influenced by air pollution load and climatic extremes compared to young trees.

Key words: silver fir; Norway spruce; tree-ring dating; stand structure; biodiversity; Central Europe
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1. Introduction m a.s.l. (Hejny & Slavik 1997). Particular attention has
been paid to the importance of fir in silviculture and to
the consequences of its decreasing numbers in Europe
since the 16th century (Cramer 1984; Larsen 1986). In
the course of the last century, the reduction in numbers

continued in many places (Gomoryetal. 2004) and today,

Silver fir (Abtes alba Mill.) and Norway spruce (Piced
abies [L.] Karst.) are the most productive of native
European coniferous tree species (Korpel et al. 1982).
Silver fir is a tree species currently growing in Central
and Southern Europe (Korpel et al. 1982). Its range is

relatively small, rather local, more or less coinciding
with the distribution of mountain massifs and zones. Fir
is predominantly a mountain species that, in the north-
ern part of its area, descends to the hills or, marginally,
lowlands (Hejny & Slavik 1997). In warm climate areas
it moves to higher altitudes (Musil & Hamernik 2007).
It is a species of oceanic climate with mild winters and
with demands for sufficient moisture during the year
(Bernadzki 2008). Silver fir suffers from strong winter
frosts. Long-lasting lowtemperatures resultin the forma-
tion of false heart (Uradniek et al. 2001). In the Czech
Republic, fir concentrates in lower mountain areas. Its
optimum is on gleyed and waterlogged soils at 500-900
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both natural and anthropogenic stresses often contribute
to the mortality of fir individuals (Bo3ela et al. 2014), [n
spite of that, firand fir-mixed forests make up an impor-
tant part of the central and south-eastern European
landscape (EEA 2006; Bosela et al. 2018). On the other
hand, Norway spruce has a continuous distribution in
Northern Europe and islet in the mountains of Central
and Southern Europe (Auders & Spicer 2012; Farjon &
Filer 2013). In the Czech Republic, spruce occurs in the
Hercynian-Carpathian region, where it grows in almost
all the mountains at 700—1350 m a.s.]. (Uradniéek et al.
2009). Spruce grows predominantly on poor soils of pod-
zol and cambisol (Binkley & Fisher 2013), where, how-
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ever, nitrogen deposition has increased forest growth in
recent decades (Viet et al. 2013; Meunier et al., 2016).
Spruce is very sensitive to air pollution (especially 8O,)
and droughts (Godek et al. 2015; Vacek et al. 2017,
2019). Significantdisturbancesin spruce standsare also
caused by windstorms and bark beetle outbreaks (Cada
etal. 2013; Vacek et al. 2015), especially in the context
of the advancing global climate change (Hanewinkel et
al. 2013).

Global climate change puts pressure on forest eco-
systems (Bonan 2008; Usbecket al. 2010; Cater & Diaci
2017), with tree growth most affected by rising tem-
peratures and drought (Frank et al. 2015; Hartmann
et al. 2015). In general, these factors make trees more
vulnerable to forest insects and pathogens (Choat et al.
2012; Anderegg et al. 2013). Consequently, a number of
studies supply evidence that climatic factors also signifi-
cantly affect the growth of silver fir (Gentilesca & Todaro
2008; Koprowski 2013). In many areas, withering of firs
is directly ascribed to climate change (Hanewinkel et
al, 2013; Boettger et al. 2014; Kondpkova et al. 2018).
Accordingly, some authors suggest that fir can achieve
greater productivity in mixed stands (ToTgo et al. 2015)
and also thatfir growth sensitivity to summer droughtsis
lowerin mixed stands (Metzetal. 2016; Vitalietal. 2017).

In relation to climate variability, changes in the
radial growth of trees and in the sequence of pheno-
logical features and their ecological species amplitude
occur, whereas these changesare affecting the dynamics
of the communities (Rita et al. 2014). Climate change,
however, also indirectly contributes to more frequent dry
seasons thatare consistentwith a potential 4-27 % reduc-
tion in precipitation in Europe (Ripullone et al. 2009),
primarily in summer (Gao & Giorgi 2008). Inparticular,
warm summers and repeated drought significantly affect
the health of fir and spruce (Biintgen etal. 2014; Gazol et
al. 2015; Konépkova etal. 2018). The largest decline in fir
growth has beenrecorded in the southern partofitsarea
(Battipaglia et al. 2009; Cailleret & Davi 2010). Hand in
hand with the anticipated increase in climatic extremes
(Coumou & Rahmstorf2012; Koganet al. 2013) species
diversity of forest ecosystems is expected toalter in many
places (McDowell & Allen 2015). This s in line with the
fact that climate warming leads to shifts in species areas
in response to a change in their climate optimum, with
major impacts at the margins of the species areas (Davis
et al. 2005; Lenoir et al. 2009; Hernandez et al. 2019).
From this point of view, fir is supposed to be one of the
species that will replace spruce in many places because
fir is more resistant te drought than spruce (Vitaliet al.
2018).

Changing climate conditions will, in the future, call
for emphasis on responsible, close-to-nature manage-
ment based on detailed knowledge of species-specific
growth responses, climate change-induced stimuli (Bolte
etal. 2009; Elliott etal. 2015). Growth responses should
then be investigated through annual ring increments
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of individuals, as annual tree-rings provide detailed
retrospective information on tree growth under previ-
ous conditions of ecosystem environments (Altman et
al. 2017; Sohar et al. 2017) and reliably reflect the link
between growth, climaticand extreme climatic phenom-
ena (Gazol et al. 2016; Bhuyan et al. 2017). The specific
environmental conditions are usually reflected in the
annual rings’ width (Koprowski 2013). Some factors,
such as frost or summer drought, may have an imme-
diate effect on the ring width, while other factors such
aswinter drying may affect the rings with delay because
growth tissues are relatively calm during winter months
(Putalovaetal. 2019), The effect of differentenvironmen-
tal factors therefore causes different annual ring widths
and structures that systematically alter the tree’s growth
dynamics (Fritts 1976; Cukoretal. 2019a, b).

In addition to climate, air pollution also has a signifi-
cant impact on radial growth (Elling et al. 2009; Diaci
2011; Boettgeret al. 2014; Bosela et al. 2014), as firwas
considered one of the species most sensitive to air pollu-
tion (Wentzel 1950; Ulrich 198 1). Astrongair pollutant
load, in particular, decreases the ringwidth significantly
(Sander & Eckstein 2001; Wilczyriski 2006). However,
other environmental stimuli, especially insect pests,
fungal pathogens etc., also influence the variability of
the ring width (Schweingruber 1996). A decline of the
fir during the period of air pollution ecological disasters
wasoften associated with the damage of fir stands caused
by the Caucasian fir gall aphid (Dreyfusia nordmanni-
anae) and the balsam woolly aphid (Dreyfusia piceae) —
(Mrkva 1994). Pathogenic infections also contributed to
the deterioration of fir health (Brilletal, 1981; Blaschke
1982). These environmental stimuli usually manifest
and pass too quickly to be a reliable indicator of forest
ecosystem degradation (Godek et al. 2015). However,
temporal weatheranomalies within growth trends canbe
separated, asthey are similarin all standsof the same spe-
ciesin the area, whether air-polluted or not; itis similar in
the case of biotic pests (Ferrettiet al. 2002; Sensuia etal.
2015). Inrecentyears, increased regeneration and recov-
ery of fir growth trend has been observed in a number
of places where pollution has been reduced (Elling et al.
2009; Hauck et al. 2012).

This paper evaluates the effect of climate and air
pollution on the radial growth of fir and spruce mixed
age-varied forest stands cultivated by close-to-nature
methods in the Jeseniky Mts. The objectives were 1) to
determine structure, biodiversity and production param-
eters of fir-spruce mixed forest stands, 2) tocompare the
dynamics of radial growth of fir and spruce and their
differences, 3) todescribe the effect of air pollution load
(80O,, NO,, tropospheric ozone), climatic factors (tem-
perature, precipitation) and pathogenic infections on
growth of both the study tree species and 4) to estimate
the relationship between climate, air pollution and radial
growth of fir and spruce.
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2. Materdal and methods

2.1, Study area

The area of interest iz located in the Jeseniky Protected
Landecape Area,in thees et part of the Czech Republic,
The study site bel ongs ta the gene ressrve of 3Z 160-3
Hofwald silver fir andis located at the foothills of the
Hruby Jesenikmountainrange on 1 36.4 ha at an altitude
of 625-725 m 8,21, The area serves for protection and
reproduction of gene diversity of an important popula-
tion of gilver fir, The silverfir stands arerichly structured,
belonging to special purposs forests and managedin the
selection and shelterwood eystern, The annual tempera-
ture of the localityie 6.4 °C, and the annual precipita-
tion varies around 705 mm. The vegetation period laste
130 days. The geological base coneiste mainly of phyl-
lites, partially quartsites and sediments. Mesotrophic
cgmbigols are the predominant zoil type, with sporadic
pesudogleye and gleys.

Tree species composition include 40 % eilver fir and
20% Morway spruce, Buropesn beech (Fagus syvatica
L.}, eycamoremap e (Acer pssudoplatanus L), Europsan
white birch [Befulk pendinkzs Roth.) and Europesn larch
[£an decvdualill. ) are admixed, withblack slder [A ks
Zlutinosa [L.] Gaertn.) on soils affected by weter, The
comrmmnities belong to the association Luzulo-Abiss
turm albae Oberdorfer 1957, Localization of permanent
ressarch plote (FRF) is shown in Fig. 1 and g sunumary
of the PRP bagic detais givenin Tabls 1,

2.2, Data collection

Field-Map technology (IFER-Monitoring snd Mapping
Solutione Lid. ) wazuesd to determine the structure of
the tree layer of mixed forest stands on Ove PRE of 50
* 50m(0.25ha)in 2018, The positions of all trees with
diameter at brea st height (DEH) =7 cm were localized.
The height ofthe live crown bage and the crown dismester
wiere aleo mes rured in the tree layer, atleaetind direc-
tionie perpetidicular to each other. Dismeters of the tree
layer were measured by 8 Mantax Blue metal calliper
[Hagldf, 3weden ) with an sccuracy of 1 mun and heights

I ‘_,-f % i Jesaniky Protacied
% Gastn
b, e i

Y Landscacs Arss

Fiz. 1. Localimation of mixed stande of silver fir and Mo
way Bprce on pectmanent reeearch plote Janovice 1-5 in the
Jeren iky Protected Landecape Area; grey colour indicates foe-
egtoover

were megsured uzinga Vertes 1azer hypeometer (Haglof,
Sweden ) with an accuracy of 0.1 m.

Diata forradial growth analysiz was obtained by tak-
ing coreeata height of 1.3 m by a Preseler borer (Wora,
Sweden ) from 20 live dominant and co-dominant fir and
gpruce treee, The core eamples were randomly [RNG
functionin Excel Jtaken fromtreesin upelope/down s ope
directionin spring 3019, Annualring widthewersmeas-
ured with an sccuracy of 0.01 mm by an Olympus bin-
ocular microscope on the LINTAE mes suring table and
recorded with Teap'Win software (Rinntech).

2.3. Data analysis

The basgic structure, diversity and production charac-
terietics of the tree 1ayer were evaluated by the SIBYLA
5.1, forest gr owth simulator (Fabrika & Dursky 2005),
The stand volume wag calculated sccording to Petra d
& Pajtlk (1991), Therelative stand density index (3D1;
Reinegke 19 33], the crown closure (OC; Crooketon &
3tage 1999 and the crown projecton area [CPA) were
obeerved for each plot. The mazimim SDIvalue wae
derived from the model of the yield tables (Halgj ef al.

Table 1. Dverview of the baric site and rtand characterietice of the permanent rerearch plotein 2018 according to Forest an-

pgetrent Flan,

PRE GPE NE‘“ Baxpos tion Sﬁ]"c F°z:“’° Genlogy Gailz w“wi%pm”“" Er s‘?"mf:;f]"i
1 ﬁ:zg?gg 693 gk T K phllie cambzol A0 PASO,LDZ5, B3 146 &

z ‘:,’;:?Zﬁjgg T E 3 K quarsite  cambiel AR 15 PAGD LDZ4 B 1% &5

g ﬁ:ﬁﬁﬁ 660 R 3 50 aediment glegzol AT, PASD, &35 56 =7

4 ﬁ:ﬁ?ggg 670 SE 3 50 adiment ghseol A8 T, PAGT 435 60 =6

5 ﬁ:ﬁ;"ﬂ;g 673 SE 4 K wdiment  cambiol A440, PAGD &3 01

Mokee: b reetzietyy e 30 - Bipab- A venis bawmd o maw i b o, 5K - Aian- G patmm soide bl o, eez peciee: b - 2ilberlir [Abars bs Mill) P4 - Moreeyz ) roos [Fia sbix [L]
Karet), LD - Eam pean Bmh [ Leviz ca-ider Mill.) B2 - Eompea n beech [Fger spdveits L), 4G - black aber [2e o pivtimeas [L] Geern,) .
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1987). Periodic annual increment (PAI) was derived for
a period of 5 years. Diversity was evaluated by species
richness (Margalef 1958), species heterogeneity (Shan-
non 1948), speciesevenness (Pielou 1975), Arten-profile
index (Pretzsch 2006), diameter and height differen-
tiation (Fiildner 1995), crown differentiation and total
stand diversity (Jaehne & Dohrenbusch 1997; Table 2).

In order to date the core samples (16—20 analysed
samples pertree species oneach PRP) and eliminate the
errors associated with an oceurrence of missing tree-
rings, each incremental series was cross-dated using the
PAST4 statistical tests (Knibbe 2007) and subsequently
subjected to visual inspection according to Yamaguchi
(1991). If a missing ring was found, a ring of 0.01 mm
width was inserted in its place. A 100-year spline in PRP
1and 2,50-vear spline in PRP 2 and 4,and 70-year spline
in PRP 5 were used to eliminate the age trend. Detrend-
ing was made in R, in the Dplr package. The main den-
drochronological character indices were calculated, as
described by methodology according to Bunn & Mikko
(2018), focusingon characterisingeach plotand tree spe-
cies separately. The expressed population signal (EPS)
was calculated for detrended data sets that indicates the
reliability of achronology as a fraction of the join variance
of a theoretically infinite tree population, signal to noise
ratio (SNR) that evaluates the signal strength of the chro-
nology and R-bar inter-series correlation (Fritts 1976).

The analysis of negative pointer years characterizing
extreme low radial growth wasdone according to Schwe-
ingruber (1996). Foreach tree the pointer year was tested
asanextremely narrowtree-ring thatdoes not reach 40%
of the increment average from the four preceding years.
The occurrence of the negative year was proved if such
astrong reduction in increment occurred at least in 20%
of trees on the PRP.

Data from air pollution monitoring stations and
meteorological stations were used to derive air pollutant
and climatic factors. An analysis of air pollution situa-
tion by 8O, NO, and the tropospheric ozone mean and
maximum concentrations in the growing season was
performed using available data from the Kosetice station
(1993-2017;532 m a.s.1.; GPS 49.5735N 15.0803E).
Tropospheric ozone concentration for forest was charac-
terized by exposure index AOT40F (Werner & Spranger
1996). Climatic factors (air temperature and precipita-
tion) conditions were evaluated on the basis of data from
the Svétla Hora meteorological station covering the years
(1970-2018; 628 m a.s.l.; GPS 50.9448N, 17.2295E).

The development of air temperature and precipitation
conditions was studied on the basis of a mean annual
air temperature, air temperature in (non-) growing sea-
son, air temperature in individual months, annual sum
of precipitation, sum of precipitation in (non-) growing
season and sum of precipitation in individual months.

The standardized (detrended) tree-ring index series
from the PRPwere correlated by the Pearson correlation
coefficient with the climate data (precipitation, air tem-
peratures) and air pollution data (80,, NO, and tropo-
spheric ozone concentrations) in the Statistica 12 (Stat-
Soft, Tulsa). The DendroClim software (Biondi & Waikul
2004) was used to model radial growth depending on cli-
mate monthly characteristics. Unconstrained principal
componentanalysis(PCA) in Canoco 5 (Smilaver & Leps
2014) was used to analyse relationships between growth
of firand spruce on the PRPs, climatic factors and air pol-
lution data in 1993-2017. Data were log-transformed,
centred and standardized before the analysis.

3. Results
3.1. Structure and biodiversity of the stands

The number of live trees ranged between 336 —
816 trees ha ' with the stand density index of 0.62 —0.88
in 2018 (Table 3). The mean basal area was in range
of 43.4 - 53.3 m? ha™'. The stand volume ranged from
486 m® ha' (PRP 3) to 594 m* ha! (PRP 5). Fir had the
largest standvolume (74.2 and 54.6%) ontwoPRP (3 and
4), and spruce (65.9,60.2 and 68.0%) on three PRP (1, 2
and 5). European larch occurred only on two PRP and its
share was marginal (2.2 and 4.3%), The periodic annual
incrementwas 7.7-10.8 m*ha 'y and the meanannual
increment varied between 8.1-9.9 m*ha 'y

Interms of species diversity, speciesrichnesswas low
(D0.157-0.298), species heterogeneity ranged from low
tomedium (H70.256-0.354) and species evenness shows
moderate to very high species diversity (E 0.588-0.968;
Table 4). Thevertical structure was relatively variable (4
0.428-0.675), ranging from moderately diversified (PRP
1,2, 4,5), consisting of two storeys, up toa substantially
diversified spatial structure (PRP 3) which consists of
3 storeys. Fiildner’s index of height (7'M, 0.132-0.532)
and diameter (TM,0.252-0.580) differentiation points
to stands with mostly low (PRP 1, 3, 4, 5) to medium
(PRP 2) structural differentiation. In terms of total stand

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

Criterion Quantifiers Label Reference Evaluation
Species diversity Richness D (Mai) Margalef (1958) mininum D = 0, higher D = higher values
Heterogeneity H’ (1) Sharmnon (1948) mininum H* = 0, higher H" = higher values
Evenness E (Pii) Pielou (1975) range 0-1; minimum E = 0, maximum E=1
Vertical diversity Arterrprofile index A (Pri) Pretzsch (2006) range (—1; balanced vertical structure A <0.3; selection forest A> 0.9
Sl RS e o g?é“}i‘;;‘f' m: %23 Fitldner (1995) range 0-1; low TM < 0.3, very high differentiation TM > 0.7
Crown dif. K (J&Di) Jaehne & Dohrerbusch (1997) low K< 1; very high differentiation K>3
Complex diversity Stand diversity B (J&Di) Jaehne & Dohrenbusch (1997) menetenous structure B <4; uneven structure B = 6-8; very diverse
structure B> 9
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Table 3. Structural and production characteristics on permanent research plots 1-5 in 2018.

PRP Age dbh h v N BA ¥ PAI MAI cC CPA spI
[v] [em] [m] m® treesha™]  [mha™ m*ha '] [m*ha'y7) [%] [ha]
Abies alba
1 146 22.0 11.78 0465 352 131 164 2.6 273 4.8 0.59 0.25
2 129 38.8 23.74 1.563 144 16.6 225 3.5 3.75 32.4 0.39 0.26
3 56 324 23.75 0.902 400 33.0 361 1.5 6.02 70.1 1.21 0.54
4 60 274 2120 0.599 480 283 288 71 4.80 78.9 1.55 0.49
5 85 4.3 2941 1.692 112 15.0 189 1.7 3.15 50.2 0.70 0.22
Picea abies
1 146 43.6 30.20 1.901 192 285 305 41 6.08 49.3 0.68 0.38
2 129 2.5 27.62 1.768 192 268 0 4.2 5.67 48.8 0.67 0.37
3 56 30.3 2324 0.710 176 1.7 125 1.9 2.08 39.7 0.51 0.20
4 60 30.8 2322 0.711 320 238 28 33 3.80 05.6 1.07 0.37
5 85 385 2714 1330 304 352 404 41 6.73 75.8 142 0.50
All tree layer
1 146 305 17.96 0.911 608 439 354 6.8 923 774 149 0.68
2 139 40.7 25.96 1.680 336 434 365 1.7 942 65.4 1.06 0.62
3 56 318 2359 0.843 576 45.6 486 9.4 8.10 82.0 171 0.73
4 60 289 22.08 0.646 816 533 527 108 8.78 932 2,69 0.88
5 85 39.3 2075 1.428 416 50.2 59 1.6 9.90 88.0 212 0.72
Notes: Age dage,dbh- dratic diameter at breast height, h height, v- mean tree volume, N —number of irees per hectare, BA - basalarea, V — stand volume, PAI - periodic

annual increment, MAI - meananmal inerement, CC— canopy closure, CPA- ¢

$DI - stand

index.

Table 4. Biodiversity of tree layer on permanent research plots 1-5 in 2018.

PRP D ] H E A‘ T™, TMﬂ K ‘ B
(Mai) (8i) (Pii) (Pri) (Fi) (Fi) (J&Di) (J&Di)
1 0.157 0.354 0.588 0.531 0.300 0.256 1.983 7.320
2 0.298 0.289 0.960 0.488 0.580 0.532 1720 5.630
3 0.160 0.256 0.850 0.675 0.291 0.176 0.805 3917
4 0.172 0.342 0.717 0.551 0.300 0.183 0.938 5.236
b] 0.161 0.265 0.880 0428 0.252 0.132 0.784 3.506

Notes: D - species richness index, H' - species heterogeneity index (entropy), E- species evennessindex, A - Arten-profile index, TM, - diameter
ati B 1

index, K- erawn diffe

index.

diversity, PRP 3 and 5 show monotonous structure (B
3.506-3.917), PRP 2 and 4 even structure (B 5.236—
5.630) and PRP 1 shows uneven structure (B = 7.630).
The crown differentiation ranges from fairly low (PRP
3-5) to moderate (PRP 1 and 2). Generally high biodi-
versity was on older (139146 y) mature forest stands
on PRP 1-2 compared to younger stands (56-85y)
onPRP 3-5.

3.2. Tree-ring characteristics

Characteristics of dendrochronology analysis are
numerically described in Table 5 that shows basic indi-
cators. Average tree-ring width was the lowest on PRP
1inspruce (1.63 mm + 0.69 SD) and on PRP 2 in fir
(1.63mm +0.98 SD) on the oldest PRP, while the high-
est increment was on PRP 3 in spruce (3.84 mm + 1,39
SD). Generally, the higher radial growth was in spruce
compared to fir (except PRP 1). Expression population

index, TM - height diff

signal value shows a high number in PRP 4 (0.944 and
0.903), but EPS was significant (significant EPS level is
0.850) in both tree species on all PRP except firon PRP 2
(0.849). SNR value shows that best chronology (without
noise) was in fir on PRP 3 and 4 (16.938 and 11.353).
The highest SNR noise wasdescribed in firon the oldest
PRP 1 and 2 (3.078 and 5.260). First-order autocorrela-
tion shows values ranging from 0.654 to 0.844 and R-bar
from 0.241 t0 0.504.

3.3. Dynamics of radial growth of fir and
spruce

Significant negativeyearswith low radial incrementwere
observed in older stands on PRP 1, 2 and 5 and in one
case on PRP 3 (Table 6). Significant decrease in radial
growth was observed especially in fir (3-5 significant
years) compared to spruce (1-3 significant years). On

Table 5. Characteristics of the tree-ring chronologies of fir and spruce on permanent research plots 1-5.

PRP Speties Ho. of trees SD Mean [mm| arl R-bar EPS SNR
1 sp 18 0.69 1.63 0.762 0.311 0.879 7.265
A 17 097 1.69 0.835 0.267 0.859 5.260
9 SP 18 0.89 1:75: 0.784 0.329 0.889 8.001
AA 16 0.98 1.63 (.844 0.241 0.849 3.078
3 Sp 20 1.39 3.84 0.723 0.288 0.854 5,830
s AA 20 1.29 3.60 0.654 0.405 0.919 11.353
4 SP 19 138 332 0.773 0.354 0.903 9.302
AA 20 117 2.89 0.731 0504 0.944 16.938
5 SP 17 123 293 0.752 0.380 0.894 8.449
- AA 20 131 2.65 0814 0.367 0.899 8.895
Notes: No. of trees - mumber of aralysed samples, $D — standard deviation, ar1  first- onder autocorrelation, R-bar — infer-series tion, EPS - exp population signal, SNR — signal-to-

noise ratio.
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PRP 1,2 and 3, theradial dynamics of fir showed decrease
caused by the Caucasian fir gall aphid in synergism with
air pollution in 1970-1982 (Fig. 2). Significant nega-
tive years with low radial increment of firin 1929, 1933,
1956, 1962 and 1996 were caused by cold years, when
the assimilation apparatus was damaged by late frosts.
In 1996, the mean coldest temperature from January to
March was measured (-5.3 °C in 1996, mean-1.5 °C).

Table 6. Significant negative pointer years characterizing
extreme low radial growth of fir and spruce on permanent re-
search plots 1-5.

Negative pointer years
PRP1

Silver fir
1929, 1956, 1962, 1996

Norway spruce
1948,1993

In spruce, significant negative year 1993 was char-
acterized by the synergism of the highest max. 8O, con-
centration (140 pg m3, mean 38 ng m) in the observed
period and a lack of precipitation (28 mm, mean52 mm)
on the beginning of growing season (March—May). More
significant winter desiccation also occurred in the early
spring of 1948 and in 1992—1995. Reduced increment
in spruce in 2004 was caused by low precipitation in the
growing season. In the study period, several increases in
radial growth were observed due to favourable climatic
conditions, but also because of silviculture intervention,
especially in younger forest stands. For example,on PRP
4 due to strong competition, thinning of 34 m? ha™ was
carried outin 2006 and the radial increment subsequently

ggg% 1529, 1933, 1956, 1972, 1996 1580, }32;,2004 increased (Fig. 2).
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Fig. 2. Standardized mean chronology of silver fir (black line) and Norway spruce (gray line) in 19702018 expressed by the
tree-ring index on permanent research plots 1-5 (the number of samples in 1970 — PRP 3: spruce 50% and fir 75%; PRP 4:
spruce 58% and fir 75%; PRP 1, 2 and 5 100% of spruce and fir; in 1978 100% of samples on PRP 1-5).
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Generally, the highervariability in radial growth was
observed in fir (£ 0.20 SD) in 1970- 2018, while the
standardized mean site chronology of spruce was rela-
tively morebalanced (£0.16 SD) with partial fluctuations
(Fig. 2). Since 1993 the comparable situation in growth
variability (+ 0.18 SD) has been observed in both tree
species. The variability of radial growth was increasing
with age of trees, while the highest fluctuation was on
PRP 1 and 2 (136-146y; +0.23 SD) and the lowest on
PRP 3and 4 (56-60y; £ 0.14 SD).

3.4. Effect of climatic factors on radial growth
of firand spruce

Climatic analyses in relation to radial growth showed
several significant (c. = 0.05%; r = -0.34-0.36) months
in 1970-2018 (Fig. 3). Radial growth of fir was more
sensitive to monthly temperature and precipitation com-
pared to spruce. To be precise, on the oldest PRP 1, fir
was the most sensitive to climatic factors (8 significant
months) from all varjants (PRP and tree species). The air
temperature had significant effect on radial growth of fir

05 Fir1(146y) 05 Spruce 1(146y)
03 H 03
[ 1
ﬂégszsso%zﬂsgég 223y O |pEs5E3S8EXEEIEFERES
0. 03
-0. o Temperature o Precipitation 0.5 -
05 Fir2 (139y) 05 Spruce 2 (139y)
03 } 03 |
01HHH 01H HHH
MisrsmrgssREgsarsEyy M wﬁa*s%ﬂ@s%ﬁﬁﬁm
03 03
05 0.5
05 Fir3(56y) 05 | Spruce3 (56y)
Mj 03
wl | ML 1w 1
j;#gzzs’ﬁ 33a8BREIERES srszfssprssgagiags
05 0.5
05 Fir 4(603) 05 Spruce 4(60y)
Q.JJ 3 03
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41#;.—:;3353@%;5:3; “egizasssssaysnsT
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Fig. 3. Correlation coefficients of the standardized tree-ring index chronology of silver fir (left) and Norway spruce (right) with
the monthly air temperature (white colour) and precipitation {grey colour) from April to December of the precedingvears (capi-
tals) and from January to September of the current year (lower case) on permanent research plots 1-5 in 1970-2018. Only cor-
relation coefficients of statistically significant values are presented (o = 0.05%).
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compared to lowimpact of precipitation. Theeffect of air
temperature was prevailingly positive on all PRP, while
in spruce on PRP 3 and 4 the effect of temperature was
negative. July (in precipitation) together with February,
March and April (in air temperature) were the most sig-
nificant months in relation to climate-sensitive on radial
growth of fir.

In spruce, climate sensitivity of diameter increment
was similar on all PRP (4-6 significant months) com-
pared to highvariability in fir (5-8 significant months). In
younger forest stands, the effect of precipitation was pre-
vailing or equable, while radial growth of spruce in older
stands was more affected by air temperature. Diameter
increment of spruce was positively correlated especially
with the precipitation in June and with air temperature
in October of the previous year and March of the current
year (Fig. 3).

3.5. Interactions between radial growth, air
pollution and climate

Maximum and mean SO, concentrations had signifi-
cant negative effect on fir and spruce radial growth in
the oldest stands on PRP 1 and 2 and in fir on PRP 5 (p
<0.05-0.001; Table 7). The highest effect of SO, con-
centration was observed in fir (p <0.01) compared to
spruce (p<0.05). NO, concentrations were insignificant
negative correlation with fir radial growth on PRP 1,2
and 4 (p < 0.05-0.01), while no significant effect was
observed in spruce. The mean AOTA0F had a similarly
negativeeffect on firand spruce radial growth, especially
on PRP 1 and 2. Conversely, maximum value of expo-
sure index was in significant negatively correlation with
spruce growth anall PRP (p<0.05-0.01), while in fir it
was observed only on two PRP. Generally, SO, and NO,
concentrations had higher effect on fir radial growth,
while spruce diameter increment was more influenced
by tropospheric ozone. The effect of air temperature on
firand spruce radial growth was significant. The highest
effect on radial growth (p<0.001) was exerted by mean

annual air temperature of the current year, especially in
fir. On the other hand, precipitation did not have any sig-
nificant effect on the fir radial growth stands (p > 0.05)
compared to two (on PRP 4 and 5) significant correla-
tions (p=<0.05)y witha sum of precipitation in the growing
season of the current year.

The results of PCA are represented in an ordination
diagram inFig. 4. The firstordination axisexplains 43.3%
of data variability, the first two axes together explain
59.4% and the first four axes 75.2%. The x-axis illus-
trates the mean radial growth of fir stands along with
ozone exposure index (AOT40F) and the second y-axis
represents the sum of precipitation in the current year
and in the growing season. SO, and NO, concentrations
(meanannualand maximum)were negatively correlated
with radial growth of fir and spruce PRP 1 and 2, while
ozone exposure index had prevailing negative effect on
radial growth of spruce and silver firon PRP 1and 2. In
relation to air pollution, SO, concentrations contribute
greatly to the explained variability by the first principal
component. On the other hand, precipitation, in terms
of climaticfactors, contributes less to the explained vari-
ability compared toair temperature, especially low effect
of precipitationin the non-growing season was observed.
Overall, the effect of air temperature on diameter incre-
ment was more significant in fir compared to spruce.
Conversely, precipitation had higher effect on radial
growth in spruce, both especially in the growing season
in younger forest stands.

4, Discussion

Onthe European scale, increased forest ecosystem incre-
ment has been apparent since the 1970s, having been
often attributed to rising air temperatures in combina-
tion with inereased nitrogen deposition and increasing
atmospheric CO, (De Vries et al. 2006; Bontemps et al.
2011). Inthe Czech Republic, however, the increment of
stands has also been significantly limited by a number of
negative factors during this period (Putalovaetal. 2019;

Table 7. Correlation matrix describing interactions between radial growth of fir and spruce (on permanent research plots 1-5
and summary), precipitation and air temperature (1970-2018) and concentrations of SO, NO, and AOT40F (1993-2017).
Significant correlations are designated by * (p <0.05) and ** (p <0.01).

RWI S0, 50, NO, NO, AOT40F AOT40F Temp Temp Prec Prec
mean max mean max mean max ActAnn ActVeg ActAnn ActVeg
Firl —0.49* —0.51%+ .52+ -0.33 —0.58%* —0.35 0.61+ 0.43* -0.18 -0.01
Fir2 =8I —0.83%* —0.26 051 L {10y —(.58%* 0.42* 0.26 -0.14 -0.03
Fir3 -0.17 =0.20 0.02 -0.19 -022 -0.32 0.02 =0.05 0.06 0.13
Fir4 —0.35 -0.39 -0.22 —0.41* -0.39 -0.39 0.14 -0.04 0.16 0.22
Firs —-047* -0.50* =020 -0.20 -0.42* -0.31 0.34* 017 0.01 0.12
Fir® —02%* —.63%* —0.28 —0.41 —0.50* —047% 045 0.25 —0.07 0.09
Sprucel —~{65%* —0.60%* —0.03 -0.37 —0.56%* —.05%* 023 0.21 —0.05 0.08
Spruce2 0547 —0.48% -0.20 -0.18 514t -047% 040+ 0.35% -0.07 0.06
Spruce3 -0.31 -0.29 -0.15 ~0.22 ~0.45% ~0.56%* 0.04 =0.12 0.15 0.23
Spruced -0.21 017 0.4 -0.20 -0.34 —G50%* -0.06 -0.09 017 0.29*
Spruced -0.17 —0.14 -0.07 -0.24 026 51+ 0.07 -0.08 0.18 0.34*
Spruced —0.45* —0.40% —0.09 —0.28 —0.48* —0.61%* 0.19 0.10 0.07 022
Notes: SO, (NO, Jmean- 180, (NO,) 80, (NO, jma 80, (NO, ) concentrations, mean {max) AOTAOF dex, TempAetAnn - 1
air temperature of the current year, TempAefVeg - mean air femperature in the growing season of the cwrrent year, PrecA anmual sum of of cwrrent year, PrecActVeg — sum of

precipitation in the growing season of the current year,
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growlog psacon), 020 0s swporurs lodew ASTIOF aod 80, and MO
conceotratlo or (meao — mean aooval coocentratlo o, maw — maxd-
mum o oeaotratlen) and trez-rlogswidth forfirand rprucs oo parma-
oot caesarch plte 1-5 aod oo average ($); codar @ lodleats yeace
109332017,

Waceket sl, 2019), Curresults clearly confim this effect
of various negative factors, both biotic and sbiotic, onthe
radialincrement of fir and spruce on the st died plote.
Climatic factors showed considerable varisbility over
the studied period: the increment at the beginning of the
period wag influenced by cold or frost damage, while at
the end of the period, the effect of higher air tempera -
tures andlower precipitati on totals wa smorep raminent,
which iz, essentially, in line with the climate change.
Other climate change research led to similar resnlts
[Hanewinkslet al, 201 3; Kondpkovi et gl 2018), Specifl-
cally, Arwae affected not only by the climate butalzo by
the Caucasianfirgall aphi dand sirpolluti onin our condi-
tione. This confirme grester varigbility in radial growth
i fIr on the study PRP comp ared to spruce, Although
after year 199 3, the fir showed rignificant increaze and
stabilization in radisl growth, Owverall, fir proved to be
significantly more sensitiveto MO, and 30, concentra-
tionein comparizon to spruce, especiallyin older forest
stands. On the other hand, spruce was more eensitive to
the ozone ex posure index, Generslly, older stands were
mare gengitive to the air pollution load, climatic factore
and changes in comparison to younger forest, in which
radisl growthismoreinfiuenced by tree competition and
silvicultural intervention,

The mixing of tree epeciesin forest stands alzo playe
animportant role (Vaceketal. 2019, Vitalistal, (2017 )
reparted lower growth sensitivity to summer droughts
inmixed stands. hing et al, (2018),in turn, documetited
thattheincrement of spruce and Ar tress is higher when
growing togetherin a mized standrather than in mono-
cultures, Similar results are alzo reported by Tolgoetal,
[2015). Forresteretal. (201 3) then giversazone for better
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increment inmized stands comyp sred tomonocoliures by
miore efficient uee of underground resources rather than
the gbove-ground. Also, in the cass of mixed stande, 8
betterlitter ratio and the mineral nutrient cycle in general
maybes positivefactor (Block 1997; Auguetoet al, 2002
In the caze of mixing fr and spruce, the positive effiecte
are justified by their ability to create different root sys-
teme [ Forrester & Albrecht 2014), It can thusbe szaumed
that the variability of increment on the PRP studiedin thiz
worlcwaereduced due to miving, Thiz etatement can alza
be supported by result sfrom monoculture stands whers
the varigbility of increment iz mores diverse (Futalovi et
8l 201%), On theother hand, the postivesffect ofmizing
onl increment strongly depends on climatic and habitat
conditione [Huber et al. 2014), However, the effect of
climate changemaynot be negativein alpine areas or at
high altitu des (Bolteet a1, 2010; Di Flippoet al. 20123,

Climate change effects alzo depend on tree specics
[Ritzer et al, 20178; Vacek et al, 2018), Pretzechet al,
[2013) documented that spruce, unlike beech, reacta to
drought by 8 more pronounced decrease in increment.
However, when comp aring the in crement of spruce and
fir, our results do not confirm such development unam-
biguously, Cntheotherhand, itisnecessary toa dmit that
8 numbetr of various factors affected the stdied areaz
and, thus, itizhard to single out and quantify solely the
influence of drought on the increment. Accordingly, the
effect of the air temperature and precipitation in the
individual monthe on the increment of individual tree
epecice ig alzo highly differentisted, However, itis clear
fromtheresulteth st climate data hiave 8 significanteffect
on the increment, which corresponds to the results of
correlation analysss of numerous other works,e. g, Ditt-
mar et gl (200 3), Friedricheet al, (2009) or Hirdtle st
al (2012]. On the base of long -term reacarch, Vitalist
8L [2018] conflrmp oeitive correl ati on of lower- altitudes
increment with summer precipitation and negative cor-
relation with surnmer air temperatures, both for spruce
and for fir; thizetudy, though, dosz not bring sgniflcant
higher-altitu de correl ati onneither for epruce nor for fir,
Inthe etudy ares [660-710m a.2.1.) 8ir tempera ture had
prevailingly positive significant effiect on radisl growth,
egpecially in the Arst quarter of the year and more in Ar
compared to sprucs,

Relatively significant differentision of our results can
beexplainedboth bythe microhsbitat conditions and the
different type of root systems. Trees may also manifisst
different incremental resp onses in the context of 8 epe-
cies-gpecific form of water man sgement strategy, where
igohydric species such a2 epruce close their stomats in
dry eeazoneto maint gin a consstent minimom water leaf
potentialto prevent high water lozese and water balance
disruptioninthe plant (del Rioet al. 2014, However, thiz
reactonmayresultin reduced photosynthetic activityand
oversll reductoninincrement (Klein 2014 ; Romanet al.
2015), Aleo, different drought sdaptation etrategiesvary
from epecice to epecies, and can generate betber main-
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tenance of osmoregulatory and hydrological functions
(O’Brienetal. 2014). Moreover, the mixing of deciduous
and indeciduous tree speciescan lead to better growthby
diversifying sources from the environment, which can
ultimately lead to stress reduction (Pretzschet al. 2014).
Inour case, for example, spruce and fir trees can benefit
from greater amounts of light and water through larch
crown leakage in springand winter, when larches do not
have needles. Rotzeretal. (2017b) describe anillustrative
example of such profitable relationship between spruce
and beech. Last but not least, a different type of root
system also contributes to increased resource efficiency
in stands (Danescu et al. 2016). Higher spring air tem-
peratures are also favoured by the fir as they reduce late
frosts to which fir is sensitive (Lebourgeois et al. 2010)
and accelerate the onset of cambial activity (Gricar &
Cufar 2008; Swidrak etal. 2014). Similarly, in our study,
high air temperature in February and March significantly
positively influenced radial growth of fir. Moreover, June
andJuly (the period when a great part of radial increment
is produced) were confirmed as significant months in the
Jeseniky Mts., such as in other mountain spruce forests
(Kral etal. 2015; Krélicek et al. 2017). Mild winter con-
ditions may also improve the increment (Harrington et
al, 2010). Conversely, correlation between the increment
of fir and precipitation at medium and higher altitudes is
generally not as significant as the air temperature (Rol-
land et al. 1999; Carrer et al. 2010). On the study PRP,
low air temperature was a significant limiting factor of
radial growth of firs compared to low correlation with
precipitation. Significantly higher effect of precipitation
on diameter increment was observed in spruce because
of higher altitude optimum for its growth,

5. Conclusion

The study of radial growth inmixed age-varied fir-spruce
forest stands in the Jeseniky Mts. Protected Landscape
Area documents higher growth variability and sensitiv-
ity to climatic factors and air pollution (8O, and NO,,
concentrations) in fir compared to spruce. A significant
reduction in the radial increment of fir in the late 1970s
and early 1980swas induced by air pollution in synergism
with Caucasian fir gall aphid infestation, late frosts and
winterdesiceation. Impact of numerous negative factors
isclearly seenon the increment in notonly fir, butalso in
spruce. Inspruce, it is primarily the impact of air pollution
(especially max. tropospheric ozone concentrations) and
drought. On the other hand, fir is a very fiexible tree spe-
cles that regenerates well when the stress factors impact
subsides (airpollution, climatic extremes, pathogens). It
is therefore a perspective stabilizing tree species, which,
even inthe face of globalclimate change, plays animpor-
tant role in forest ecosystems. What matters is its abil-
ity to be an important soil improving tree species and a
productive part of various mixed forest stand with sun-
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tolerant, semi shadow- and shadow-tolerant tree species.
A support of fir in suitable habitats is further enhanced
by the large-scale decline of spruce, not only in the Czech
Republic but also in all Central Europe.
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5.3.2. Silver fir tree-ring fluctuations decrease from north to south
latitude—total solar irradiance and NAO are indicated as the main
influencing factors

6. SIMUNEK V., PROKUPKOVA A., VACEK Z., VACEK S., CUKOR J., REMES J., HAJEK V.,
D'ANDREA G., SALEK M., NOLA P., PERICOLO O., HOLZBACHOVA S., RIPULLONE F.
(2023): Silver fir tree-ring fluctuations decrease from north to south latitude—solar cycle
and NAO are indicated as main drivers. Forest Ecosystems, 10: 100150.

Jedle bélokora (4bies alba Mill.) je dfevinou rostouci od stfedni Evropy az do
mediteranu. Reakce této dfeviny na klimatické zmény poslednich let neni z hlediska vlivu
zemepisné Sitky komplexné prozkoumana. Tato studie popisuje radialni rist jedle
belokoré v blizkosti 16. poledniku na trvalych vyzkumnych plochéch od jejiho severniho
Italie (IT). Celkem 9 vyzkumnych ploch (3 plochy pro kazdy stat) se nachazi ve vyskovém
gradientu od 670 (CZ) do 1324 (IT) m n. m. Cilem vyzkumu je detailni analyza dynamiky
a cykli¢nosti radidlni rastu ve vztahu ke klimatickym faktorim (teploty, srazky),
severoantlatické oscilaci (NAO) a celkového slune¢niho zateni (TSI), v€etn¢ urceni vlivu
zemépisné Sitky. Zkoumané smisené jedlové porosty ve véku 60—75 let dosahuji porostni
zasoby 227-398 m’ha'!. Vysledky ukazuji, Ze kli¢ovym faktorem ovliviiujici rist
zajmov¢ dieviny jsou NAO a TSI indexy, zejména ve vegetatnim obdobi (kvéten az zaii).
Meésicni teploty ovliviiuji radialni rist na zac¢atku vegetacniho obdobi, pfitom nedostatek
srazek v pribchu léta je zasadnim limitujicim faktorem pro rust jedle, zejména v Cervenci.
Nejvétsi cykly v radialnim ristu jedle byly zaznamendny v nejsevernéji polozenych
vyzkumnych plochach v CR (Jeseniky, Orlické hory) a poté se cyklické vykyvy smérem
na jih postupné snizuji. Cyklicky rist signifikantné souvisi se slune¢nim zéafenim, ktery
své korelace a kross-korelace snizuje od severu na jih. Opacny trend byl zjistén u
variability radialniho ristu. Sezonni NAO index je korelovan signifikantné napii¢ vSemi
vyzkumnymi plochami okolo poledniku, kdy v CR a Chorvatsku mé negativni vliv na
radidlni rGst a v Itdlii m& opacny pozitivni vliv. Zavérem, lze konstatovat, ze vliv
sezonniho NAO a TSI indexu je v radialnim ristu jedle bélokoré nejvice promitnut, a to
vSe doprovazi veétsi cykliCnost rastu ve stfedni Evropé nez v podminkach italského
mediteranu. Tato studie mize pomoci v pochopeni signifikantniho vlivu zemépisné Sitky
a cyklickych udalosti, které ovliviiuji radilni riist jedle naptic¢ Evropou a miiZe tak pomoci
1épe pochopit vliv klimatické zmény v poslednich letech a zménu aredlu distribuce této

drive relativné hojn¢ zastoupené dieviny.
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ARTICLE INFO ABSTRACT

Keywords: Silver lir (Abies alba Mill.) is a flexible European tree species, mainly vegetating within the mountainous regions of
Abies ff’bf‘ Mill. Lurope, but its growth responses across its latitudinal and longitudinal range have not yet been satisfactorily
JITE—rmgls verified under changing environmental conditions. This study describes the tree-ring increment of silver fir in
Sclarcycle " s research plots across a latitudinal gradient from the northern range in Czechia (CZ), through Croatia (HR) to the
North Atlantic oscillation N " E ‘ : 8 s

Precipitation southernmost range in Ttaly (IT). The research aims to analyze in detail the dynamiecs and cyclicity of the ring-
Temperature width index (RWD) and how it relates to climatic [actors (temperature and precipitation), the North Atlantic

Oscillation (NAO), and total solar irradiance (1'SI), including the determination of latitude. The results show that
the main drivers affecting fir growth are the seasonal NAQ index and TST. Monthly temperatures affect RWT early
in the vegelation season, while lack of precipitation during the summer is a limiting factor for (ir growth,
especially in July. Seasonal temperatures and temperatures in June and July negatively impact, while seasonal
precipitation totals in the same months positively influence the RWT in all research plots across meridian. The
longest growth cycles in fir RWI were recorded in the northernmost studied plots in CZ. These cyclical fluctuations
recede approaching the south. The cyclic increase in RWI is related to the TSI, which decreases its effect from
north to south. The TSI's effects vary, positively impacting CZ but negatively influencing HR while remaining
relatively neutral in IT. On the other hand, seasonal NAO tends to negatively affect silver fir growth in HR and CZ
but has a mildly positive effect in IT. In conclusion, the TSI and the influence of the seasonal NAQ index are
prevalent in the fir RWI and are accompanied by a greater cyclicity of RWI in Central Europe (temperature op-
timum) than in the Ttalian Mediterranean region, where this tree species is limited by climatic conditions,
especially lack of precipitation.

during the recent years. Due to increase in average temperatures, climate
change allows for the expansion of this tree species to North-Eastern

1. Introduction

‘The natural distribution of silver fir (Abies alba Mill.) is in Central and
Southern Europe, with the core areas of its distribution located in areas
with relatively high precipitation during the growing season (Konnert
and Bergmann, 1995; Volarik and Hedl, 2013; Gazol ct al., 2015). The
silver fir distribution in the Mediterrancan area is limited by climate
change, where the tree species is retreating to higher mountainous areas

* Corresponding author.
E-mail address: simuneloy

fld.czu.cz (V. Simimelk).
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Europe, provided that precipitation is sufficient (Anic et al., 2009;
Ruosch et al., 2016; Vitasse et al., 2019). Currently, fir is experiencing an
increase in economic importance, making it an alternative to spruce in
the restoration of monocultures in Central Europe during climate change
(Vacek et al., 2023; Bosela et al., 2019; Mikulenka et al., 2020). At lower
latitudes, fir distribution is limited mainly by insufficient precipitation
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(Pinto et al., 2008; Podrazsky et al., 2018}, which can be compensated by
higher soil water content and abundant atmospheric moisture in valleys
or localitics with adequate ground moisture (Vitasse ct al., 2019).
ITowever, fir does not tolerate permanently waterlogged habitats
(Kucerava et al., 2013). The other aspects determining its northern limit
of distribution and growth in mountainous areas are low temperatures
and spring frosts (Maxime and Hendrik, 20171; Gazol et al., 2019).

Silver fir expands to new habitats much slower than European beech
(Fagus sylvatica L.) (Magri, 2008) or Norway spruce (Picea abies (L.)
Karst.) (Caudullo et al., 2016; Tinner and Lotter, 2006). It is tolerant to
shading and can grow at an older age after the canopy opens (Kucerava
et al., 2013). Compared to beech, it tolerates frosts better but not
droughts (Maxime and Hendrik, 2011). The expansion of fir was previ-
ously limited by the impact of the air pollution calamity in the late 20th
century when acid rain reduced fir stands in mountainous areas in Cen-
tral Kurope (Vacek et al., 2023; Kolat et al., 2015; Mikulenka et al.,
2020). Ultimately, the natural regeneration of fir is strongly limited by
wildlife-induced damage (Volarfk and ITéd], 2013; Slanar et al., 2017;
Vacek, 2017).

Climate change negatively affects the growth of forest tree species,
the so-called divergence between drought and precipitation distribution
in Europe (Stagge et al., 2017; Vacek et al., 2023). Among other things,
this is caused by rising air temperatures, which are also reflected in more
frequent and longer dry periods (Saffioti ct al., 2016; Kelebek et al., 2021;
Osso etal., 2022). The climate of Europe is significantly influenced by the
North Atlantic Oscillation (NAO) and divergent wind patterns, but these
vary with climate change and may affect climatic conditions differently
along latitudinal gradients. In particular, the NAO at the beginning of the
vegetation season slightly influences temperatures of the summer
(Kjellstrom et al., 2013).

‘The NAQ has been linked to both precipitation and the influence of
the airflow on dry seasons (Tsanis and Tapoglou, 2019). Precipitation
totals in Central and Southern Europe are significantly influenced by
NAO amdl are also significantly related to the solar cycle (Laurenz et al.,
2019). Solar cycles influence European temperatures and indirectly affect
NAQ as well (Bice et al., 2012). The sunspot number cycle is associated
with the cloud formation (and properties) in the atmosphere, which is
also caused by cosmic ray ionization, and thus indirectly related to the
cooling or warming of the planet (Jayaraman et al,, 1998; Iaywood and
Boucher, 2000; Maghrabi and Kudela, 2019). The solar cycle can also
affect jet streams, making them either direct or blocked, resulting in ir-
regularities in the NAQ over the solar cycle (ITall et al., 2015; Ma et al,,
2018).

The circulation of NAO is determined by a positive or negative phase.
A negative phase can bring cooler weather with less precipitation to
Central Europe and warmer weather with more precipitation to the
Mediterrancan region. Conversely, the positive phase of NAO can cause
warmer wet weather in Central Europe and cooler dry weather in the
Mediterranean (Vicente-Serrano et al., 2011; Yao and Luo, 2014; Steirou
et al., 2017; Tatli and Mentes, 2019).

Recently, there has been a continuous inerease in air temperature in
the northern hemisphere which is dissipated by the NAO flow, especially
in winter and pre-spring. Conversely, in summer and autumn, the impact
of NAO on temperature evolution is less prominent (lles and Hegerl,
2017). When NAO is blocked, significant frost often occurs during the
winter period, and conversely, high temperature extremes develop dur-
ing a positive NAQ (Diao ct al., 2015). Howcever, overall, NAO appears to
influence the pattern of precipitation more than temperature (Kjellstrom
et al., 2013; Liidecke et al., 2020).

The influence of the NAO and the solar cycle is also reflected in the
annual growth of trees. Across Europe, there may be different responses
between NAO and tree-ring analyses, but the relationship is not spatially
regular and is often associated with other indirect effects of local climate
and seasonal tree growth (5t. George, 2014). However, NAO can have a
considerable indirect influence on tree-ring increment, primarily during
February, when precipitation can affect future groundwater levels at the
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site (Alkhmetzyanov et al., 2023). For example, European beech tree-ring
increment in central [taly shows minimal variation and association with
NAO (Piovesan et al., 2008). In Central Europe, however, there have been
changes in tree-ring increment responses to the NAO over the last cen-
tury, with the 20th century showing different trends than the 19th cen-
tury (St. George, 2014). The circulation of NAO is immediately affected,
but also up to three years in the solar cycle retroactively, causing jet
streams to be blocked again (Gray et al., 2016). Therefore, the solar cycle
may also be reflected in the tree-ring growth in Europe. It appears, for
example, in tree rings in Russia (Shumilov et al., 2011; Kasatkina et al.,
2019), Portugal (Dorotovic et al., 2014), Bulgaria (Komitov, 2021}, or
cven Central and Southern Europe (Surovy et al., 2008; Simanck cr al.,
2021b).

The total solar irradiance (TSD) represents the amount of solar energy
received at the top of the Earth's atmosphere (Lean et al., 2005). The
sunspot cycle manifests in the 'I'Sl, which causes the oscillation de-
viations with solar cycle (Lean et al., 1995; Kopp et al., 2016). For the
global surface temperature anomaly, the TSI and cloud covers have
played a significant role (Singh and Bhargawa, 2020). The TSI is a part of
the influence from the solar cycle and solar forcing from Top-down
(theory working on direct solar radiation and UV influence) and
Bottom-up mechanisms (indirect solar effect on the air circulation
mechanisms), while these kinds of forcing do not amplify direct forcing
by a large amount.

Two primary theories, the Top-down and Bottom-up mechanisms,
attempt to explain how solar cycles affect climate patterns. The Top-
down mechanism emphasizes the role of solar radiation, particularly
total solar irradiance ('181), in directly impacting atmospheric processes.
‘Ihe variability in 'I'Sl influences the Earth's energy budget, affecting
temperature and weather patterns. Numerous studies have explored the
relationship between TSI and climate parameters (Wang et al.,, 2005;
Gray et al., 2010).

On the other hand, the Bottom-up mechanism focuses on the indirect
influence of solar activity on climate through modulating atmospheric
circulation patterns. The NAQ is a key component in this theory, repre-
senting the fluctuations in atmospheric pressure over the North Atlantic
region. NAO phases, as highlighted in works, are associated with distinct
climate patterns in Europe (ITurrell, 1995; Jones et al, 1997).
Solar-induced changes in atmospheric circulation, as proposed by the
Bottom-up mechanism, can impact regional climates and subsequently
influence tree growth, as observed in dendrochronological studies (Esper
et al., 2002; Biintgen et al., 2012).

The interplay between TSI, NAQ, and the solar eyele is complex and
interconnected. TSI acts as a direct driver in the Top-down mechanism,
influencing temperature and weather, while NAO, in the Bottom-up
mechanism, reflects the solar-induced changes in atmospheric circula-
tion that contribute to regional climate variations.

The influence of the NAO and the 151 in relation to the solar cycle has
not been considered in the most recent scientific works regarding the
analysis of tree-ring increment in the Central European region in context
to southern European region. Therefore, the main objective of this paper
is to describe the factors influencing the tree-ring growth of silver firin a
geographical gradient of sites lying on the 16th meridian from Central
Europe to the south of the Apennine Peninsula. The study evaluates the
period from 1990 to 2021, in which the most intense changes in air
temperatures occurred, creating divergence in the sensitivity of the tree-
ring data to climate (St. George, 2014) and in the response of tree specics
to altitude to warmer air temperatures (Di Filippo et al., 2007; Tumajer
et al., 2017), while this time period also excludes the effect of the air
pollution effect in the Czech republic sites (Kolar et al., 2015; Putalova
et al., 2019; Mikulenka et al., 2020). The aims of this study are (i) to
determine the influence of climatic factors (temperature and precipita-
tion), NAO, and TSI on the tree-ring growth of silver fir across the
geographical latitudinal gradient of distribution and (ii) to analyze the
cyclical characteristics and fluctuations of the tree-ring increment of
silver fir from Central to Southern Europe.
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2. Methods
2.1. Study area

‘lhe study area is located across the European distribution of silver
fir—from Czechia (CZ) in the north, through Creatia (HR) to the southern
edge of the distribution in Italy (IT) (Fig. 1), Research plots were estab-
lished in mountainous areas (660 1,334 m a.s.1.) with natural presence of
silver fir with a mean age of 6074 years, with admixed Norway spruce
and European beech. The research plots are located near the 16th me-
ridian focusing on the occurrence of fir in those forest environments.
Three mountain ranges were selected for the study, with three research
sites chosen in each mountain range to capture the growth variability in
the areas studied. In Czechia, the northernmost study sites are located in
the ITruby Jesenik Mountains. In Croatia, the Medvednica Mountains,
which is in the middle of its natural range, and in ltaly, the plots are
located in the Lucanian Apennines in the southernmost part of the firs’
range (see Table 1). Typologically, the communities belong to the asso-
ciation Luzulo-Abiete-tum albae and Vaccinio vitis-idaeae-Abietetiin albae
Oberdorfer 1957.

‘The precipitation and temperature conditions are different for each of
the states, characterized by the meteorological station. Detailed climatic
conditions of the research plots are described in Table 2. In Czechia, the
research plots, according to the Koppen classification, are located in the
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Dfb humid continental climate, characterized by hot summers and cold
winters. In Croatia, the research plots are in the Cfa humid subtropical
climate, characterized by humid summers and cool to mild winters.
Ttalian research plots are located in Csb, a warm-summer Meditetrranean
climate characterized by a dry-summer climate (Koppen, 1936). The
duration of the growing season spans from 120 to 140 days.

2.2. Data collection

For dendrochronological analysis of the samples, silver fir increment
cores were obtained using the Pressler auger (Haglof, Lingsele,
Vésternorrland, Sweden) at a height of 1.3 m above the ground,
perpendicular to the trunk axis. Structurally homogeneous fir stands with
a full stem density were selected for sampling. Samples were collected in
50 m x 50 m rescarch plots from randomly sclected (RNG function,
Excel) healthy dominant and co-dominant trees according to the Kraft
classification (Kraft, 1884), as the significant growth response (compared
to sub-dominant and suppressed trees, Remes et al., 2015), The average
diameter of the evaluated trees at breast height was at least DBII > 20
cm. All tree heights on the research plots were measured with a Laser
Vertex hypsometer (Haglof, Lingsele, Visternorrland, Sweden) with an
accuracy of 0.1 m. The DBIH of all trees was measured using a Mantax
Blue metal caliper (Hagldf, Langsele, Visternorrland, Sweden) with tool
accuracy of 1 mm. A total of 315 dendrochronological samples were
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Table 1
Basic site and stand characteristics of silver [ir rescarch plots.

Forest Ecosystems 10 (2023) 100150

Plot name Location Altitude Exposure Slope Mean Mean Volume Suil type Climate class
(masl) (%) (m) (cm) (mVha™")

CZ1 50°22'40"N 790 s 10 21.2 25.8 346 Cambisols Db
16°21'41"E

72 49°56'34"N 660 SE 3 23.6 318 387 Gleysol Dib.
17°13'49"E

€73 49°56'36"N 670 SE 3 221 289 398 Gleysol Dff
17°13'47"E

HR_1 4554/ 30N 923 E 4 19.4 284 246 Cambisols Cfa
15°58'33"F

TR 2 45754 17N 15°58'09"T. 978 SE 2 22.6 322 361 Cambisals Cfa

HR_ 3 45°55'03"N 15°58749"E 876 SE 2 21.4 287 227 Cambisols Cfa

d e | 40°42'03"N 15°43'50°E 944 Nw 10 18.7 230 220 Cambisols Csb

T2 40°30'42"N 15°46'01"E 1,324 NE 9 21.8 274 288 Cambisols Csb

T3 40°24'09°N 15°56'S7"E 1,158 N 9 25.4 281 289 Cambisols Csb

Notes: climate classification according to Képpen (1936): Cfa
continental climate.

Table 2
Basic site stand characteristics of silver fir plots.

humid subtropical climate, Csb

Warm-summer Mediterranean climate, DIb - warm-summer humid

Plot Met. station GPS of met. station Station altitude Distance to Seasonal period Annual Seasonal Annual prec. Seasonal pree.
name (masl) plot (km) (range) temp. (°C) temp. (°C) (mm) {mm)

CZ1 Svetla Hora 50°02'46"N 593 82.3 May-September 6.6 139 661 363

7.2 17°23'50"F 15.5

CZ3 15.3

HR_1 Puntijarka 45°54'28.8"'N 988 0.6 May-Seprember 7.4 14.3 1255 585

TTR_2 15°58'04.8°T. 02

TIR_3 15

1 Patenza 40°37°47.9"N 720 9.8 May-September 12.5 189 695 209

T2 15°48°00.2°L 13.4

T3 28.3

Notes: Met.—meteorological; Temp.—mean year air temperature; Prec.—annual precipitation.

collected, out of which 289 samples were selected for further dendro-
chronological analyses.

‘Iree-ring width was measured on all the increment cores using a
LINTAB measuring table equipped with an Olympus microscope. The
measuring table has a precision of 0.01 mm, and the TSAP-Win software
was utilized to record the chronologies of each tree-ring width. (Rinn-
tech, 2010). Subsequent cross-dating of the measured tree-ring cores was
carried out using Cdendro software (Cybis Elektronik & Data AB, Swe-
den). The cross-correlation index (CC) for measured tree-ring sample was
greater than € > 25 compared to the other samples (Larsson, 2013).

Monthly air temperature and precipitation data for Czechia were
obtained from the Czech Hydrometeorological Institute, Prague (CHMU,
2022). Menthly air temperature and precipitation data from Croatia were
provided by the Croatian Meteorological and Ilvdrological Service
(DHMZ, 2022). Monthly air temperature and precipitation data from
Italy were provided by the Italian Civil Protection Authority, Region
Basilicata (PCRB, 2022). The TSI data were taken from the Solar In-
fluences Data Analysis Center from Royal Observatory of Belgium,
Brussels (Dewitte and Nevens, 2016; Dewitte et al., 2022; Royal Obser-
vatory of Belgium, 2023). Data on annual and monthly NAQ index are
calculated from Gibraltar and SW lceland and were taken from the Cli-
matic Research Unit, University of East Anglia (Jones et al., 1997;
CRU-ULA, 2022). Fig. 2 shows the primary precipitation, temperature,
‘I'S1, and NAO data, used in this study. This figure also indicates the range
between monthly seasonal and of seasonal precipitation to temperature
on the plots in CZ, HR and IT.

2.3. Data analysis

Silver fir dendrochronological data were processed in R software
(Team R Core, 2022) using the “dplR” package (Bunn, 2008, 2010). The
detrending of each tree-ring chronology was conducted by fitting a
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negative exponential curve with interleaved splines using the "dpIR"
package instructions (Bunn ct al., 2018). This detrending climinates the
age-related trend while retaining low-frequency climate signals (Fritts,
1976; Cook et al., 1990). From detrended tree ring curves, an average
tree-ring series was calculated, like a robust mean from individual
measured samples, which builds a mean value chronology. An expressed
population signal (EPS) was computed for the detrended tree-ring data.
The EPS indicates the reliability of a chronology by measuring the pro-
portion of the combined variance within the hypothetical infinite tree
population. To ensure data suitability for climate comparison, a signifi-
cant EPS threshold of EPS > 0.85 was applied (Bunn et al., 2018). We
computed various indices to assess the characteristics of the chronology,
including the signal-to-noise ratio (SNR) that measures the signal
strength, inter-series correlations (R-bar) indicating the relationships
between series, and the first-order autocorrelation (Arl) capturing the
temporal dependencies within the series (Fritts, 1976; Wigley et al.,
1984). The EPS, SNR, R-bar, and Arl indices were computed using the
guidelines provided in the "dplR" instructions (Bunn and Korpela,
2018a). These indices are based from known fundamental principles in
dendrochronology (Fritts, 1976; Cook et al., 1990; Speer, 2010). A
description of the dendrochronological characteristics is provided in
‘Iable 3.

Spectral analyses of the data were performed using Statistica 13
software (StatSoft, 2013). The calculation was performed using the
“Single Fourier (Spectral} Analysis” function, using the “Periodogram™
plot by “Period” output. In addition, correlation coefficients and
cross-correlations were calculated using this software, with the threshold
for statistically significant correlation results set at standard p < 0.05. A
wavelet plot was also created using the “signal” and “dplR” software
packages for silver fir dendrochronological data for the peried 1990 to
2021 (Ligges et al., 2015; Bunn et al., 2018).

Precipitation and temperature analyses are characterized by the
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Table 3

Characteristics of tree-ring chronologies for silver fir for research plots in 1990-2021.
Plot name No. trees Mean RW (mm) SD RW Mean min-max (mm) Age min—max Arl R-bar ESP SNR
CzZ1 30 2.37 1.09 1.40-4.57 47-76 0.77 0.44 0.96 2297
CZ2 32 3.34 1.25 1.94-4.85 42-68 0.67 0.45 0.96 2498
73 35 3.28 1.18 2.24-4.96 41-63 0.69 0.45 0.97 29.13
HR_1 33 212 121 1.42-3.21 51-76 0.70 0.27 0.91 9.52
HR 2 31 217 1.26 1.35-2.99 54-75 0.80 0.30 0.91 1043
HR_3 31 2.21 186 1.33-3.18 51-73 0.74 0.30 0.91 10.43
1 33 2.92 1.42 1.85-4.59 38-71 0.71 0.24 0.91 10.61
T3 29 3.08 176 2.06-4.15 38-66 0.75 0.25 0.90 9.41
I3 35 2.33 233 1.74-3.40 42-75 0.67 0.41 0.95 18.69

Notes: No. trees—number of trees; Mean RW-—mean ring width in mm; 8D RW-—standard deviation from ring width in mm; Mean min-max-—average ring width
increment of the smallest and largest of core sample in the plot; Age min—max—age range of youngest and oldest sample tree; Arl—first order autocorrelation; R-

bar—inter-series correlation; EPS —expressed population signal; SNR
nearest climate station for each state (I'able 2). The data used for analyses
were transformed into yearly sampled (annual interval) data series. The
precipitation, temperature and NAO datasets were performed from
monthly dataset intervals into the yearly intervals. The monthly data sets
were separated into the more detailed factors. The TSI data were ac-
quired as daily records and were converted into monthly values by taking
the arithmetic average of all days within a month. We used classical
annual data, which represent the arithmetic average the 12 months in the
year, and this method was applied to calculate temperature, TSI, and
NAO. Precipitation was calculated as the total sum for each of the 12
months in the year. These annual indicators used in our study are
described in the results as temperature, precipitation, NAQ, and TSI.
‘l'he monthly period from May to September was used to calculate the
yearly interval seasonal data. Seasonal temperature, seasonal 151, and
seasonal NAO were calculated as the arithmetic mean of the monthly
values for those scasonal months. To calculate seasonal precipitation,
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signal-lo-noise ratio,

sums of monthly precipitation totals for the given seasonal periods were
used. This seasonal window was intentional to minimize variability in the
beginnings and ends of the growing season. Seasonal data evaluated in
this time window reflect the actual vegetation period common to all
research plots.

The data named as P10-C4 indicates the data interval between the
months of October of the previous year to April of the current year while
this interval describes eumulative cffect in the off-season period. The
data named as C6-7 indicates the data interval between the months of
June to July in the current year while this data shows the strongest effects
during the vegetation period.

The principal component analysis (PCA) was performed in the CAN-
0CO 5 program (Smilauer and Leps, 2014) to evaluate the relationships
between the radial width index, air temperature, precipitation, total solar
irradiance and North Atlantic oscillation for Czechia, Croatia, Italy and
all countries together in period 1990 2021. Prior to analysis, the data
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was standardized, centralized and logarithmized. The results of PCA were
presented in a species and environmental variables diagram.

DendroClim 2002 software was used to analyze monthly correlations
between the detrended RWIT (ring-width index) and temperature, pre-
cipitation, NAO index, and I'SL This software was applied to analyze the
response and correlation functions during the months from May of the
previous relative vegetation season to September of the current relative
vegefation season (Biondi and Waikul, 2004). This software operates
with RWI (in annual intervals) and compares it with individual monthly
data, which are used once per year interval. Through this step, the soft-
ware creates an average curve for a given month, allowing for a com-
parable annual interval of RWI with the yearly interval of that month.
The advantage of these monthly correlations is that they describe the
course of RWI throughout the year, which may be useful in depicting the
influence of our studied factors. The benefit of this analysis is that it il-
lustrates how RWI1 behaves concerning the solar cycle and NAO in
monthly intervals, concurrently describing the impact of precipitation
and temperature on RWI from the previous growing season to the.

3. Results
3.1. Silver fir tree rings in relation to NAO, TSI and climate

‘The research plots show different growth of silver fir in the context of
latitude over the study period from 1990 to 2021 (Fig. 3). The tree-ring
analyses in CZ show a cyclical skewing of the tree-ring series in all
research plots, and this skewing is visually replicated in the 151 data
(Fig. 3a). However, the similarity to the NAO waveform is smaller in the
CZ plots than for the TSI (Fig. 3d). The fluctuations with the TSI during
solar cycle are lower in the HR research plots (Fig. 3b), but the waveform
of the tree-ring growth reflects the course of the NAO better (Fig. 3e).
Research plots in HR are much less cyclic and form shorter fluctuations
that vary from year to year. Research plots in IT show the least similarity
to the course of the scasonal NAO and TSI (Fig. 3¢, f). Regarding fir
growth fluctuations, the tree-ring analyses arc most balanced in IT and do
not show considerable variation among the RWls.

In terms of NAQ indicators, the RWI of research plots in the PCA
(Fig. 4a, b, ¢) indicates that the seasonal NAO index has the highest link
with plots in CZ, HR, and IT. High connections of the RW1 were also
observed with the seasonal NAQO for all plots in the overall PCA (Fig. 4d).
The influence of NAQ C6-7 on the RWI was less pronounced than that of
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the seasonal NAO. Conversely, the annual NAO had the least impact
among the NAQ factors.

According to the PCA, all factors of TSI (annual TSI, scasonal TSI, TSI
C6-7, and TSI P10-C4) showed the highest link with RWT in research
plots in CZ, followed by HR. However, plots in 1T exhibited the weakest
relationship with TSI indicators and RWI. Consequently, the significance
of TSI diminishes in research plots from north to south. In Fig. 4d, rep-
resenting the overall PCA, TSI emerges as the most influential indicator.
Additionally, this figure illustrates that research plots in CZ followed the
solar cycle, while plots in HR exhibited an antiphase relationship with
the solar cycle according to RWL Plots in IT did not show a clear link to
TSI, and their response to studied factors appeared more random.
However, the RWI of plots in IT was more closely related to seasonal
temperature and temperature in C6-7, with precipitation in €6-7 and
seasonal precipitation emerging as more significant factors compared to
‘ISl in ltalian plots.

In almost all countries (Mig. 4a, b, c), seasonal precipitation and
precipitation in C6-7 positively associate with RWI, while seasonal
temperature and temperature in €6-7 consistently exhibit a negative
correspondence. Therefore, temperature during the season consistently
emerges as a negative factor for the radial growth of silver fir in all
countries.

The RWI tree-ring series are also often influenced by monthly tem-
perature, precipitation, TSI, or NAQ, according to the recorded data.
Thus, there may be a significant correlation with the RWI data that most
influences the tree-ring increment, but often is a combination of several
factors (Fig. 5). This graph is intended to demonstrate how the RWT be-
haves during the pre-growing season and the current growing season
against studied factors. T'he highest observed correlations (p < 0.05)
between RWI and monthly data were observed for TSI in HR, specifically
for HR_1, HR_2, and HR_3. The TSI in HR correlates with RWI in almost
all months, with correlations having similar negative results for the
current relative and previous vegetation season. Furthermore, many
correlations were observed in the CZ research plots. The significant re-
sults were recorded in the research plot CZ 1. Rescarch plot CZ 2
recorded the most results during the current vegetation scason from June
to September, and CZ_3 had a significant result in July and August of the
current year, Research plots in IT observed the least values between TSI
and RWI. Correlations (positive) were only found for plot IT_2 in
September of the current year, and plot I'l' 3 was correlated (negative) in
August of the current year.
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Fig. 5. Correlation coefficients of RWI with monthly NAO index, TSI, temperature, and precipitation from May of the preceding year (all capital letters) to September
of the current vear (lower case letters) for the period 1390-2021 only correlation coefficients with statistically significant values (¢ = 0.05) are displayed.

The results of RWI and monthly NAO index data show that research correlated negatively with the NAO index during the current vegetation

plots in CZ and HR are negatively correlated, while they are positively season. Research plots in HR correlated negatively with NAO from May
correlated in IT. Most correlations between RWI and NAO are in the to June during the current vegetation season. Significant results for HR_1
menths of the vegetation season of the current year for almost all were found for January and May in the current vegetation season. The

research plots. Most common results between RWI in CZ and NAO were HR_2 plot correlates with NAQ in June and August. The HR_3 plot cor-
recorded in July when all research plots (CZ1, CZ2, and CZ3) relates in May, June, and August. The study areas in IT correlate
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positively with NAQ, and significant results can be found in the previous
vegetation season. However, these [T plots have fewer common signifi-
cant months. July and August of the previous and current vegetation
seasons for IT_1 and IT_3 are worth mentioning.

Monthly precipitation is most similar to the NAO index and RW1
correlations, where significant values in June, July, and August show
opposite correlations to the NAO index. Concerning the NAO to RWI
correlations, these precipitation values may vary from plot to plot. In
general, precipitation most significantly affects fir growth in July. The
correlations of monthly temperatures to RWI are observed primarily at
the beginning of the vegetation season and even outside of it, where
positive correlations are observed from January to March. For tempera-
tures, positive correlations are recorded outside the vegetation season for
all three states surveyed. In the research plots HR_1 (May), 111 (July),
and IT_2 (June), negative correlations are recorded with average monthly
temperatures during the vegetation season. Monthly temperatures are
predominantly negatively correlated with RW1 across all plots during the
growing season, whereas monthly precipitation totals mainly exhibit
positive correlations with RWT during the growing season. Some plots are
statistically significant with precipitation and temperature, some are not,
but the overall trend is evident from the results.

3.2. Cyclical tree-ring growth of silver fir from north to south

‘I'he spectral analysis in Fig. 6 reveals that the research plots in the C4
and their RW1 undergo the longest cycles, reaching values up to 0.30 on
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the Periodogram Values axis at period nine or further. These 9| year
cycles are the longest for the CZ plots (the northernmost plots), with the
short-term 3 to 5-year cycles being much smaller. Research plots in TR
experience more noticeable short-term cycles of around three to four
periods but reach the highest values on the Periodogram Values axis (up
to 0.45). Other cycles in HR are shorter and less intense when compared
to plots in CZ. However, the research plots in 1R also experience 9 to 16-
year cycles that are smaller in terms of Periodogram values (up to 0.21).
The research plots in IT are the lowest in cyclicity and show different
periods in the RWI growth compared to the plots in HR and CZ. The
research plots in IT show 2 to 8-year cycles in RWI and are up to 0.11
regarding the Periodogram Values axis, which is almost three times
smaller compared to CZ and HR. Thus, in the IT plots, the increase in RW1
is non-cyclical compared to HR and especially CZ.

The wavelet power spectrum analysis in Fig. 7 shows that the research
plots have different cycles of RWI, but each state is characterized by its
basic periodic features. T'he research plots in CZ observed from 9 to 14-
year cycles. These observed cycles can be found in almost all CZ
research plots. The least observed is CZ_2 from 1990 to 2015, followed by
CZ_1 (significant cycle from 1997 to 2008), and the least cyclical vari-
ability is CZ 3 (significant cycle from 1995 to 2005). The RWI research
plots in HR experienced minor cyclical fluctuations that are below the
level of statistical significance and enly abserved 3.1-year periods for plot
HR_3. Research plots in HR arc also characterized by 2 to 4-year cycles
that are less apparent than those in CZ. Research plots in IT show the
most divergent spectral analysis results. However, there are also
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Fig. 6. Single spectral analysis of silver fir RWT research plots in 1990-2021.
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Fig. 7. Wavelet power spectrum for silver fir RWI research plots from 1990 to 2021. The thick black line represents the 95% significance level against the noise level.
Power” describes a relative unit of variance comparable to time series.

observed 3 to 4-year cycles for IT_1 circa 2015. For plot IT_3, an cbser-
vation of cycle is found from 2010 to 2018in a 9 to 7-year period. In this
context, it should be noted that the wavelet analysis shows comparative
results that are not common to all plots and only significant results are
shown here.

4. Discussion

4.1. Growth conditions for silver fir from Central Europe to the
mediterranean

The results of this study clearly show that silver fir tree-ring in-
crements react in all research plots with both TSI and NAO index, more
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than temperature and precipitation. The highest reaction with the TSI has
even been recorded in the northernmost research plots in CZ and
decreased southward across IR and IT (Fig. 4d). Tn Czechia and Croatia,
the precipitation is concentrated mainly during the vegetation season,
while in contrast, in the ltalian experimental plots (Figs. 1 and 2), the
highest precipitation comes during the winter season. Monthly precipi-
tation (according to Fig, 1) varies during the growing season from May to
September, ranging from 65 to 88 mm for CZ, 109115 mm for HR, and
26 52 mm for I'T (which is the opposite of the patterns observed in CZ
and HR) on average during the month. It can be suggested that when
precipitation is more influenced by NAO than temperature (Kjellstrom
et al, 2013; Laurenz ct al., 2019), this phenomenon most likely in-
fluences the occwrence of dry periods that negatively affects tree-ring
growth. In addition, there is also a strong link between drought vari-
ability in Curope and NAO (Vicente-Serrano et al., 2011, 2016). Cold
extremes may play an additional role in the variation of the tree-ring
analyses in Central Europe, thus being bigger than warm extremes in
terms of deviations from the monthly average (Diao et al., 2015), which
is supported by Figs. 1 and 2, where the CZ climate station shows the
lowest temperatures and is also the northernmost in the lowest altitude.

‘The influence of the solar cycle through TSI and the NAO index can be
observed from the results of this study. These are the different factors that
determine the variability of fir growth, primarily in Central Eurepe in the
rescarch plots from CZ and HR. In [T, the rescarch plots also show stable
development and a steady decrease in growth. The studied tree-ring se-
ries are also influenced by NAO, which are highly linked with research
plots in each of the studied countries. In the Mediterranean, fir decline
has been observed in recent years due to increased environmental aridity
(Gazol et al.,, 2019), but results from our mountain sites in I'l' show that fir
has stable non-cyclical increments compared to plots in HR and CZ. Since
1980, there has been a stronger response of tree-ring growth to the NAO,
which mainly influences local seasonal climate, especially winter tem-
peratures, which has been observed for spruce in Canada and Sweden, for
example (Ols et al., 2018). The effect of NAO has shortened in recent
years in Central Europe and reduced winter periods (Iernandez-Almeida
et al, 2015). Understandably, winter frosts are responsible for the
reduced growth of silver fir in mountain areas (Mauri et al., 2016; Jar-
zyna, 2021).

In the Mediterranean, tree-ring series are typically limited by high
summer temperature, which has a delayed effect on tree growth. Fir is a
tree species that is poorly adapted to warm and summer drought con-
ditions (Nussbaumer et al.,, 2020; Walder et al., 2021), as confirmed in
Figs. 4 and 5, where research plots in 1T and HR show a high opposite
trend with seasonal temperatures and temperature in mainly current
June and July (also can be seen in season) while precipitation has a
positive effect, With respect to monthly temperature distribution, the
arcas in IT arc more negatively affected, where negative correlations are
observed in May and June. The dry conditions prevailing during the
positive phases of the winter NAO have had a significant negative effect
on the plots located in the western and central Mediterranean, where the
influence of NAQO has generally decreased over the last six decades (Chen
etal., 2015). Overall, a significant limiting factor for fir growth has been
the lack of summer precipitation, particularly in July (which confirmed
also PCA for precipitation in current June to July). Similarly, other
studies have documented that June and July are the most important
months in terms of the influence of climatic factors on fir radial growth
and cell production of wood formation (Maxime and Iendrik, 2011;
Cuny et al., 2013).

Precipitation during the growing season positively influences the
radial growth of fir trees, while temperatures exhibit a negative impact
on growth during season and individual months across all research plots
along the meridian. This indicates the dependence of fir trees on pre-
cipitation management. Conversely, higher temperatures during the
season often result in increased evaporation, intensifying drought con-
ditions for fir growth during the growing period. The positive effect of
precipitation and the negative impact of temperatures during the summer
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season is a well-established phenomenon, widely documented, for
instance, in France (Lebourgeois et al., 2010). Similar outcomes
regarding the influence of temperature and precipitation during the
growing scasen on silver fir have been observed in Spain and Ttaly (Gazol
et al., 2015). It can be concluded that this pattern of precipitation and
temperature is a consistent phenomenon across Europe.

4.2. The solar cycle like a most visible cycle in silver fir tree rings across
latitude

Since 1990, the solar cycle has been present in silver fir tree-rings
across the results of PCA, but the 11-year cycle is also present in RW1
spectral wavelet analyses across the experimental plots. According to the
spectral analysis, research plots in CZ peak in cycles from 9 to 14 years,
while plots in HR peak in 9 to 16-year cycles, and in IT, the research plots
peak in 8 to 9-year cycles in two out of three cases. However, depending
on the annual duration, the solar cycle can be from 8 to 14 years long
(Hathaway, 2015), which is very close to the results of the silver fir RWI
spectral analysis across the meridian. The observation of the solar cycle
can be explained by several factors acting in different forms on tree
growth across the meridian, where a common factor for all states could
be the influence of the TSI, for example. TSI shows the variability of
radiation reaching the surface of the planct, and 0.1% of it is merely the
11-year cycle, which is higher during the solar maximum (Kopp, 2021).
Not only TSI but also the entire light spectrum shows a strong correlation
with the wavelength of solar irradiance during the solar cycle TSI
(Tsiropoula, 2003; Woods et al., 2022). The solar cycle also accompanies
the cosmic radiation cycle, which influences the formation of cloud cover
during minimum solar activity, resulting in an increase in the albedo
effect, and thus, possible climate cooling. But this effect is not large
cnough to change the current climate situation (Ormes, 2018). Linked to
the solar cycle is the circulation of water flow on the planet (Al-Tameemi
and Chukin, 2016), and this is directly observed before NAO in the
precipitation and temperature cycle over the entire Buropean continent
(Laurenz et al.,, 2019; Liidecke et al., 2020).

‘The Top-down (direct solar irradiance variability) mechanism in solar
forcing, in our view, exerts a relatively smaller effect on our studied tree-
ring series. It is noteworthy that the inverse influence between the plots
in CZ and HR concerning TSI aligns with the theory of the Bottom-up
mechanism of solar influence on European ecosystems (Gray et al.,
2010; Murald et al., 2011). In this context, the NAO circulation emerges
as a pivotal cyclic mechanism governing surface weather patterns on our
planet (Smith et al., 2019, 2020). This suggests that the NAO may play a
more significant role in shaping the climate and, subsequently, the
growth of tree-ring series in our study. Thanks to the positive influence of
TSIin CZ (positive phase) and the negative impact of the solar cycle in ITR
(antiphase), we can infer that these types of oscillations may create
different conditions for forest growth within the framework of the solar
cycle. However, this effect may also appear counterintuitive depending
on the location of occurrence.

Due to the cyclic changes in wind pattern oscillations within the NAO,
we lean towards a combination of solar cycle which influences are
manifested through precipitation and temperatures on tree-ring series.
Therefore, the white fir reacts similarly to both seasonal precipitation
and temperatures across the meridian, as it thrives on having sufficient
moisture during the season. ITowever, higher temperatures alter hu-
midity conditions, creating drier periods, which in turn affect fir growth
that can by cyclically different across the meridian but causes of high or
low ring increment are still preserved.

Regarding the solar cycle, the most frequent studies on the European
continent have been performed with the annual growth of beech, which
shows a relationship with the sunspot number in Czechia, Italy (Simunek
et al,, 2020a, 2021b), and Bulgaria (Komitov, Z021). The solar cycle has
also been described in studies on Scots pine (Pinus sylvestris L.) in Russia
and Slovakia (Shumilov et al,, 2011; Dorotovic et al., 2014; Matveev
et al., 2017; Kasatkina et al., 2019). Nevertheless, it is imperative to note
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that the influence of the solar cycle on tree rings has not been extensively
explored on a larger geographical scale studies in Europe.

The impact of latitude on the length of the sunlight day and its effects
on tree ring growth is an important factor to consider in understanding
growth variability and cyclicity. Research findings in northern China,
situated at higher latitudes, reveal the effect of the sunshine daytime on
tree-ring growth, The research showed an important link between the
temperature and sunlight duration hours that can lead to vapor pressure
deficit which affects tree-ring growth (Li et al., 2022). The dependence of
tree ring growth variability on the latitude length is not connected to the
impact of drought on tree-level resilience (Bose et al., 2020). Further-
more, investigated trees across a North American latitudinal gradient,
establishing a positive correlation between tree ring width and day
length while highlighting the critical role of daylight duration in shaping
tree ring formation (Johnson et al., 2016).

Our findings indicate that the largest cycles are recorded in growth
patterns in the northernmost research plots in the CZ, followed by plots in
1R, where fluctuations are lower, but the trend of tree ring variability is
more of a decadal nature. In contrast, growth variations on research plots
in Italy (IT) are minimal. The length of the daylight day remains a rela-
tively constant factor for each year. We must also note that with
increasing elevation, meaning as forests ascend to higher altitudes, the
impact of solar radiation on tree growth, coupled with temperature,
becomes more significant (Cc1‘u)‘= et al., 2020). However, the more we go
to south, the less TSI is shown to be an important factor for tree growth,
where in IT (the highest research altitude) there is a more subtle
connection with the growth of RWT than in CZ, where the altitude of the
research plots is the lowest.

‘L'his effect of the largest growth cycles being more pronounced from
north to south could alse be accentuated by the contrast between con-
tinental and Mediterranean climates. Trees in the Mediterranean climate,
characterized by hot dry summers and mild rainy winters, exhibit specific
patterns in their tree-ring growth. Increased growth often occurs during
periods with sufficient precipitation, typically limited to the winter
months. Conversely, in a continental climate with more pronounced
temperature extremes between summer and winter, tree-ring series are
influenced differently. Studies indicate that trees in continental regions
may tend to show greater variability in their growth. (St. George, 2014).
Ilowever, mountain Mediterranean climates may be more sensitive to
drought, but mountain conditions in turn reduce this drought effect
(Bhuyan et al., 2017). While the plots in Italy show less cyclic growth,
they are, in fact, situated at the highest altitudes.

Climate change in recent years has been primarily caused by rising
global temperatures, which increase tree-ring increment in mountainous
areas (Ponocna et al., 2018; Siminek et al.,, 2019). However, mid- and
low-altitude forest environments are more susceptible to fluctuations in
climatic conditions, and thus, for example, cyclical recurrence of bark
beetle calamities or droughts may occur (Heinimann, 2010; Maxime and
Hendrik, 2011; Milad et al., 2011). In this study, the solar cycle is
confirmed for silver fir tree rings in CZ and IR but can also be found in
the cycle of salvage harvests in CZ, which multiply the devastation
caused by severe droughts due to rising temperatures and uneven dis-
tribution of precipitation over the vegetation season (Simunek et al.,
2020b, 2021a). Moreover, due to the low cyclicity of IT research plots, it
can be theorized that cyclic forestry problems in southern Italy are less
substantial than those in Central Europe.

4.3. Silver fir in the recent years of the climate change and ifs time series
Limits

‘This study describes the tree-ring growth of fir since 1990, which
covers the least-biased period of fir tree-ring series in the research plots,
This period in the tree-ring series of the research plots has not experi-
enced significant economic interventions, and the plots in CZ are also no
longer affected by any distinctive air pollution, which significantly
influenced or even degraded fir stands in the past (Luszczynska et al.,
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2018; Mikulenka et al., 2020). This degradation of silver fir by air
pollution (particularly SO,) lasted until the 1980s (Elling et al., 2009), so
it can be assumed that stands from the 1990s onwards were no longer
significantly affected.

Firs are not only sensitive to air pollution but also to climate change,
ie., long periods of drought or temperature fluctuations (Bert, 1993;
Gazol et al., 2015). The consequences of rising temperatures have been
visible in our research, especially since 2000, when temperature trends in
Europe started to rise significantly (Naumann et al., 2021). This period
has therefore caused divergences in tree-ring increment to other factors
tracked through the course of climate change (Conte et al., 2018;
Ponocna et al., 2018; Ahmed et al., 2020; Li et al., 2023). Since 1990,
tree-ring divergence in response to climate events has become increas-
ingly apparent (1’ Arrigo et al., 2008; Zhang et al., 2018; Li et al., 2023).
Tlowever, the response of tree-ring growth to climate fluctuations can
vary substantially. Previous dendrochronological studies confirmed the
considerable adaptation of silver fir to warmer temperatures (Stefancik
et al.,, 2018; Walder et al., 2021) and demonstrated more drought
tolerance than expected (Vitali et al., 2017).

However, climate change may reduce the abundance of silver fir and
considerably affect its range (Dobrowolska et al., 2017), but a shift in the
distribution of fir towards higher altitudes and northward is predicted
(Biintgen et al., 2014; Klopcic et al., 2017). The effect of elevation on the
occurrence of silver fir in our rescarch ranges from 660 to 1,324 m, with
the lowest plots in CZ and the highest in I'T. This indicates that silver fir
thrives in the south, especially in mountainous regions, where higher
clevations compensate for the increase in temperatures further south
along the meridian. An interesting example is that temperatures in CZ
and HR are very similar, despite a 395 m difference in elevation between
meteorclogical stations. Even in the Italian research plots with the
highest altitude, variability of fir growth and negative effect of high
temperatures are evident. On the other hand, the genetic diversity and
provenance of fir trees also play a crucial role, where some populations
are very tolerant to drought and may also reach high production poten-
tial (Tcodosiu ¢t al., 2019; Mihai ct al., 2021).

By reducing the growth of RWI since 1990, it was possible to better
describe the factors influencing the growth of silver fir along the me-
ridian during climate change, while the data was not affected by the
pollution load.

5. Conclusion

The results of this dendrochronological study show that silver firs’
increment has been different across the research plots from Central to
Southern Europe around the 16th meridian in the period since 1990
when ongoing climate change and extreme temperature fluctuations
became more pronounced. Of the factors investigated, the greatest in-
fluence was shown to be a seasonal NAO index and '1SL. An important
result is also the negative impact of seasonal temperatures and temper-
atures during the months of June and July, as well as the positive in-
fluence of seasonal precipitation totals during the months of June and
July on all studied plots. Monthly temperatures correlate with tree-ring
increment RWI at the beginning of the vegetation season, while precip-
itation during the summer, and the weather in July and specially in
current June to July play the leading role regarding tree-ring increment.
The most prominent interaction between the TSTand RWI is observed in
CZ and decreases toward the south. The 18] may have varying effects,
with a positive impact in the CZ and simultaneously a negative influence
in HR, while it tends to be more neutral in TT. On the other hand, seasonal
NAO tends to negatively impact the silver fir's RWILin HR and CZ, while in
IT, it has a slightly positive effect. Fir shows a highly observed cyclical
increment in the northern range of its distribution in CZ as the cyclical
pattern and variation along the meridian to the south disappear,
demaonstrating the association of cycles with the influence of scasonal
NAO and TSI. Thus, our research suggests that silver fir growth is sys-
tematically influenced by the parameters examined across the north-
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south range of its distribution. The findings of this study can be applied as
a basis for long-term planning in forest management to determine
recurring cyclic events. [Towever, it is essential to focus on suitable
provenances, silvicultural practices, and other factors affecting the
growth and distribution of this historically abundant tree species in the
context of changing environmental conditions.
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6. Diskuze

6.1. Obnova lesa

Reseni problematiky obnovy horskych lesii v Krkonogich po vétrné kalamité bylo
zaméfeno na hustotu porostli, druhové sloZeni a riistové parametry pfirozené obnovy, i
miru poskozeni zpiisobené zv¢éti (viz publikace 1). Méteni na LHC MarSov a Vrchlabi
ukazala, ze existuje dostatecny potencial pro piirozenou obnovu. V roce 2007 se pocet
jedinct ptfirozené obnovy pohyboval mezi 56 a 3533 jedinci na hektar, zatimco v roce
2018 hustota piirozené obnovy dosahovala 1452 az 6983 jedinci na hektar. Béhem
12letého sledovani (2007-2018) doslo k narlstu poctu jedinct prochéazejicich prirozenou
obnovou 0 46 % az 198 %. Vy$si hustota pfirozené obnovy byla zaznamendna v horskych
smréinach v oblasti Sumavy (STiCHA et al. 2010: 1960—10 200 jedincti na hektar; MALIK
et al. 2014: 1520-19 760 jedincii na hektar). Vyssi pocet primérné obnovy jedinct v
horskych smréinach (9322 jedincii na hektar) byl také zjistén na Slovensku (HOLEKSA et
al. 2007). Pokud jde o vyvoj poctu pfirozené obnovy v obdobi 2014-2016, nartst jedinct
byl témét zanedbatelny. Nejveétsi narist od roku 2007 byl pozorovan v oblasti kalamitni
plochy 1, ktera lezi ve vyssi nadmoiské vysSce (asi o 90 metrli) oproti ostatnim TVP a v
lesnim typu 872, kde by mély byt méné ptiznivé klimatické a pidni podminky pro obnovu
(VACEK S., SPULAK 2005), ale v této oblasti je zaroven zaznamenano vyrazné vice
odumfelého difeva. Pii porovnani pozorované druhové skladby stromti na zkoumanych
plochéch s planovanou skladbou podle LHP nebo planu pé¢e o KRNAP a jeho ochranné
pasmo (FLOUSEK et al. 2010) Ize identifikovat vyrazné odchylky. Vyskyt listnatych
dfevin pievazuje nad zamyslenym podilem. Na vSech vyzkumnych plochach v ptidnich
typech 8Z a 8K je zietelné¢ dominujicim druhem smrk ztepily v souladu s cili obnovy, a
to v rozmezi 93-99 %. V oblastech postizenych kalamitou je vSak skutecny podil jedle
bélokoré planovany na 1 % celkového poctu, avSak v roce 2018 byl zaznamenan v
rozmezi 1,2-6,2 %. Kromé toho podily btizy pyfité dosahovaly zastoupeni 0,8-1,3 % a
jalovce obecného 0,2-1,1 %. Béhem sledovaného 12letého obdobi doSlo u téchto
meliora¢nich a zpevilyjicich druhit k vyznamnému nérGstu o 334 %, s vyraznym
zvySenim podilu jedle bélokoré. V roce 2018 dosahl nejvyssi podil jedle bélokoré na
vyzkumnych plochach 20,7 %. K porovnéni, ve slovenskych horskych lesich jedle

bélokord primérné tvotila zastoupeni 40,8 % v prirozené obnoveé (HOLEKSA et al. 2007).

Pokud jde o vertikalni strukturu, v roce 2018 byl zaznamenan velmi nizky pocet

semendckil s vyskou do 50 cm. Tyto pozorovani poukazuji na klicovy vyznam obnovy
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lesa a zdlraziuji zvysenou naroc¢nost prirozené obnovy na mistech, kde prudky rozpad
porostu vedl k vyraznému nartstu travnatého pokryti (ULBRICHOVA et al. 2006; VACEK
S. et al. 2017). V roce 2009 dosahovala primérna vyska zmlazeni 44,2 cm (+ 35,7 SD),
zatimco v roce 2018 dosahla vyrazného nartstu na 219,2 cm (£ 135,3 SD). Nejvyssi
s nepfiznivymi klimatickymi podminkami, jako jsou roky 2011, 2017 a 2018 (dle
CHMU). P#i porovnani ristu, byly zjiitény signifikantni rozdily v primémé vy$ce mezi
jednotlivymi plochami. VySka piirozené obnovy reflektuje ptizptisobeni se mistnim
stanovis$tnim podminkam, pfedevsim pak mikroreliéfu a vegetatnimu krytu (VACEK Z. et

al. 2017).

Je nezbytné si uvédomit, ze dynamiku ptirozené obnovy lesa ovliviiuji nejen
klimatické a stanovistni podminky, ale také poSkozeni zplisobend zveéfi (ANGST,
KUPFERSCHMID 2023; HOLZER et al. 2024). V roce 2018 bylo na vyzkumnych plochéch
zaznamenano celkové poskozeni 29,3 % u smrku ztepilého a 74,9 % u listnatych dievin.
Okus u jedle bélokoré a jalovce obecného dosahl 100 %. Toto jednoznaéné potvrzuje, ze
zvet predstavuje vyznamny omezujici faktor (z hlediska odrastani a druhové skladby)
ptirozené obnovy lesniho porostu (AMMER 1996; ROONEY 2001; VACEK S. et al. 2014).
Béhem sukcese skody zpisobené okusovanim mirné klesaly s naristem regenerujicich
jedinct. Listnaté stromky, které nebyly poskozeny okusovanim, obvykle rostly v tésné
blizkosti jedli pod jejich ochranou (VACEK S. et al. 2014). Nizky pocet zmlazeni
listnatych jedinct je predev$im disledkem nedostatku mateiskych stromt v okoli a
specifickych pozadavkl téchto druhl. Nizsi vyskyt jalovce obecného je z velké Casti
zpusoben konkurenci a vysokym zastoupenim druhu Calamagrostis villosa, zatimco
vyskovy rist jedle bélokoré je vyrazné ovlivnén nartistajicim poc¢tem jelenovitych druhi

(SticHA et al. 2013; MALIK et al. 2014; VACEK Z. 2017).

Reseni problematiky obnovy v porostech nebylo feeno pouze na uzemi Ceské
republiky, ale také v Polsku. Vyzkum byl zaméfen na smiSené porosty s dominantni jedli
belokorou v oblasti Rogdéw v kontextu jejiho sou¢asného redukovaného zastoupenti, které
je zpusobeno lesnim hospodatenim, Skodami zptisobenymi zvéri, klimatickymi zménami

a antropogennimi vlivy (viz publikace 2).

Vyzkum prokazal vyznamnou souvislost mezi stanoviStnimi a porostnimi
podminkami a pfirozenou obnovou smisenych porostli jedle bélokoré na eutrofnich

ptdach v nizsich nadmoftskych vyskach. Bylo zjisténo, Ze pocet jedinct piirozené obnovy
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¢inil 52 667 ks ha’!, piicemz 63 % tvorila jedle bélokora (ve srovnini s 75 % ve
stromovém patie). Kromé jedle byl v pfirozené obnové také zaznamenan pokles podilu
buku a nartst podilu modiinu a borovice. Podobné udaje o hustoté piirozené obnovy
jedlovych porosti v Polsku uvadéji JAWORSKI, FUJAK (1983) a PALUCH, JASTRZEBSKI
(2013). Naopak nizsi pocty obnovy v Evropé uvadéji napt. DOBROWOLSKA (2000),
HOFMEISTER et al. (2008), a VACEK Z. et al. (2015). Jednim z faktorti omezujicich obnovu
jedle bélokoré je vysokd mira poskozeni zvéti (MOTTA 1996; VACEK Z. et al. 2014;
BLEDY et al. 2024). Dulezitou roli hraje také fruktifikace stromil a podminky stanovisté
(PALUCH 2005).

V réamci této studie byly vyzkumné plochy umistény na eutrofnich stanovistich,
konkurenci (WoziwoDA, KOPEC 2015). V duasledku ménicich se podminek prostiedi
v poslednich letech smiSené porosty vykazuji rostouci podil jedle bélokoré a listnatych
dfevin, zejména habru a dubu (ZERBE 2002; WOZIWODA, KOPEC 2015). Proto je nutné
udrzovat dostatecny podil jedle v porostech vhodnymi péstebnimi opatienimi (VACEK Z.
et al. 2015; BLEDY et al. 2024). Pti péstebnich zasazich je tieba vzit v uvahu, Ze jedle je
stinomilnad dfevina, ale fruktifikuje pouze pfi plném oslunéni (DOBROWOLSKA et al.

2017).

Na zkoumanych eutrofnich stanovistich méla piizemni vegetace vyrazné¢ vyssi vliv
na piirozenou obnovu nez na stanovistich kyselych (PALUCH, JASTRZEBSKI 2013;
WoziwoDA, KOPEC 2015). Jedle bélokora dobte regenerovala na pokryvu Luzula pilosa,
Majanthemum bifolium, Lycopodium annotinum nebo Rubus fruticosus (JAWORSKI
1973). V nasem ptipad¢ pocetnost obnovy pozitivné korelovala s vegetatnim krytem,
ktery Gizce souvisi se zapojem stromového patra a pozitivné koreluje s druhovou bohatosti
dfevin. Pfizemni vegetace na kyselych stanovistich nejen podporuje rtist v juvenilnich
stadiich obnovy jedinci, ale také je chrani pted okusem zvéte (VACEK et al. 2014; VACEK

2017). Ve studovaném lesnim porostu mély z hlediska vegetacniho typu nejvyssi vliv na

cvwr

Druhové diverzita ptfirozené obnovy ve studované oblasti byla nizka az stiedni
podle druhové bohatosti (D1 = 0,469, D2 = 0,089), stfedni podle druhové heterogenity (A
= 0,481, H" = 0,479) a vysoka podle druhové vyrovnanosti (E1 = 0,640, E2 = 0,621).

Oproti tomu vyssi druhova heterogenita a vyrovnanost, ale nizsi druhova bohatost byla
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pozorovana v oplocenych smrko-bukovo-jedlovych porostech na Orlickych horach
(VACEK S. et al. 2014). Vyrazn¢ niz$i druhova diverzita vSak byla v této studii na
neoplocenych lesnich porostech, podobné jako uvadi studie z Krkono§ (PROKUPKOVA et
al. 2019).

Navzdory zvySenému péstebnimu Usili v porostech jedle bélokoré je piirozena
obnova casto nedostaCujici a ve srovnani s ostatnimi dfevinami dosahuje je
charakteristickd nizkou vySku (VACEK Z. et al. 2015; MIKULENKA et al. 2020). Na
pfitomnych dievin, pficemz primérna vyska vSech jedincl byla 43 cm. Konkrétné 74 %
vSech jedli bylo nalezeno ve fazi pocate¢ni obnovy (vyska < 0,5 m), zatimco jedinct s

vyskou > 0,5 m bylo zastoupeno pouze 8 %.

Hlavnim piinosem tohoto vyzkumu je unikatni a vzacna vyskova poloha v nizin¢.
Jedle bélokora je typickou dievinou podhorskych a horskych lest (DIACI et al. 2011).
Studovana nizinnd oblast tak modeluje dynamiku jedlovych lesi ve vztahu ke
klimatickym zménam spojenym s nedostatkem srdzek a rostoucimi teplotami. V této
souvislosti s globalni zménou klimatu bylo vymizeni jedle bélokoré pozorovano napi. z
teplejSich a sussich oblasti ve Slovinsku ve fragmentovanych lesich a na hranicich jejiho

ptirozeného aredlu (Ficko et al. 2011).

6.2. Struktura, produkce a péstovani smiSenych porosti

Reseni problematiky struktury acidofilnich smrkobukovych porosti v Krkonogich
bylo zaméfeno na vliv druhového slozeni na produkéni potencidl, porostni strukturu,
diverzitu a rust jednotlivych dfevin (viz publikace 3). Rizné druhové slozeni muze
vyrazné zvysit pocet stromd v porosti, jejich tempo ristu a tim i celkovou produkci
porostu. Na zkoumanych TVP smiSené porosty vykazovaly vyssi porostni zasobu o 8 %
oproti smrkovym monokulturam a o 47 % nez monokultury buku. Studie z Némecka
uvadi, ze smiSené porosty dosahuji o 11-30 % vyS$si objem stromd nez monokultury
PRETZSCH (2016). Vyzkum prokazal benefity produkéné zdatného smrku pii smiseni s
bukem, jak z hlediska produk¢éniho potencidlu, tak 1 odolnosti a stability porostu. I nizky
podil pfimisSeni dalsi difeviny v zastoupeni porostu dokaze vyvolat silny pozitivni efekt
smiSeni v kontextu naristu produkce biomasy a sekvestrace uhliku (VACEK Z. et al.
2023). Pozitivni efekt pfimiSeni na produkcei potvrzuje n¢kolik dalSich praci (PRETZSCH,
SCHUTZE, 2009; PRETZSCH et al. 2013).
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Pti pfimiSeni nékteré dieviny do 25 % v druhovém zastoupeni porostu doslo k naristu
porostni zasoby o 22-31 %. Charakter smiSeni také miiZe signifikantné kromé produkce
pozitivné ovlivnit poCet stromi, zakmenéni a hustotu porostu (PRETZSCH, BIBER 2016;

v

PRETZSCH, ZENNER 2017). Celkové se v nasi studii jako nejvhodné;si jevi pomér smrku
v radidlnim rastu. Produktivita smiSenych porostii oproti monokulturdm je pozitivné
ovlivnéna vyssi hustotou porostu a projekéni plochou korun. Monokultury maji relativné
méng¢ slozitou strukturu zépoje (prevliada horizontalni pred vertikalnim), nizsi variabilitu
struktury uvnitt porostli a nizsi efektivitu vyuzivani zdroji (PRETZSCH 2014). Stromy ve
smiSenych porostech tak mohou mit vySsi uc¢innost vyuzivani zdrojli, a proto maji vyssi
rychlost riistu ve srovnani se stromy v monokultufe (PRETZCH et al. 2016; SHARMA et al.

[ 1

osvétleni atd.) jednotlivych dfevin (VACEK S. et al. 2019b; MIKULENKA et al. 2020).

Analyzy také potvrdili, Ze buk méné reaguje na vykyvy v radidlnim ristu nez
smrk. Podil difeviny v druhovém zastoupeni ma mensi vliv na vykyvy v ptirtstu u buku,
naproti tomu smrk vykazuje vétsi rozdily v prirtstu dle zastoupeni této dieviny v porostu
(¢im niz$i zastoupeni, tim vy$si rezistence). V pribchu 80. let 20. stoleti byla ristova
minima u obou studovanych dfevin zplsobena synergismem imisi (zejména vysoké
koncentrace SO»), klimatu (pozdni mrazy, zimni vysychani) a biotickych skidct (Cervec
bukovy, bejlomorka bukova, lykozrout smrkovy a obale¢ modiinovy), coz je v souladu
s mnohymi pracemi (VACEK Z. et al. 2015). Koncentrace SO, a NOx signifikantné
negativné ovliviiuji radidlni rGst smrku ve vSech variantich smiSeni, pficemz se
snizujicim se jeho zastoupenim v porostu se odolnost zvysuje. Naopak u buku byl zjistén
pouze negativni vliv SO> u monokulturni varianty. Shodné v Jizerskych horach nebyl
potvrzen vliv znecisténi ovzdusi na rust buku, oproti signifikantné negativnimu vlivu na
rust smrku. Navic smrk zde byl ve smiSenych porostech odolng&jsi vii€i znec€isténi ovzdusi
a klimatickému stresu (VACEK S. et al. 2019a). Déle, tak jako v nasi studii, negativni vliv
sucha na radialni pfirtist smrku uvadéji KRALICEK et al. (2017) a PUTALOVA et al. (2019).
Celkové v nasi studii byl smrk z hlediska radialniho citlivéj$i dievinou na klimatické
podminky oproti buku. Nejvice pak byly u obou dfevin shodné klimatickymi faktory
ovliviiovany monokultury. Také DING et al. (2017) uvadi, Ze smrk benefituje z

piimiseni buku z hlediska odolnosti ke klimatickym extrémtm.
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nastroji podpory stability a rozmanitosti lesii (viz publikace 4). Propagace smiSenych
lest je tak casto identifikovdna jako strategie adaptace lesniho hospodateni s cilem
vyrovnat se s klimatickymi zménami (BOLTE et al. 2009; VACEK Z. et al. 2023). Mnoho
studii téz zdraznilo vyznam druhové rozmanitosti pro vétSinu funkci a sluzeb lesa (napf.
KNOKE et al. 2008; REMES et al. 2015; VACEK S. et al. 2019b; MIKULENKA et al. 2020).
Diiraz je ptitom kladen na variabilitu smiSenych lesti odpovidajicich danym stanovi§tnim
a porostnim poméram (LINDNER et al. 2010). Pi1 vychové smiSenych porostii je nutné
disledné respektovat vlastnosti dievin a kompeti¢ni vztahy v 1zké vazbé na stanoviStni
poméry (POLENO et al. 2009). Problémy vychovy porostnich smési jsou tedy mnohem
komplikovangj$i a vyzaduji vyssi lesnickou odbornost nez vychova porostt jedné dieviny
(SLODICAK, NOVAK 2007). Z téchto divodi jsme piikrocili ke studiu dvou typl
vychovnych zéasahi vcetné kontroly s pfedpokladem, Ze strukturalizujici probirka
zaméfena na klimatickou zménu bude vhodnéjsi nez podiroviiova probirka podle Krafta
¢1 kontrola. Z nasich vysledkt vyplyva, ze u strukturalizujici probirky se z celkového
poctu vytézilo 33 % stromil a 14 % zasoby porostu a u poduroviiové probirky 36 % stromi
a 6 % zasoby. Hlavnim ucelem téchto vychovnych zasahli, podobné jako v praci
WASKIEWICZ et al. (2013), bylo porostni vychovou zlepsit stabilitu porostu a udrzet
zaddouci druhové slozeni v téchto mladych smiSenych porostech. V podminkach
vyraznych globalnich klimatickych zmén napt. ROIG et al. (2005); GEA-IZQUIERDO et al.
(2009); GUILLEMOT et al. (2015) uvadgji, ze silné&j$i vychovné zasahy zlepSuji vlahové
poméry v porostu tim, Ze omezuje intercepci, zmiriuji sucho, a tak dochézi ke zvySovani
vitality porostli ve srovnani s porosty bez zasahu. Z uvedeného vyplyva, ze 1 vétsi
prosvétleni porostu pii nami navrzené strukturalizujici probirce by mohlo vice ptiznivé
ovlivitovat mikroklimatické a ekologické poméry ve sledovanych porostech nez u
poduroviiové probirky. Téz se uvadi, ze vysoka intenzita vychovy vede ke zvyseni vitality
dominantnich stroml v porostu po obdobich sucha (MISSON et al. 2003) a je disledkem
zmén struktury stromi v porostech (SOHN et al. 2013). Téz BOSErA et al. (2016)
prokézali, ze zpusoby diferencované vychovy bukovych porosti vyrazné ovliviiuji jejich
vitalitu 1 v podminkach Karpat, kdy se ve vegeta¢nim obdobi od roku 1950 zvySuje
teplota. Stres z deficitu vody pfitom velmi ovliviiuje druhovéa skladba porostu. Napiiklad
vys$i pravdépodobnost stresu ze sucha v mladych porostech smrku nez u buku ¢i dalSich

listnact uvadeji NOVAK, SLODICAK (2009). Z hlediska diverzity doSlo v rdmci
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strukturalizujici probirky u horizontalni struktury k pfesunu z agregované distribuci
stromll na ndhodné uspotadani, dale doslo ke zvyseni tloustkové a vyskové diferenciace
porostu a také ke zvySeni druhové bohatosti o proti poduroviiové probirce ¢i kontrolni

varianté.

6.3. Vliv klimatickych faktoriu na rist

Detailni a komplexni feSeni problematiky vlivu klimatu a znec€iSténi ovzdusi, jez
vyznamné¢ ovliviiuyji radialni rist stromd, je popsano v publikaci 5. Z hlediska historie,
v Evropském méfitku byl od 70. let dvacatého stoleti patrny zvySeny pfirtst stromt v
lesnich ekosystém, ktery byl Casto pfi¢itan zvySujicim se teplotdm v kombinaci se
zvySenymi depozicemi dusiku a zvySujicim se obsahem CO» v atmosféte, zejména pak
ve stfedni a severni Evropé (VACEK Z. et al. 2023). Na druhou stranu v CR byl v§ak
behem tohoto obdobi ptirtst porostli také vyrazné limitovan celou fadou negativnich
faktort (PUTALOVA et al. 2019; VACEK Z. et al. 2019; SHETTI et al. 2024). Z naSich
vysledk je tento vliv celé fady negativnich faktorti na radialni pfirist jedle bélokoré a
smrku ztepilého jasné patrny, zejména znecisténi ovzdusi. Koncentrace SO2 a NOx mély
v zajmové oblasti Jesenikli negativni vliv na radiadlni rist jedle, zatimco radialni rust
smrku byl vice negativné ovlivnén troposférickym ozonem.

Na studovanych plochach byl pfirGst ovlivnén i dal§imi abiotickymi faktory.
Z pocatku sledovaného obdobi byl radialni pfirGst negativné ovlivnén spiSe poskozeni
mrazem, naopak na konci sledovaného obdobi vysSimi teplotami a niz§imi uhrny srazek,
coz je v podstaté v souladu s vyvojem klimatu. K obdobnym vysledkiim dochazeji i jiné
prace (HANEWINKEL et al. 2013; KONOPKOVA et al. 2018), které se zabyvaji zménami
klimatu. Ovlivnéni klimatickymi zménami rovnéZz zavisi na druhu dieviny (ROTZER et al.
2017), pti¢emz praci PRETZSCH et al. (2013) bylo prokdzano, ze smrk oproti buku reaguje
na sucho vyraznéjSim poklesem pfiriistu. Z naSich vysledk pii srovnani prirtistu smrku
a jedle neni vSak tento vyvoj jednostranné patrny, na druhou stranu je tieba pfiznat, Ze na
studovanych plochach plsobila cela fada rtiznych faktorti a pouze ovlivnéni pfirtistu
suchem je tak hufe kvantifikovatelné. V souladu s tim jsou znacné diferencované i
vysledky vlivu teploty a mnozstvi srazek v jednotlivych mésicich na ptirast jednotlivych
dfevin. Nicméné z vysledku je patrné, Ze statisticky vyznamny vliv na pfirast maji jak
klimatické faktory (srazky, teploty) vroce aktudlnim, tak i ptedchéazejicim, coz
koresponduje s vysledky korelacnich analyz fady jinych praci napt. DITTMAR et al. (2003)

¢1 FRIEDRICHS et al. (2009). Limitujicim faktorem pro radialni rast byly v této studované
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horské oblasti nizké teploty, zejména u jedle. Také prace VITALI et al. (2018) na zaklad¢
dlouhodobého vyzkumu potvrdili v nizS§ich nadmotskych vySkach pozitivni korelaci
prirtstu s letnimi srazkami, a naopak negativni s letnimi teplotami jak pro smrk, tak i pro
jedli. Jedle obecné vykazovala signifikantné vyssi variabilitu radidlniho rastu a byla
sensitivnéj$i na vliv klimatickych faktorG ve srovnani se smrkem. Nicméné pomérné
vyraznou diferenciaci naSich vysledkt 1ze vysvétlit jak podminky mikrostanovisté, tak i
rozdilnym typem kotfenového systému. Rovnéz smiseni opadavych a neopadavych druha
difevin muze vést k lepSim ristu, diky diverzifikaci zdroji z prostiedi, coz miize
v kone¢ném dusledku vést ke snizeni stresu (PRETZSCH et al. 2014). V naSem piipade
napf. mohou profitovat smrky a jedle z vétSiho propousténi svétla a vody koruny
pfimisenych modfint v jarnich a zimnich mésicich, kdy modiiny nemaji jehlici.

Kromé teplot a srazek, znecisténi ovzdusi, stanovisté €i péstebnich zasaht radialni
rist dievin ovliviji i dalsi faktory, jako je zemépisna poloha a dalsi faktory (SIMKOVA
et al. 2023; BRICHTA et al. 2024). V publikaci 6 je zkouman vliv zemé&pisné Sitky a
cyklickych udalosti na radidlni rast jedle napti¢ Evropu. Vysledky této studie ukazuji, ze
letokruhové ptirasty jedle bélokoré signifikantné korelovaly napfi¢ vSemi staty se
slunecni aktivitou (slunecnimi skvrnami a zafenim) a zménami tlaku a prodéni vzduchu
(NAO indexem). Letokruhové fady byly signifikantné ovlivnéné cirkulaci NAO alespon
na jedné vyzkumné ploSe v kazdém statu. Nejvyssi korelace s dvanactiletym slunecnim
cyklem byly zaznamenané v nejsevernéji polozenych vyzkumnych plochach v Ceské
Dalsi roli ve vykyvech letokruhovych analyz sttedni Evropy mohou hrat chladné extrémy,
které jsou z hlediska odchylek od mési¢niho priiméru vétsi nez teplé extrémy (DIAO et al.
2015).

V mediteranu byl v poslednich letech zaznamenan ustup jedle z divodi vétsi
aridity prostiedi (GAzoOL et al. 2019), ale vysledky z naSich horskych lokalit v Italii
ukazuji, Ze jedle ma stabilni necyklické pfiristy oproti plochdm v Chorvatsku a Ceské
republice. Od roku 1980 byla silngjsi reakce radialni ristu stromti na NAO, které ptisobi
hlavné na mistni sezonni klima, zejména na zimni teploty, coz bylo zaznamenano i u
smrku v Kanadé nebo Svédsku (OLS et al. 2018). Vliv NAO se ve stiedni Evropé
v poslednich letech zkratil a snizil délku zimniho obdobi (HERNANDEZ-ALMEIDA et al.
2015). Praveé zimni mrazy jsou zodpoveédné za sniZeni ptirastu jedle bélokoré v horskych

oblastech. Klimaticka zména v poslednich letech byla ovlivnéna zejména nartistajicimi
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globalnimi teplotami, které zvysuji pfirast stromt v horskych oblastech (PONOCNA et al.
2018; SIMUNEK et al. 2019; VACEK Z. et al. 2023). Nicméné porosty ve stiednich a niz§ich
polohéach jsou vice nachylné na vykyvy klimatickych podminek, a tim mitize dojit
napiiklad k cyklickému opakovani kiirovcovych kalamit (MILAD et al. 2011; SIMUNEK et
al. 2020).

Solarni cyklus se objevuje v letokruzich této studie na jedli bélokoré v Ceské
republice a Chorvatsku, ale da se nalézt i v cyklu kalamit nahodilych téZeb v Ceské
Republice, které¢ nésobi disturbance dlouhodobymi suchy zplsobenymi stoupajicimi
teplotami a nerovnomérnym rozlozenim srazek ve vegetaénim obdobi (SIMUNEK et al.
2020). Navic vzhledem k nizké cykli¢nosti ploch v Italii lze teoreticky konstatovat, Ze
cyklické problémy v lesnim hospodarstvi v jizni Italii jsou mensi nez ty ve stfedni
Evropé. V nasi publikaci je popsan letokruhovy pftirtst jedle od roku 1990, coz pokryva
nejméné zkreslené ¢asovému obdobi letokruhovych fad jedle na vyzkumnych plochach.
Toto Casové obdobi v letokruhovych fadadch vyzkumnych ploch neobsahuje vyrazné
hospodaiské zasahy a také plochy v Ceské republice jiz v podstaté nejsou ovlivnény
znecisténim ovzdusi, které vyrazné ovlivnilo az degradovalo jedlové porosty v minulosti
(MIKULENKA et al. 2020). Tato degradace vzdusnym znecisténim jedle bélokoré trvala az
do 80. let minulého stoleti (ELLING et al. 2009) a Ize ptedpokladat, Ze porosty od 90. let
byly jiz bez vyrazného vlivu tohoto znecisténi. Dale jsou nasledky stoupajicich teplot
viditelné¢ hlavné od zacatku roku 2000, kdy se zacaly vyrazné zvedat teplotni trendy
v Evropé (NAUMANN et al. 2021). Toto obdobi tedy zptsobilo divergence letokruhového
ptirtistu k ostatnim faktortim, které jsou sledovany napfi¢ pribéhem globalni klimatické

zmény (PONOCNA et al. 2018).
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7. Zavér

Smisené piirod¢ blizké lesy piedstavuji klicovy prvek v adaptaci lesniho
hospodafstvi na probihajici globélni klimatické zmény. Z vyzkumu vyplyva fada
zasadnich aspektti, které zdlraziiuji vyhody smiSenych lest oproti monokulturam,
zejména pokud jde o jejich produkéni potencidl, trvalou udrzitelnost a rezistenci vici
abiotickym a biotickym faktorim. Z hlediska produkéniho potencialu zkoumané
smiSen¢ho porosty dosahovaly vyss§i porostni zasoby, biomasy a sekvestraci uhliku ve
srovnani s monokulturami. SmiSené lesy v KrkonoSich vykazovaly az o 8 % vyssi
porostni zasobu neZ smrkové monokultury a az o 47 % vice nez bukové monokultury.
Vyssi produkéni potencial je spojen s lepSim vyuzitim prostoru a zdroja diky riznorodym
ekologickym naroklim dievin. SmiSené porosty navic maji komplexné&jsi strukturu, coz
umoziuje efektivnéjsi vyuzivani svétla, vody a Zivin, coz vede k vyssi celkové produkci
biomasy. SmiSené lesy také prokazaly vEtSi odolnost vici strestim, jako je dlouhodobé
sucho nebo sekundarni skiidci, coz je zasadni zejména v kontextu globalni klimatické
zmény. Vyzkum ukazuje, ze smrk ve smiSenych porostech je odolnéjsi viici znecisténi
ovzdusi a klimatickému stresu nez ve stejnovékych monokulturdch. Smiseni buku se
smrkem navic zmiriiuje negativni dopady sucha na rlst smrku a v pfitomnosti buku
reaguje na sucho méné vyraznym poklesem ptirtstu. Smisené lesy také vykazuji vétsi
stabilitu v radidlnim ristu, coz je dilezité pro udrzeni jejich produkéniho potencialu i v
obdobi neptiznivych podminek, tak i z hlediska mitigace klimatickych zmén v kontextu
sekvestrace uhliku.

Jednim z cilii prace bylo zhodnotit vyznam piirozené obnovy, jez je kliCova pro
dynamiku, dlouhodobou stabilitu a odolnost lesi. Méfeni na rozséhlé sity trvalych
vyzkumnych plochach ukazuji na vysoky potencial této metody pro obnovu lesit po
kalamitach. Vyssi pocet jedincii pfirozené obnovy byl zaznamenan zejména v horskych
oblastech, kde bylo dosazeno hustoty témét 20 tis. jedincii na hektar. Pfirozena obnova
podporuje druhovou diverzitu a vékovou strukturu porostu, coz je dulezité pro jejich
odolnost vici klimatickym zméndm a dal$im stresovym faktorim. Zavazny problém
spojeny s prirozenou obnovou, jsou Skody plisobené zvéti, kterd miize omezovat rist a
preziti nékterych druhti dievin, zejména listnatych a jedle bélokoré. Presto je pfirozena
obnova povazovana za efektivni zplisob, jak zajistit regeneraci lesi a jejich dlouhodobou

udrzitelnost.
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Zavérem lze konstatovat, ze smiSené lesy nabizeji vyssi produkéni potencial a
rezistenci vici klimatickym zménam ve srovnani se stejnovékymi monokulturami. Navic
piirozend obnova hraje klicovou roli v udrzeni kontinuity a stability téchto lest, a proto
by méla byt aktivné podporovana jako strategie pro adaptaci lesniho hospodaistvi na
probihajici globalni zmény klimatu. Pouzivani vhodnych ptirodé blizkych péstebnich
postuptl je zasadni, protoze podporuji pfirozené procesy a tvorbu bohat¢ strukturovanych
smiSenych lesi, které¢ zvySuji druhovou, v€kovou a prostorovou heterogenitu. Tyto lesy
nejenze prispivaji k udrzeni biodiverzity a ekologické stability, ale také zajistuji vyssi

efektivitu produkce a dlouhodobou udrzitelnost lesnich ekosystéma.
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