Ceska zemé&délska univerzita v Praze
Fakulta lesnicka a dievaiska

Katedra péstovani lest

Ceska
zemédélska
univerzita

v Praze

Struktura a vyvoj autochtonnich porostli s dominantnim bukem lesnim ve

vychodnich Krkonosich

Disertaéni prace

Autor: Ing. Vaclav Simtnek

Skolitel: prof. RNDr. Stanislav Vacek, DrSc.

Praha

2021



Czech University of Life Sciences Prague
Faculty of Forestry and Wood Sciences

Department of Silviculture

Czech
University

of Life Sciences
Prague

Structure and Development of Autochthonous Stands with Dominant
European Beech in Eastern KrkonoSe Mts.

Ph.D. Thesis

Author: Ing. Vaclav Simanek

Supervisor: prof. RNDr. Stanislav Vacek, DrSc.

Prague

2021



"Prohlasuji, ze jsem disertacni praci na téma Struktura a vyvoj autochtonnich porostl s
dominantnim bukem lesnim ve vychodnich KrkonoSich vypracoval samostatné s pouZzitim

uvedené literatury a na zéklad¢ konzultaci a doporuceni Skolitele.

Souhlasim se zvetejnénim disertacni prace dle zakona ¢. 111/1998 Sb. o vysokych skolach

v platném znéni, a to bez ohledu na vysledek jeji obhajoby."

V Praze dne 5. 12. 2021

Podpis autora



Podékovani

Velmi dékuji skoliteli prof. RNDr. Stanislavu Vackovi, DrSc. za pomoc a pochopeni pfi
zpracovani a zhotoveni této diserta¢ni prace. D&kuji také Ing. Zdeniku Vackovi Ph.D. a celé
katedie Péstovani lesti za vyznamnou pomoc pii tvorbé védeckych publikaci. Dilezitou oporou
pii tvorbé disertacni prace také byla ma rodina, ktera m¢ podporovala ve védeckém badani a
studiu.



Abstrakt

vvvvvv

letech nahrazuje velkou &ast jehli¢natych lestt v Ceské republice. Tato prace hodnoti cile
zaméfené na strukturu a vyvoj buku lesniho (Fagus sylvatica L.) ve vychodnich KrkonoSich ve
vztahu K thrnim srazek, teplotam vzduchu a slunec¢ni aktivité. Hodnocen je i vliv imisni zatéze
z 70. a 80. let minulého stoleti. V této praci jsou pro porovnani také obsazeny studie o radidlnim
prirastu buku lesniho z oblasti Broumovskych stén nebo i1 z mediteranu z jizni Italie. V této
praci jsou porovnany i vlivy klimatickych vykyvi na lesni hospodafstvi ve vztahu k celkovym,
nahodilym listnatym nebo jehliCnatym tézbam. Tato studie hodnoti celkem 340
dendrochronologickych vzorka na 10 vyzkumnych plochach, z toho jsou dvé vyzkumné plochy
Vv jizni Italii, 7 vyzkumnych ploch v Krkonosich a 1 plocha na Broumovsku. V této praci byla
zmeétena a popsana i struktura bukovych porostt, které jsou hodnoceny v reakci na klimatické
podminky. Radidlni rist buku lesniho ve vychodnich Krkonosich nejvice reaguje na slune¢ni
cyklus, poté na teploty a nasledné na thrn srazek. Vysledky dale ukazuji, Ze homogenni bukové
porosty reaguji vice na klimatické vykyvy nez strukturdlné heterogenni porosty. V této praci
byl také porovnan radidlni pfirtist homogennich porosti buku lesniho s vyzkumnymi plochami
Vv jizni Italii, kde byl zaznamenan zrcadlove opacny radidlni ptirtst porostti nez v Krkonosich.
Spektralni analyzy radialniho pfirGistu ukazuji Ze buk lesni cyklicky vykazuje 4 az 7leté, 9 az
12leté a 17 az 35leté cykly. Radialni rist buku tvoii rozpéti 7,5 az 11leté cykly, coz pravé tvori
kombinaci mezi cykly sezonnich teplot a slune¢ni aktivity. Analyza klimatickych podminek ve
vztahu k tézbam dtivi v Ceské republice ukdzala prinik se sluneénim cyklem a roénimi
teplotami vzduchu, nicméné té€zba diivi reaguje na klimatické a antropogenni vlivy. Celkova
tézba dieva vykazuje nejvyssi korelace s primérnymi roénimi teplotami, naproti tomu nahodilé
tézby nejvice koreluji se slune¢nimi cykly. Zaroven byla v poslednich letech zaznamenana vétsi
soubéznost nahodilych tézeb s 11letym slunecnim cyklem. Spektralni analyzy dat ukazuji, Ze
sluneéni 11lety cyklus se také projevuje i u listnatych tézeb a tento cyklicky jev se projevuje i
u procentualniho stfidani jehli¢natych a listnatych tézeb. Poznatky z této disertacni prace by
mély slouzit jako podklad pro dalSi vyzkum a zaroven by mohly pomoci lesnickému
managementu pochopit cyklické vykyvy pfirodnich podminek. Spravny popis cyklickych

udalosti v lesnictvi by mohl v budoucnu 1épe reagovat na klimatické zmény.

Kli¢ova slova: buk lesni (Fagus sylvatica L.), radialni piirtust, srazky, teploty, bukové
porosty, lesnicky management, slunecni cyklus, cykly

Abstract



This study describes the structure and development of one of the most important tree species,
which in recent years has replaced a large part of coniferous forests in the Czech Republic. This
dissertation evaluates the aims which are structure and development of European beech (Fagus
sylvatica L.) in the eastern Giant Mountains (Krkonose) in relation to precipitation, air
temperatures and solar activity. The influence of the air pollution load from the time period in
1970s and 1980s is also evaluated. This work also includes for comparing studies of the radial
growth of European beech from the Broumovské stény or from the Mediterranean area in
southern Italy. This research compares the effects of climatic fluctuations on forestry in relation
to total timber harvest and salvage, deciduous or coniferous logging. This study evaluates a
total of 340 dendrochronological samples in 10 research plots. Two research plots are in
southern Italy, 7 research areas in the Giant Mountains and 1 research plot is in the Broumov
region. The structure of beech stands was measured and described, which are evaluated in
response to climatic conditions. The radial growth of beech in the eastern Giant Mountains is
most responsive to the solar cycle, then to temperatures and then to total precipitation. The
results further show that homogeneous beech stands respond more to climatic fluctuations than
structurally heterogeneous stands. This work compared the radial growth of homogeneous
beech stands with research plots in southern Italy and Giant Mountains. The mirror effect of
the opposite radial growth was recorded than in the Giant Mountains in compare to southern
Italy. Spectral analyses of radial growth show that beech forest radial growth indicates 4- to 7-
year, 9- to 12-year, and 17- to 35-year cycles. The radial growth of beech cyclically exhibits a
combination of air temperature and solar cycles, with is 7.5- to 11-year cycles. activities. The
analysis of climatic conditions in relation to timber harvest and salvage logging in the Czech
Republic showed the common course between the solar cycle and annual air temperatures.
However, the timber harvest and salvage logging respond to climatic, anthropogenic, and
political influences. Total timber harvest shows the highest correlations with average annual
temperatures, while salvage logging correlates more with solar cycles. At the same time, in
recent years, there has been a greater prevalence of salvage logging with an 11-year solar cycle.
Spectral analysis of the data show that the solar 11-year cycles are also reflected in deciduous
logging, and this cyclical phenomenon is also reflected in the percentage alternation of
coniferous and deciduous logging. The findings from this dissertation should serve as a basis
for further research and it can be used by forest management to understand cyclical fluctuations
in natural conditions. A correct description of cyclical events in forestry could improve reaction
against climate change.

Keywords: European beech (Fagus sylvatica L.), radial growth, precipitation, temperature,
forest management, solar cycle, cycles
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1. Uvod

Rychory jsou jednou z méné znamych casti Krkono$, kde se nachazi unikatni bukové
porosty, které zasahuji od 700 do 1050 m nad motem. Z dlouhodobého hlediska je tato oblast
vyznamnou lokalitou pro dlouhodobé zkouméni antropogennich a klimatickych vlivii na horské
bukové porosty. V Krkonosském narodnim parku byla také zaznamenana v 70. a 80. letech
minulého stoleti vyznamna imisni kalamita, kterd ovlivnila vyvoj bukovych porosti. Toto
uzemi ma velkou védeckou a piirodni hodnotu z hlediska pfirozeného rozsiteni bukovych

porostii do nejvyse polozenych uzemi v CR.

Jiz na pocatku 20. stoleti zacaly v Evrop¢ vznikat prvni ndrodni parky, ve kterych byl stale
vice preferovan ekologicky ptistup k lesu, coz vedlo k vétsimu z4jmu o ptirod¢€ blizké péstovani
lesa (Hahn & Fanta 2001, Christensen et al. 2005). Bukové lesy byly vyuZzivany od 17. do 19.
stoleti jako zdroj krmiva pro dobytek v podobé¢ bukvic a ¢asto v nich byla praktikovana i lesni
pastva (Nozi¢ka 1957). Po mnoho stoleti byly bukové porosty vyuzivany také pro zdroj
palivového diivi a k vyrobé dievéného uhli (Peters 1997). K vyraznym antropogennim vliviim
poslednich let na lesni porosty patii synergicky dopad znecisténi ovzdusi a klimatického stresu
(Bytnerowicz et al. 2007, Vacek et al. 2013a, Vacek et al. 2015a).

Po druhé svétové vélce s rozvojem primyslu a nariistem emisi doslo k prvnimu patrnému
velkoplognému poskozeni lesnich porosti v CR (Materna 1989). Nasledn& nejvyznamndjsi
imisni zatizeni zpisobené vysokymi koncentracemi SO2 bylo v Krkonosich zaznamenano v 70.
az 90. letech 20. stoleti (Vacek et al. 2013b). Od 90. let je jako problém vnimano také znecisténi
ovzdusi NOx a Oz (Hiinova & Schreiberova 2012, Vacek et al. 2017). Vzhledem k historickému
vlivu ¢lovéka bylo zjisténo, ze 85 % porostti buku se vyvijelo v obnovnich cyklech od 15 do 25
let, kdy dochézelo ke kvalitni pfirozené obnové v podirovni matefského porostu (Schiitz 2001).

Z hlediska celorepublikové druhové skladby lesti bude hrat buk lesni (Fagus sylvatica L.)
vyznamngj$i roli néZ nyni. Klimaticka zména se projevuje velkymi kalamitami ve smrkovych
porostech a ostatnich jehlicnanech, coz mé za nasledek velkoploSny rozpad lesnich porosti.
Tim dochézi k vy$§imu prosazovani bukovych porosti pii obnové lesa, kdy zastoupeni buku se
zvysilo od roku 2000 0 2,8 % z 6 % na 8,8 % (MZe 2020). Buk je velmi ekologicky plastickou
dfevinou a jeho reakce na klimatickou zménu je mnohem ptiznivéjsi nez u smrku ztepilého, coz
z n¢j déla prave idedlniho nastupce za smrkové porosty. Z hlediska vyznamnych klimatickych
vykyvi vykazuji bukové porosty vétsi stabilitu a odolnost viici nedostatku vody, nez je tomu u
smrku ztepilého (Picea abies /L./ Karst.) — (Dittmar et al. 2003a, Zang et al. 2011, Zang et al.
2014, Hartl-Meier et al. 2018). Bukové porosty vykazuji lepsi schopnost pfirozeného zmaleni
nez smrkové porosty, a také se dokazi 1épe adaptovat na imisni kalamitu, kterd je dobfe zndma
Z obdobi 70. az 90 let 20. stoleti (Slanaf et al. 2017).



Buk lesni se tak postupné stava ¢asteCnou nahradou za plo$né odumirajici smrk ztepily
(Lindner et al. 2010). N¢které studie vsak dokladaji i citlivost buku k dlouhotrvajicimu suchu
(GeBler et al. 2007, Granier et al. 2007), kdy bu¢iny na Rychorach a v okolnich pohotich mohou
trpét na jarnimi mrazy nebo suchem (Vacek et al. 2012, Kralicek et al. 2017, Vacek et al.
2019a). V reakci na negativni udalosti mohou bukové porosty zvysit frekvenci semennych let
a tim se Iépe adaptovat na klimatickou zménu (Overgaard 2010). Ovlivnény jsou také ristové
procesy této dieviny, kdy se zvySujicim se suchem Vv nizSich oblastech narlistd mortalita a
zaroven tento jev misty vede ke zkraceni délky zivotniho cyklu buku (Filippo et al. 2012a).

Radialni rast buku lesniho je podstatné ovlivnén ptirodnimi faktory a antropogennimi vlivy
jako jsou srazky nebo teplota vzduchu (Stjepanovi¢ et al. 2018, Tognetti et al. 2019),
hospodatfenim v lesich (Reme$ et al. 2015, Vacek et al. 2015c, Mausolf et al. 2018) nebo
znedisténim ovzdusi (Spuldk & Soucdek 2010). Na rist buku lesniho mize mit vyznamny
neptimy Vvliv dokonce i slune¢ni aktivita, ktera se mize odvodit z cyklu slune¢nich skvrn, které
jsou tizce spojeny s dal§imi solarnimi jevy jako jsou kosmicka radiace, slune¢ni zatfeni, slune¢ni
vitr, tok radiovych vIn nebo slune¢ni erupce (Usoskin 2017). VSechny tyto zminéné slune¢ni
faktory jsou pohanény slune¢nim magnetickym polem, které vyznamn¢ ovliviiuje zemské klima
po celd milénia (Abbott & Juhl 2016, Le Mouél et al. 2019).

Tato disertaéni prace se zabyva potencidlem cyklického vyvoje heterogennich a
homogennich porostti buku lesniho (Fagus sylvatica L.) ponechanych samovolnému vyvoji.
Tato prace hodnoti vliv slunecnich cyklu, teplot vzduchu, uhrnii srazek a imisni zatéze na
radialni pfirtst buku lesniho ve vychodnich Krkonosich. Tato studie popisuje vztahy mezi
letokruhovymi fadami riznych porosti buku lesniho pro riizna casova obdobi od hospodateni
V lesnich porostech k obdobi imisni zatéZe a konci obdobim samovolného vyvoje po zaloZeni
Krkonosského narodniho parku. Pro celkové shrnuti vyvoje bucin v Krkonosich s klimatickou
zménou také nechybi porovnani s porosty z Italie. Poznatky o vyvoji buku lesniho béhem
klimatické zmény budou v této disertaci porovnany se zdkladnimi vystupy z lesnického
managementu.
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2. Cil prace

Cilem této disertacni prace je ziskat nové poznatky o struktuie a vyvoji bukovych porosti
na vychod¢é Krkonos. Jednotlivé dil¢i cile jsou uspotfadany tak, aby bylo mozné sestavit a popsat
vliv jednotlivych faktort, které ovliviiuji bukové porosty a jejich stadia vyvoje b&hem
klimatické zmény. Jednotlivé faktory, které ovliviuji radialni piirGst buku jsou nasledné
pouzity pro analyzu managementu lesniho hospodaistvi. Tato disertacni prace nasledné miize
urcit vlivy, které jsou vyznamné pro vyvoj bukovych porosti a zaroven jsou vyznamné pro

lesnicky management a jeho budouci vyvoj. Dil¢i cile jsou nasledujici:

1. Ziskani poznatkii o vyvoji a struktuie homogennich a heterogennich bukovych
porostii béhem klimatické zmény. Tento cil hodnoti aktualni stav bukovych porosti na
vyzkumnych plochach tak, aby bylo mozné jednotlivé porosty buku lesniho roztfidit od
homogennich bucin (jedno etazové porosty s normalnim rozdélenim tloustkovych tiid) po

heterogenni buciny (riznoveke tloustkove, vyskove a strukturné rozriznéné porosty).

2. Ziskat a popsat dendrochronologicky vyvoj studovanych porosti. Na zakladé¢
pfedchozich terénnich Setfeni jsou odebrany dendrochronologické vzorky ze vSech
studovanych vyzkumnych ploch. Vzorky jsou odebrany tak, aby dendrochronologické fady

statisticky vyznamné popisovaly historicky vyvoj jednotlivych stanovist’ v Case.

3. Dendrochronologické analyzy jsou néasledné pouzity pro zhodnoceni radialniho ristu
buku ve vztahu ke klimatu (srazky a teploty). Tento bod vysvétluje reakci bucin na zménu

teplot vzduchu a zménu v tthrnech srazek.

4. Dalsim bodem je zhodnoceni radialniho ristu buku ve vztahu k imisnimu zatiZeni.
Tento bod slouzi ke kratkodobému urceni jedné z nejvice znicujicich obdobi pro bukové
porosty na Rychorach. Tento bod popisuje slozité obdobi ristu buku lesniho, kdy doslo

cvwvr

5. Nasledny dil¢i bod popisuje méné znamé zhodnoceni radialniho ristu buku ve vztahu
k sluneéni aktivité, ktera neni pfili§ hodnocena v lesnim hospodatstvi. Tento bod pocita s
proménlivym vyvojem slunecni aktivity, ktera se mize projevit i v riznych klimatickych datech
jednotlivymi nebo i mensimi dil¢imi cyKly.

6. Posledni cil hodnoti moZnost vyuziti ziskanych poznatki v lesnickém managementu.
Tento bod by mél spojit ziskané poznatky této disertace a predat je pro mozné vyuziti

V lesnickém managementu.
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3. Rozbor problematiky

3.1. Ekologie buku lesniho

Buk lesni je stin snasejici dievina, ktera vytvari silny zastin ptidniho povrchu. Pti prosvétleni
buk rychle roste, ale ve velmi hustém zastinu tvoii nekvalitni kmeny (Dobrovolny & Tesaf
2010). Ve sttedni Evropé buk prosperuje diky humidnimu Klimatu, které se vyznacuje srazkami
okolo 1000 mm a ro¢ni pramérnou teplotou okolo 10 °C, kdy klimatickou bariérou této dfeviny
je suché letni pocasi (Zang et al. 2014) nebo vyrazné jarni mrazy (Roibu et al. 2017).
V podminkéach Ceské republiky buk lesni dosahuje do horskych poloh, kde dokaze riist i okolo
nadmoiské vysky 1050 m (Vacek & Hejcman 2012). V optimalnich ristovych podminkach
dosahuji porosty buku i pfes 40 m vysky, ale tyto hodnoty patii mezi maximalni (Vacek et al.
2010D).

Buk lesni se vV porovnani se smrkem ztepilym projevuje i svoji melioracni a zpeviiujici
funkci (Dorado-Linan et al. 2019). Buk ma bohaty opad listi oproti smrku, diky kterému se
vytvaii dobré pidni vlhkostni podminky. Pidy pod bukovym porostem 1épe podporuji rozklad
organickych zbytkd diky vétSimu provzdusSnéni hornich padnich horizontd. Buciny také
zlepsuji acidifikaci plid a jsou doporuovéany pro meliora¢ni schopnosti na lokality poskozené
imisni zatézi. Diky hustému srd¢itému az kulovitému kofenovému systému buk lesni 1épe
odolava botrivym vétrim (Kacalek et al. 2017). Tato dfevina by v minulosti dokazala dobie
odolavat imisni zatézi, kterd se projevila ve snizeni schopnosti tvorby pfirozeného zmlazeni
(Vacek et al. 2015b). Tento strom je také velmi dobrou dievinou pro vyzivu zvéte z hlediska
uzivnosti honitby pomoci tvorby bukvic, ale s vysokym tlakem zvéfe bohuzZel mize dochéazet 1
k poskozovani hlavniho terminalniho vyhonu, coz mize vést k znehodnoceni obnovy porostti
(Vacek et al. 2021).

Buk lesni ma indiferentni naroky na pudni podminky. Roste na lokalitach od chudych
kyselych pid az po kratkodobé vodou ovlivnéna stanovisté. Nicméné buk neprosperuje na
jilech, bazinadch nebo piscitych pudach. Bukové porosty nejlépe prosperuji v humosnich
pudnich podminkéach nebo na vapencovych lokalitach. Ptiznivé ristové podminky pro buk se
nachazi od oligotrofni po kalcifilni fady, ve kterych se také dobte ptirozené obnovuje. Nejlépe
se dafi buku lesnimu na mezotrofni edafické fad¢ (Barna et al. 2011b). Optimalni vlhkostni
podminky pro buk jsou od 4. lesniho vegeta¢niho stupné vyse (Barna et al. 2011a). V horskych
a podhorskych oblastech jsou pro buk optimalni ristové podminky, kde se tvofi Cisté buciny
nebo smisené porosty s hercynskou smési s jedli bélokorou (Abies alba Mill.) a se smrkem
ztepilym (Poleno et al. 2011, Vacek et al. 2021).
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3.2. Typy buéin v Ceské republice

V Ceské republice se dle soustavy Natura 2000 bukové porosty ¢leni na &tyfi zakladni
kategorie, které charakterizuji jejich ekologickou a ndrodni hodnotu. Pfedmétem této
klasifikace je popis a ochrana vybranych ptirodnich biotopii, které popisuji rostliny i zivocCichy.
Tyto biotopy jsou popsany z legislativniho hlediska, a proto k nim jsou také pfifazené
identifikovatelné Ciselné kody. Biotopy zahrnujici buciny jsou nasledujici:

L5.1 kvétnaté buciny (Asperulo-Fagetum),
L5.2 horské klenové buciny (Acerenion),
L5.3 vapencové sttedoevropské buciny (Cephalanthero-Fagion),

L5.4 acidofilni buc¢iny (Luzulo-Fagetum) - (Chytry et al. 2010).

Kvétnaté buciny (Asperulo-Fagetum) jsou nejrozsifenéjsi bukovy biotop, ktery pochazi
z centralnich Karpat. Tyto bukové porosty patii do mezotrofnich az eutrofnich smisenych
jedlovych bucin. Ekologické optimum ptedstavuji na hlubokych kambizemich s pfiznivymi
vlastnostmi humifika¢nich a vodnich procesti (Jurko & Kubic¢ek 1974). Nejvice je v tomto
biotopu zastoupen buk lesni a dale pak je ptitomen jasan ztepily (Fraxinus excelsior L.), habr
obecny (Carpinus betulus L.), lipa srd¢ita (Tilia cordata Mill.), jilm horsky (Ulmus glabra
Huds.), dub zimni (Quercus petraea (Matt.) Liebl.), jedle bé&lokora, smrk ztepily a jiné.
Floristicky je tento biotop chudsi az stfedn¢ bohaty na bylinné patro. Pfi silném korunovém
zapoji se hromadi listovy opad a ten mtize zptsobit nizkou pokryvnost bylinného patra. Tento
biotop miiZze byt ohrozen zménou dievinné skladby z bucin na smrkové monokultury (Barna et
al. 2011a, Vacek et al. 2019a).

Horské klenové buciny (Acerenion) jsou vysoko bylinné javorové buciny, které jsou
spojované s kamenitymi aZ balvanitymi sutémi v hiebenovitych az balvanitych svahovych
partiich (Vacek et al. 2015b). Tyto buciny se nachazi na mineralné bohatSich pudach
S dostatkem vlahy a s vy$§im mnozstvim skeletu. Stromové patro se vyznacuje biodiverzitou,
kdy je na téchto stanovistich pfitomen hlavné buk lesni a javor klen. Dale se vyskytuje v mensi
mife jilm horsky nebo jedle bé&lokora a ve vySSich nadmotskych vyskach i smrk ztepily.
Floristicky jsou tyto buciny rozmanité a vystupuji az do horskych poloh (Barna et al. 2011a,
Vacek et al. 2014b). Tyto buciny se vyskytuji i na navétrnych svazich a jsou typické dobrou
dekompozici organické hmoty (Chytry et al. 2010).

Vapencové stiedoevropské buciny (Cephalanthero-Fagion) se vyskytuji na bohatych
minerdln€ silnych karbonatovych horninach. Hlavnim pidnim typem je rendzina nebo
skeletovita rendzina. Dievinna skladba se sklada hlavné z buku lesniho, ale jsou zde pfitomné
i dfeviny jako javor klen, javor mlé¢, lipa srd¢ita, habr obecny a dalsi (Wolfgang 2002, Vacek
et al. 2018). Tyto buciny se nachazi na lokalitach s mensim sklonem a jsou zde typické hlubsi
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pady, kdy tyto porosty maji tendenci pfechazet do kvétnatych bucin (Barna et al. 2011a). Pudy
V tomto biotopu maji spiSe vysychavy svahovy charakter a porosty se nachéazi spise na mensi

uzemni rozloze (Chytry et al. 2010).

Acidofilni buc¢iny (Luzulo-Fagetum) jsou smisené acidofilni lesy, které maji chladné;si a
vlhéi mikroklima. Tyto buciny piedstavuji hlavni klimaxovou vegetaci na mineralné chudsich
horninach, jako jsou kiemence, zuly, ruly, fylity a jiné. Tyto buciny se vyvinuly na kyselych
pudéch se zvySenym obsahem skeletu a dochazi zde k pomalé mineralizaci organickych latek
(Gértner & Reif 2004). Floristicky reprezentuji chudsi spolecenstva rostlin S hlavnim
zastoupenim buku lesniho (Barna et al. 2011a). Dievinna skladba téchto bucin byva spojena
s pifimési dubu zimniho, lipy srd¢ité nebo jedle bélokoré se smrkem ztepilym. Acidofilni buciny
se vyskytuji od stfednich poloh az po horské polohy (Jaworski & Kotodziej 2004, Chytry et al.
2010).

3.3. Struktura a vyvoj bukovych porosti

Ptirodni bukové porosty se vyznacuji malou variabilitou zasoby a velkou riznovékosti.
Struktura buc¢in je ovlivnéna maloplosnou texturou porostli, protoze zde nedochazi
k velkoplosnému rozpadu bukovych porosti (Vacek et al. 2010c). Mozaika rozpadu
ptirozenych bukovych lesti je spojena s relativné kratkou dobou Zivota buku, kdy délka jednoho
vyvojového cyklu bucin trva okolo 250 let. Buk lesni pti jeho pfirozeném vyvoji prochazi vSemi
stadii malého vyvojového cyklu (Vacek et al. 2010a, Vacek et al. 2016, Simanek et al. 2019b).

Stadium optima u buku lesniho trva okolo 40 let a je charakteristické vytvorenim
horizontalniho zapoje (Vacek et al. 2010b). Buk lesni tvofi az tii etaZzové porosty, kdy
k samostatnému vyvoji dochazi na 25-30 hektarech, coz tvoii texturu bukovych porosti. Tato
textura je dana schopnosti této dieviny snaset zastin (Vacek et al. 1988). Pocet stromul ve stadiu
optima kolisa v rozmezi 350550 jedincl na hektar. Zasoba bukovych porostl se pohybuje od
550 do 800 m®Mha. Ptirozena obnova pfichdzi v intervalu 100 az 120 let diky prekryvim
vyvojovych stadii malého cyklu lesa, coz odpovida zacatku stadia rozpadu (Vacek et al. 2010b).

Stadium optima vyvoje buku lesniho je charakteristické tloustkovou kiivkou s Cetnosti
jedincti s normalnim rozdélenim a mirnou pravostrannou asymetrii (Vacek et al. 2014a).
Stadium rozpadu bukovych porostti ma piekryv se stadiem dortstani, v téchto dvou ptipadech
stromy ale maji vétSi maximalni tloustku, nez je tomu u stadia optima (Kralicek et al. 2017).
Ve stadiu optima se snizuje role rizného véku stromu, kdy mutize byt rozmezi 3040 let mezi
jednotlivymi jedinci (Barna et al. 2011b).

Buciny jsou diky maloplosné textufe jedny z nejstabilnéjSich klimaxovych lesnich
ekosystémil v CR, a proto zde dochazi i k akumulaci biomasy. V ramci vyvojového cyklu se

V priméru nejméné¢ akumuluje odumiela biomasa ve stadiu optima (Barna et al. 2011a).

Objemova struktura bukovych porostli ma riizné rozpéti v zavislosti na vyvojovych stadiich
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malého vyvojového cyklu lesa. Staddium dorlstani se objemové mulze u bukovych porosti
pohybovat od 480 m? do 780 m®ha, kdy tyto hodnoty jsou silné ovlivnény ekologickymi a
fyzikalnimi podminkami stanovisté. Nejvyssi objem se u bukovych porostii objevuje ve stadiu
optima, kdy porosty mohou dosdhnout rozpéti objemu od 521 m®ha do 1029 m®/ha. Ve
vyvojovém stadiu optima se nejvice projevuji riistové vlastnosti stanovisté a lesni porost, tak
dokaze nejlépe vyuzit pidni a vlhkostni vlastnosti na dané lokalité. Vyvojové stadium rozpadu
ma mensi rozpéti objemu nez stadium dortistani, kdy hodnoty se pohybuji v rozmezi 480 m® az
720 m*/ha. Varia¢ni kolisani objemovych hodnot v porostu ma v poméru podobny vztah i ke
kruhové zakladné nebo i zapoji (Koop 1989, Vacek et al. 2010c) . Zasoba bukovych porosti je
variabilni, ale typickym ptikladem jsou porosty buku lesniho v CHKO lJizerské hory, kde se
porostni zasoba pohybuje okolo 450 az 720 m*/ha. Ro¢ni objemovy piirtst téchto budin se
pohybuje od 3,7 po 7,0 m%/ha (Vacek et al. 2007). Podobny objemovy vyvoj buku popisuje i
Korpel’ (1991), kdy objem v jeho cyklu se pohybuje od 200 do 700 m®ha. Maly vyvojovy

cyklus buku lesniho je zobrazen na Obr. 1.
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Obr. 1: Maly vyvojovy cyklus bukovych porosta (Koop 1989).

3.4. Postglacialni migrace buku lesniho

Buk lesni se v postglacialni dobé prakticky §ifil diky klimaticky optimalnim podminkam,
které dovolovali jeho rozsifovani po Evropé (Saltré et al. 2013). Védecké studie o vyvoji
migrace buku lesniho pochazi hlavné z kombinaci paleobotanickych a genetickych studii, které
analyzovaly pylova zrna, ktera jsou hlavnim nastrojem pro rekonstrukci dievinné skladby
vegetace. Tyto analyzy ukazaly, ze v minulosti byl nalezen vysoky podil pylovych zrn buku v
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jizni Evrop€, nicmén¢ vysledky pylovych testi mohou byt ¢asové sporné, ale pfesto jsou
nalezeny dikazy o rozSifovani této dieviny z jizni Evropy (Poljanec et al. 2010, Barna et al.
2011a).

Prvni znamky rozsiteni buku lesniho v Evropé jsou piiblizné z doby 70 000-11 500 let pied
nasim letopoctem. Znamky vyskytu buku byly objeveny v Pyrenejich, jizni Francii, na
Apeninském poloostrovée, ve Slovinsku a jiznim Balkané. Buk lesni se nejvice §ifil v posledni
dobé poletové a toto Sifeni probiha do soucasnosti diky pozitivnim klimatickym podminkdm
(Saltré et al. 2013). Rozsifovani buku lesniho zacalo zhruba 10 000 let pted nasim letopoctem,
kdy se buk lesni zacal exponencialné §itit do novych oblasti stiedni Evropy (Magri 2008). Pied
5 000-8 000 lety probihalo Sifeni buku lesniho do stfedni Evropy ze zapadnich Karpat. Pfi
tomto Sifeni byly nejspiSe nejvétsimi prekazkami expanze buku lesniho velké feky, které
blokovaly jeho expanzi. Nejvice ho blokovala feka Pad v expanzi z Apeninského poloostrova
a feka Dunaj mu znemoznila $ifeni z jizniho Balkanu (Barna et al. 2011b). Expanze buku
lesniho dosahla nejrychlejsiho bodu Sifeni asi okolo roku 3 500 pt. Kr., kdy se poté rozsitovani
buku zpomalilo. Toto zpomaleni mohlo byt zptisobeno lidskou ¢innosti nebo konkurenci jinych
dfevin, zménou klimatickych podminek nebo dokonce lesnimi pozary (Tinner & Lotter 2006).
Vétsina stfedo-evropskych bukovych lest pochazi geneticky pravé ze zapadnich Karpat
(Comps et al. 2001). Rozsiteni buku lesniho a jeho expanze je uvedena a zobrazena na Obr. 2.

Obr. 2: Expanze buku lesniho ve stiedni Evropé dle ¢tyi ¢asovych postupovych zén v 10 000, 6 000,
4000 a 2 000 letech pred Kristem. Sedé barva je dne$ni rozsiteni, tmavé $eda kole¢ka zna&i
geneticka pavodni refugia a bila kolecka znaci naktizené porosty z ptivodnich refugii
(upraveno podle Comps et al. 2000).
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3.5. Rozsireni buku lesniho béhem klimatické zmény

Rozsifeni buku lesniho zasahuje do velkého mnozstvi environmentalnich zon ptes celou
Evropu (EUFORGEN 2020). Buk se vyznacuje znaénym geografickym rozsifenim od Pyreneji
ve Spanélsku az po balkénska pohofi na vychodé Evropy. Buk lesni je rozsifen od jihu Italie
ptes celou stfedni Evropu az na jih Skandinavie. Buk potifebuje pro svij produktivni rist
alespont 140 vegetacnich dnii, a z toho diivodu nemtize ptezit daleko na severu Skandinavie
(Peters 1997). Ve stiedni Evropé se buk lesni nachazi téméft vSude s riiznou variabilitou ptidnich
stanovist. Clovék ovlivnil rozifeni buku lesniho v posledni dobé poledové. Vliv &lovéka na

buk byl zptisoben ptedevsim hospodaiskym péstovanim této dieviny v lesnich porostech (Peters
1997).

Nedostatek srazek spojeny se suchem limituje buk lesni v jeho rozsiteni na jihu Evropy
(GeBler et al. 2007, Tegel et al. 2014, Dorado-Linan et al. 2019) a nizké teploty s jarnimi mrazy
limituji jeho rozsiteni na severu (Eilmann et al. 2014, Lenz et al. 2016). Buk lesni se vyskytuje
v optimalnich podminkach stiedni Evropy, ale zaroven také dochazi k Gstupu této dieviny z
podnebi v Iét&, tak nemiize prezit na jihu Spanélska, Recka nebo v suchych oblastech jizni
nebo stiedni Italie (Dorado-Lifian et al. 2019). V severnich oblastech jeho rozsifeni se buk
vyskytuje v niz§ich nadmotskych vyskach. V jiznich oblastech roste ve vyskach okolo 2000 m
(Magri 2008).

V posledni dob¢ klimatické zmény dochdzi i k expanzi buku lesniho do severnéjSich oblasti
jeho rozsiteni (Penuelas & Boada 2003, Kramer et al. 2010, Kolaf et al. 2017). Buk lesni
Vv poslednich desetiletich 1épe prosperuje v severnéji polozenych lokalitach, naptiklad v jiznim
Svédsku (Bolte et al. 2010), ale zaroveii i v horskych polohach, napt. v Ceské republice (Vacek
etal. 2012, Tumajer et al. 2017, Vacek et al. 2019b). Béhem poslednich let vak dochazi k vétsi
citlivosti hospodarskych porostii buku lesniho na sucho a to hlavné v jizni ¢asti jeho ptirozeného
rozsifeni (Conte et al. 2018), nicméné tato dievina se dokaze vuci suchu ve stiedni Evropé
plasticky adaptovat (Lenz et al. 2016, Etzold et al. 2019). Buk lesni patii k dfevinam s velmi
pomalym ristovym rytmem (Assmann 1950, Barna 2001, Barna et al. 2011a). Z hlediska
rastového rytmu patii buk lesni k dfevinam nejstabilnéj§im, a to i v podminkach globalnich
klimatickych zmén (Bosela et al. 2016, Stefanéik et al. 2018, Sharma et al. 2019)..

3.6. Faktory ovliviiujici radialni prirast buku

Porosty v KrkonoS$ich byly ovlivnény nejen imisni zatézi, ale také klimatickymi faktory,
napiiklad pfizemnimi mrazy v r. 1977, vétrnou kalamitou v r. 2007 a 2008 ¢i v poslednich
letech stale Castéji se vyskytujicim extrémnim suchem (Hartl-Meier et al. 2014, Bosela et al.
2016). Z hlediska biotickych ¢initeli v prabéhu imisni kalamity doslo u buku lesniho k silnému
vyskytu ervee bukového (Crypotococcus fagi /Baer./ Dougl.). Cervec zpisobuje glejotok na
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kafe buku a Casto tvoii I onemocnéni kiry rakovinou (Vacek et al. 2013b). Mezi patogeny
nejéastéji zpusobujici rakovinu a nekrdzy u buku lesniho napfi¢ celou Evropou patii rod
Nectria, Ophiostoma, Phomopsis, Verticillium. V posledni dob¢ navic zptisobuji zna¢né Skody
nékteré druhy hub rodu Phytophtora (Motta et al. 2003; Cicék et al. 2006). Ze $kidcti v Ceské
republice vyznamné negativné pusobi na rist buku lesniho také bejlomorka bukova (Mikiola
fagi Htg.), chobotnicek jilmovy (Bucculatrix ulmella Zeller) a drobnicek (Ectoedemia
liebwerdella Zimm.) — (Urban 2000, Cicak et al. 2006). Vsichni tito abioti¢ti a bioti¢ti ¢initele
ovliviiyji rastové podminky buku lesniho na stanovisti. V rdmci dlouhodobého vyzkumu
ptirozenych bukovych porostii ve vychodnich Krkonosich byly publikovany prace na toto téma
naposledy v roce 2010 ¢i 2015 s tematikou zaméfenou na strukturu porostu buku lesniho a vliv
znedisténi ovzdusi (Spulak & Soudek 2010, Vacek et al. 2015b).

3.6.1. Prirtst buku ve vztahu k teplotam a srazkam

Z hlediska radialniho ristu se buk lesni 1épe prizptisobuje na klimatické vykyvy v nizsich
polohach a na bohatych stanovistich (Aertsen et al. 2014, Vacek et al. 20193, Vacek et al. 2021).
Naproti tomu ve vysSich polohach dochazi od roku 1975 Kk vétsim vykyvam v ristu buku
(Dittmar et al. 2003b). Klimatické vykyvy v horskych polohach stiedni Evropy jsou nejcastéji
zpusobeny niz§imi teplotami, pficemz rocni teploty ovlivituji radidlni rast buku lesniho vice
nez thrny srazek (Krali¢ek et al. 2017, Simtinek et al. 2019b, Vacek et al. 2019b). Vykyvy
v radidlnim ristu buku lesntho mohou vést k jednotlivym cyklickym perioddm a jsou
zptisobeny riiznymi biotickymi a abiotickymi vlivy, které ovliviiuji jeho ptirast (Simanek et al.
2019Db). Naptiklad v 70. a 80. letech doslo k vyraznému negativnimu vlivu imisi na radialni rtst
buku lesniho v horach na severu a vychodé Ceské republiky, coz vedlo k oslabeni nebo dokonce
i odumirani lesnich porostii (Spulak & Soucéek 2010, Vacek et al. 2015a). Bukové porosty sice
zaznamenaly defoliaci v korunach béhem imisni kalamity, ale nedoSlo k velkoplo§nému
rozpadu bucin. Nicméné buk lesni sniZil vyrazn€ produkci semen a to negativné sniZilo
pfirozenou obnovu v nejhiife zasazenych imisnich oblastech (Sach et al. 2001, Vacek et al.
2010a). Dilezité vykyvy v ptirastu buku lesniho jsou zpsobené i mrazy, které mohou ovlivnit
piirtist celého vegetacniho obdobi (Kooijman et al. 2000, Simtinek et al. 2019b).

Vztah radidlniho rastu buku lesniho k mési¢nim thrnlim sraZek ma spiSe negativni vztah, v
cervenci a srpnu aktualniho roku (Kralicek et al. 2017). V horskych polohach buk lesni netrpi
nedostatkem sraZzek a v mensi mife se d4 naleznout 1 patrny pozitivni vliv srazek v predjafi
(Drobyshev et al. 2010). Radialni rast buku lesniho v horskych oblastech stfedni Evropy je
minimalné ovlivnén negativnimi vlivy primérnych mésic¢nich teplot. V ojedinélych ptipadech
viak dochazi k extrémnim pozdnim jarnim mrazim (Vacek & Hejcman 2012, Simiinek et al.
2019Db).

Bukové porosty se 1isi také délkou Zivotniho cyklu, ktery ma odlisné trvani napfi¢ Evropou,

kdy délka Zivota této dfeviny je ovlivnéna mnoha negativnimi ¢initeli. V KrkonoSich se porosty
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buku lesniho genera¢né vyménuji v primeéru po 230 az 250 letech (Vacek et al. 2010b). Naproti
tomu staré porosty buku lesniho v Italii se doZivaji okolo 300 let a vice (Piovesan et al. 2008,
Filippo et al. 2012b). V¢k porosti buku lesniho se miize zkracovat v zavislosti na klimatickych
vykyvech ato zejména v kombinaci se zvySovanim pramérnych teplot a vétSim poctem suchych
let (Filippo et al. 2012b). V mediteranu buk lesni nejvice reaguje na negativni dopady sucha,
coz limituje rozsifovani této dieviny na horské polohy v Apeninach (Tognetti et al. 2019).
Porosty buku lesniho jsou v mediteranu vice a Castéji stresovany suchem, coz dlouhodobé
snizuje jejich ptirst (Piovesan et al. 2008). V mediterannich lesich vyssich poloh také dochazi

I K jarnim suchtim, ktera se negativné projevuji na ptirastu buku lesniho (Di Filippo et al. 2007).

3.6.2. Sluneéni cyklus a jeho mozny dopad na rist buku lesniho

PtirGst stromd miize byt ovlivnén slune¢nim cyklem, ktery se mize objevit v letokruhovych
fadach na coz ukazal v moderni historii naptiklad Moseley 1941. Sluneé¢ni cyklus je definovan
mnozstvim slune¢nich skvrn na Slunci, coz odrazi magnetickou aktivitu Slunce. Samotna
Slune¢ni skvrna je tmava oblast na slunecnim povrchu, kde dochazi ke smyckovému vyboji
magnetického pole z nitra Slunce (Hathaway 2015). Slune¢ni cykly probihaji v 11 letych
intervalech a jsou ptfimo propojené s vyskytem slunecnich skvrn, které ovliviiuji aktivitu
slune¢niho ozafeni zemské magnetické miizky (Bonev et al. 2004). Vyskyt slune¢nich skvrn je
spojen s vyvojem klimatu, coz bylo sledovano jiz od stiedovéku (Cecchini et al. 1996, Paulsen
et al. 2003, Koch et al. 2007). Slunec¢ni aktivita byva spojovana i s fluktuacemi ledovci béhem
holocénu (Koch et al. 2007, Berger 2010). Aktivita slune¢nich skvrn a intenzita slune¢nich
cyklt je spojena s teplotami zemského povrchu (Sunkara & Tiwari 2016). Mnoho védeckych
praci naptiklad dokazuje realny vliv aktivity slune¢nich skvrn na srazky a teploty (Mauas et al.
2016, Baker et al. 2018, Maliniemi et al. 2018), coz se ptimo odrazi na klimatu, pfi¢emz toto
pusobeni slune¢niho cyklu mize byt také ovlivnéno i dal§imi vlivy (Gupta et al. 2015). Sluneé¢ni
magneticka aktivita v atmosféie ovliviiuje radioisotopy *C a °Be, které chemickou reakci
oxiduji pres 1*N a **0 na COy, které mohou byt zpracovany rostlinami (Stuiver & Grootes 1980,
Beer et al. 1990, Hathaway 2015). V souvislosti s pfiristem jinych druhti dfevin byly
v minulosti provedeny studie, které potvrzuji jak negativni (Surovy et al. 2008, Surovy et al.
2010), tak i pozitivni spojitost vyskytu sluneénich skvrn a radialniho ristu stromt (Moseley
1941, Leavitt & Bannister 2009, Wang & Zhang 2011a).

Slunecni cykly ovliviiuji proudéni vzduchu ve vysSich Castech atmosféry severni polokoule,
coz se projevuje na takzvaném Severoatlantickém proudéni (Brugnara et al. 2013). Také bylo
vyzkoumano, Ze s vyssi nadmotskou vyskou dochézi i k vétSimu otisku slunecnich cykli do
teplot vzduchu ve vyskach od 1500 m do 8000 m (Kumar et al. 2018). Slune¢ni aktivita ma
dokonce vliv na vlastnosti a formovani obla¢nosti v nasi atmosféte, coz je zplisobeno ionizaci

kosmického zateni, které zrcadlové odrazi 11cti leté slunecni aktivity (Jayaraman et al. 1998,
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Haywood & Boucher 2000, Maghrabi & Kudela 2019) a tim dochazi k vykyvim v ozareni

zemského povrchu.

Cyklus slunecnich skvrn navic mize pomoci v predikci vyznamnych klimatickych udalosti,
jako napftiklad vulkanickych erupci, zemétreseni, El Nino efektu nebo lesnich pozara (Ugur &
Feriha 2017, Kim 2020). Slunec¢ni aktivita zpusobuje klimatickou zménu nékdy dokonce vice
nez antropogenni vlivy a také pusobi i na dalsi faktory, jako jsou srazky nebo teploty (Mauas
etal. 2016). Dokonce byl nalezen slune¢ni cyklus v prutoku feky Amazonky (Baker et al. 2018),
coz uzce souvisi s EL Nino efektem (Perone et al. 2016, Dong et al. 2018). Slune¢ni cykly
ovliviluji primérné mési¢ni teploty a dokonce i srazkové thrny v Evropé (Laurenz et al. 2019,
Lidecke et al. 2020) a také i nepfimo ovliviiuji NAO (North Atlantic oscilation) a AMO
(Atlantic Multidecadal Oscillation) — (Bice et al. 2012), ale slune¢ni aktivita se mize odrazet i
na mnoha dal$ich klimatickych ukazatelich (Le Mouél et al. 2019).

Buk lesni a jeho radialni pfirtst reaguje na slunecni cyklus, coz dokazalo hned nékolik
publikaci této diserta¢ni prace, ale v posledni dob¢ tento fenomén nezavisle potvrdili i védci
z Bulharska (Komitov 2021). Letokruhy buku lesniho v Apeninach (mediteranu) jsou spjaté
s NAO (Piovesan & Schirone 2000) a NAO je spojeno se slune¢nim cyklem (Brugnara et al.
2013, Laurenz et al. 2019). NAO ovliviiuje vétrné proudy ve stfedni a vychodni Evropé
(Gregow et al. 2017), coz nepiimo zaznamenal i rast buku lesniho v horach na severovychodé
Ceské republiky a tim padem muize sluneéni cyklus byt promitnut i u nas (Simtnek et al. 2019a,
Simanek et al. 2020a, Simiinek et al. 2021a, Simtnek et al. 2021c). V posledni dobé doslo
k publikovani novych poznatkii v oblasti slune¢ni aktivity a pfirtistu buku lesniho. Bylo
dolozeno, ze buk lesni dokaze na slune¢ni cykly vyrazné reagovat ve vychodnich Krkonosich
(Simiinek, et al. 2019). Dalsi faktor, ktery také narusuje radialni piirGst buku lesniho byla imisni
kalamita v 70. a 80. letech 20. stoleti (Spulak & Soudek 2010). Do celkového vlivu na pfirtist
buku lesniho je také tieba zapocitat i vliv ¢lovéka a jeho téZebni zasahy, které narusuji pfirozené
cyklické vlivy ristu buku lesniho (Simtnek et al. 2020a).

Nékteré vyzkumy v oblasti dendrochronologie dokazuji vliv slune¢nich cykll na radidlni
rust riznych druhl stromu, coz dobie popisuji vyzkumy ze severozapadniho Ruska (Shumilov
etal. 2011, Kasatkina et al. 2019), Chile (Rigozo et al. 2002), Tibetské plosiny (Wang & Zhang
2011b) nebo dokonce ze stiedni a jizni Evropy (Surovy et al. 2008, Simtinek et al. 2021c).
Existuje i1 studie popisujici dokonce soubéznost slunecnich cyklu s rizikem vyskytu lesnich
pozarii (Ugur & Feriha 2017). Vykyvy v lesnim hospodafstvi jsou ovliviiovany velkym souctem
riznych faktori jako jsou silné boufe, vitr, sucho, povodné nebo lesni pozary (Lopez-Bustins
et al. 2007, Lindner et al. 2010, Young et al. 2017, Whitman et al. 2019).
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3.7. Obhospodarovani prirodé blizkych bukovych lesti

Od 18. do 19. stoleti byly bukové lesy uzivany jako zdroj krmiva pro hospodaiska zvirata
V podobé sbéru bukvic nebo v nich byla praktikovana lesni pastva. Po mnoho staleti byly
bukové lesy vyuzivany pro ziskavani palivového diivi a pozdéji zde byly pouzivany k vyrobé
dfevéného uhli (Peters 1997). S nastupem pramyslové revoluce byly bukové porosty nahrazeny
jehli¢natymi dievinami z divodu efektivnéjsiho zpracovani dfevni hmoty (Hahn & Fanta
2001). Nicmén¢, klimatickd zména poslednich let nuti lesnicky management k navratu
péstovani buku lesniho (Poljanec et al. 2010).

Buk lesni se péstoval v minulosti hlavné za pomoci piirozené obnovy, kdy stromy byly
tézeny v 90ti az 100letém obnovnim cyklu v zavislosti na produkénich schopnostech stanovisté
(Hahn & Fanta 2001). Bukové lesy byly z nejprve dopliiovany i piimési dievin jako je modiin
nebo biiza. Takto byly bukové lesy vyuzivany napiiklad v Alpach, Anglii nebo Karpatech.
Systém holose¢ného hospodaieni v bukovych porostech byl zaveden az pozdéji. Toto
hospodaieni v bukovych porostech vedlo k tomu, ze jen mald cast lesit byla ponechana
samovolnému vyvoji bez vlivu ¢lovéka (Christensen et al. 2005). Na konci 19. stoleti probihalo
ptevazné holosecné hospodateni v téchto porostech, coz mélo za nasledek ztratu dlouhovekych
bukovych porosti (Hahn & Fanta 2001). Ve 20. stoleti zacali vznikat prvni narodni parky, kde
zapocal jiny pfistup k péstovani této dieviny a tim doslo k vétSimu zajmu o piirod¢ blizké
hospodarteni v lesich (Christensen et al. 2005). Buk lesni Se Vv posledni dobé také zacal vice
prosazovat v disledku samotné zmény klimatu, kterd ukazala, Ze buk lesni se 1épe adaptuje na
klimatické vykyvy nez jehli¢naté dieviny (Hanewinkel et al. 2013, Bosela et al. 2016, Vacek et
al. 2020).

Hospodareni v ptirodé¢ blizkych bukovych lesich by mélo mit pfevazné maloplo$nou formu.
Na druhou stranu pfiklonéni k vybémym lesnim porostim neni cesta, jelikoz zde dochazi
K horsi kvalité a zaroven i k vyskytu vétsiho mnozstvi nepravého jadra (Racko et al. 2011).
Proto je lepsi buk lesni ve vybérném lese spise péstovat ve smésich a to nejcastéji s jedli nebo
smrkem (Vencurik 2002, Slanaf et al. 2017). Buk lesni dokaze velmi dobie zacelit mezery
V zapoji tim, Ze koruny mohou rist do §itky. Pti vyrazném otevieni zdpoje v mlad$im veéku této
dfeviny ale dochazi k hodnotovému znehodnoceni diivi (Korpel’ 1991). Pfi vybérném péstovani
buku lesniho se navic musi postupovat tak, aby se zachovala mozaikovita struktura porostu. Pi
tomto hospodafeni se navic musi t&€zit jen mnoZstvi objemového piiristu za obdobi mezi
tézebnimi zasahy (DroBler 2006).

Formovani struktury bukového vybérného lesa je pestebné znacné slozité a jsou nutné
zasahy V probirkach tyckovin a tyCovin, kdy je nejefektivnéjsi pouzivat Groviiovou probirku
s pozitivnim vybérem (Stefanéik 2015, Stefangik et al. 2018b). Proménlivost tvaru buku lesniho

ovlivituje jeho kvalitu v pozdé€j§im veéku. Dosazeni dobré hodnotové produkce kmenl ve

wewvr
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Vysoké kvality kment Ize dosahnout jen pokud se pfirozena obnova péstuje v hlouccich.
Samostatné vybérné t€zby jsou v bukovych porostech malo efektivni. Autoredukce v bukovych
porostech navic zpusobuje ztratu na dievni hmoté¢ (Saniga et al. 2013). S probihajicimi
klimatickymi vykyvy dochdazi i k vétsimu vlivu teplot na produkéni schopnost bucin, které pti
neprofesionalnim a silném zasahu mohou vést i ke snizeni produkéni schopnosti bukového
porostu (Bosela et al. 2016).

3.8. Lesni hospodaistvi béhem klimatické zmény nebo pod vlivem
slune¢niho cyklu

Lesnicky management v Ceské republice nejvice hospodaii se smrkem ztepilym, kdy
Vv poslednich letech klimatické zmény dochazi k velkoplosnym Skodam na lesnich porostech
(MZe 2020). Klimatickd zména ovlivnila obhospodafovani jehli¢natych dievin v Ceské
republice a v okolnich statech, které v posledni dob& zaznamenavaji Skody zpusobené
periodicky se vyskytujicim suchem, coz je patrné hlavné na smrku ztepilém (Picea abies /L./
Karst.) — (Ashraf et al. 2015, Alvarez et al. 2016, Noce et al. 2016, Tumajer et al. 2017). Spatny
stav smrkovych porostl je doprovazen také premnozenim kirovcea, ktefi se vyskytuji soubézné
se suchymi lety a tim umocnuji rozpad téchto porosti (Kopacek et al. 2015, Novakova &
Edwards-Jonasova 2015). Smrkové porosty jsou také oslabované i Cast&j$im mnozstvim
tézebnich zasahu, které vedou k napadeni ostatnimi sekundarnimi $ktdci (Aosaar et al. 2020,
Blomquist et al. 2020).

Lesnictvi v Ceské republice je postaveno na jehli¢natych dfevinach, které jsou zastoupeny
ze 71 % prevazné jehlinatymi porosty a zbytek (29 %) tvofi smiSené a listnaté porosty. Praveé
smrkové porosty tvoii nejvétsi ¢ast dievinného zastoupeni (49,5 %) v Ceské republice (MZe
2020). Klimaticky se smrk ztepily hiife pfizptisobuje suchu béhem letnich mésict, coz je dano
jeho horsi schopnosti dosahnout k vlh¢i padé hloubéji v pidnim profilu (Hartl-Meier et al.
2018). Lesni porosty zastoupené pievazné smrkem jsou citlivéj$i na negativni klimatické
vykyvy nebo udalosti jako zne¢isténi ovzdusi (Putalova et al. 2019, Vacek et al. 2021), sucho
(Hlasny et al. 2017a, Sramek et al. 2019, Mikulenka et al. 2020) a vétrné boute (Sustek et al.
2017, Janik & Romportl 2018).

Klimatickd zména ma negativni vliv na ekonomické indikdtory ovlivitujici lesni
hospodarstvi, které selhava v eliminaci negativnich vlivii pocasi a klimatu (Hlasny et al. 2017b).
Navic klimatickd zména se zda byt velmi proménlivad a dynamické ve vztahu k dlouhodobému
lesnimu hospodaistvi jehli¢natych dfevin, které jsou diky tomu na ustupu (Cermak et al. 2019,
Kozak & Parpan 2019). K celkovému ustupu jehli¢nanti v Ceské republice také piispiva i
starnuti lesnich porostt, které jsou postupné vice zastoupeny porosty star§imi 81 let (1daj z roku
2019) (MZe 2020). Prave starsi porosty smrku jsou citlivéjsi na teplotni vykyvy (Kukumaégi et
al. 2017, Vacek et al. 2019a). Vyssi v€k porostu je dale doprovazen vyssim rizikem vyskytu
disturbanci (Vacchiano et al. 2013) a prave napriklad i u smrku ztepilého lykozrout smrkovy
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(Ips typographus L.) napada v prvni fade oslabené stromy star$i 60 let (Schroeder & Lindelow
2002, Hlasny & Turcéani 2013).

Pfi rozSifovani karovcii dochazi k soubéznym negativnim vliviim klimatu na postupné
pfemnozovani klrovcl, ktefi pfitom navySi populaci jedinci a tim dochdzi i k natlaku
a likvidaci zdravych stromii bez ohledu na klimatické podminky (Marini et al. 2017, Netherer
et al. 2019). S vys$sim mnozstvim napadeného dieva kuirovcem roste i mnozstvi nahodilé tézby
Vv jehli¢natych porostech (MZe 2020), které reaguji na zménu klimatu ¢asto podobné jako smrk
(Nascimbene et al. 2013). Vyssi nahodilé tézby kratkodobé zplsobené kalamitou vedou ke
snizovanim ceny dfivi, coz mé ptimy ekonomicky dopad na hospodareni v lesich (Remes et al.
2020, Toth et al. 2020). Dopady zmény klimatu a velké lesni kalamity dlouhodob¢ snizuji
ekonomickou hodnotu lesa (Hanewinkel et al. 2013), ale také se objevuji i mozné dopady na
fixaci uhliku v atmosféte (Dobor et al. 2020).

Zména klimatu stale vice ovliviiuje schopnost lesti poskytovat pro ¢lovéka nezbytné
ekosystémové sluzby jako je produkce biomasy, regulace kvality ovzdusi a vodniho rezimu
povodi (Riedl & Sisdk 2013, Bellassen & Luyssaert 2014). Obzvl4sté vyznamné jsou tzv.
nepiimé vlivy zmény klimatu, které mohou zvysit frekvenci abiotickych disturbanci (napf.
vichfice, sucho, povodné, lesni pozary) i vyskyt a popula¢ni dynamiky hmyzich Skadca
a houbovych chorob (Hlasny et al. 2017a). Poskozeni lesii se zvySuje v disledku klimatickych
zmén postupem Casu (Hart et al. 2015).

Diferencované obhospodatrovani lesa dle stanoviStnich a porostnich pomérii mize zmirnit
pribéh zmény klimatu. K tzv. mitiganim opatfenim patii zvySeni mnozstvi uhliku
akumulovaném v lese (v€etné piidy), zvySeni mnozstvi uhliku vdzaném v produktech ze dieva
a produkce biomasy pro energetické ucely, ¢imz dochazi k nahrad¢ casti fosilnich paliv
(GOomory et al. 2012, Bosela et al. 2016, Keenan et al. 2016, Zhu et al. 2016). Naproti tomu
adaptacni opatfeni ptredstavuji takové zmény hospodateni, kdy jsou neptiznivé vlivy zmény
klimatu zmirnovany a pozitivné vyuzivany (Lindner et al. 2010, Hember et al. 2012, Bellassen
& Luyssaert 2014, Vacek et al. 2019b). Kli¢ovymi nastroji jsou zména dievinného slozeni,
vcetné introdukce novych druhti, zvyseni biodiverzity, snizeni doby obmyti mén¢ tolerantnich
dievin a vyuzivani nepasecnych hospodaiskych zptusobu (Piovesan et al. 2008, Hanewinkel et
al. 2010, Aertsen et al. 2014, Vacek et al. 2020).

Klimaticka zména ovliviiuje lesnictvi v Ceské republice a v okolnich statech nejvice v ramci
obhospodaiovani jehlicnatych dievin, které¢ v posledni dobé zaznamenavaji Skody zptsobené
periodicky se vyskytujicim suchem, coz je patrné hlavné na smrku ztepilém (Picea abies /L./
Karst.) — (Ashraf et al. 2015, Alvarez et al. 2016, Noce et al. 2016, Tumajer et al. 2017). Vysoké
mnozstvi smrkovych porosti je doprovazeno také premnozovanim kiirovcet, kteti se vyskytuji
soubézné se suchymi lety a tim umociiuji rozpad smrkovych porosti (Kopacek et al. 2015,

Novéakova & Edwards-JonaSova 2015). V kontextu klimatické zmény lesniho hospodafstvi
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jehli¢natych dievin je tieba uvést, ze v Ceské republice jsou ze 63 % zastoupeny pievazné
jehlicnaté porosty, prevazné listnatych porostl je 10 % a zbytek (27 %) tvoii smiSené porosty
(MZe 2020). Klimaticky se smrk ztepily hufe piizptsobuje suchu béhem letnich mésicu,
coz je dano jeho horsi schopnosti dosdhnout k vlhéi ptidé hloubéji v piidnim profilu, naproti
tomu 1épe odolava suchu buk lesni (Vacek et al. 2019a).

Slunec¢ni cykly ovliviiuji klima nasi planety, coz zminuje teorie ,,solar forcing®, a pravé
u velkého mnozstvi sledovanych faktorti (ozonova vrstva, teploty, El Nifio—Southern
Oscillation, vétrné boure atd.) byla zaznamenana podobnost s vlivem cyklt slune¢nich skvrn
(Jean et al. 2007, Lopez-Bustins et al. 2007, Tartaglione et al. 2020). N¢které studie dokonce
popisuji, Ze slunecni aktivita ovliviluje teplotu atmosféry Zemé dlouhodobé, coz je
doprovazeno vyskytem chladnéjSich zimnich obdobi (Lockwood et al. 2017). Tento efekt
dokladaji korelace globalnich teplot, sluneénich skvrn, TSI (celkového sluneéniho zafeni), 1*C
a 1°Be produkce v horni atmosféte, incidence kosmického zafeni a albedo efektu z mrakového
pokryvu ukazuji, ze chladna obdobi jsou vysledkem synchroniich udalosti, které jsou spojeny
se sluneénim cyklem (Easterbrook 2016). Slune¢ni cyklus je spojovan s vlastnostmi a
formovanim oblac¢nosti v nasi atmosféfe, coz je zplisobeno ionizaci kosmického zareni
(Jayaraman et al. 1998, Haywood & Boucher 2000, Maghrabi & Kudela 2019). Cyklicka tvorba
utvafeni slunec¢nich skvrn je patrnd i na cyklu kosmického zafeni. Slunecni skvrny svoji
magnetickou aktivitou odrazi kosmické zateni a plati ,ze ¢im vétsi je plocha slune¢nich skvrn,
tak tim mensi je dopad kosmického zafeni na atmosféru planety (Hathaway 2015). Kosmické
zateni ovliviluje ionizaci tvorbou aerosoll, které méni vlastnosti pokryvu mraki v atmosféie, a
tim méni jejich formaéni procesy. Nasledné dochazi ke zméné v radiaci dopadajici na povrch
planety. Atmosférické aerosoly patii k nejpromeénlivéjSich faktorim ovliviiyjicim klimatické
modely (Jayaraman et al. 1998, Haywood & Boucher 2000, Maghrabi & Kudela 2019).

Slunecni cykly ovlivituji primérné mési¢ni teploty v Evropé (Liidecke et al. 2020) a také
i neptimo ovliviiuji NAO (North Atlantic oscilation) a AMO (Atlantic Multidecadal
Oscillation) — (Bice et al. 2012), ale slune¢ni aktivita se muze odrazet i na mnoha dal$ich
klimatickych cyklech (Le Mouél et al. 2019). Vétrné proudy vysoko v atmosféie tvoii ,,Jet
streams®, coZ zjednoduSené¢ tvoii vétrné proudéni ve troposféfe v riznych intenzitach
a v odlisnych vyskach (Blackmon 1976). Slune¢ni cykly ovliviiuji vétrné proudy, coz ma za
nasledek tvorbu ptimych vétrnych proudt nebo jsou tyto proudy blokovany a tim tvoii
nepravidelnost v Jet streamech (Brugnara et al. 2013, Hall et al. 2015, Ma et al. 2018).
Soubézné s tim dochazi v lesnim hospodafstvi také k velkym vykyvim zptsobenym souctem
riznych faktori jako jsou silné boufe, vitr, sucho, povodné nebo lesni pozary (Lopez-Bustins
et al. 2007, Lindner et al. 2010, Young et al. 2017, Whitman et al. 2019). Slune¢ni cyklus ma
vliv na mnohé z vyse zminénych faktord a zaroven bylo dokazano, ze nahodilé tézby v lesnim

hospodafstvi Ceské republiky probihaji spoleéné se slune¢nim cyklem (Siminek et al. 2020b).
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4. Metodika

4.1. Charakteristika zkoumaného uizemi

Zkoumané uzemi se sklada ze tii zakladnich oblasti a témi jsou Krkonose a Podkrkonosi,
jizni Italie a naslednd cela Ceska republika pro analyzu celkovych a nahodilych téZeb dle
prirodnich podminek. Detailni popis vyzkumnych ploch je uveden v kapitole ,,Vysledky* (u
jednotlivych publikaci).

4.1.1. Popis zkoumané oblasti Krkono$ a Podkrkonosi

Toto zkoumané tzemi lezi v narodnich parcich Krkonos, a to jak v Ceské republice,
tak i v Polsku, tj. v Bilaterarni biosférické rezervaci Krkonose/Karkonosze. Celkem je
hodnoceno 8 vyzkumnych ploch pro oblast Krkonose a Podkrkonosi. Z toho je 6 vyzkumnych
ploch ve Vychodnich Krkonosich na Rychorach nedaleko mésta Zaclét, dale je 1 vyzkumna
plocha v Polsku v Krkonos$ich na misté zvaném Chojnik nedaleko od mésta Sobieszow a jedna
vyzkumna plocha se nachazi nedaleko mésta Broumov v NPR (narodni pfirodni rezervace)

Broumovské stény.

Na lokalit¢ Rychory se nachdzi 6 vyzkumnych ploch, na lokalit¢ Chojnik je 1 vyzkumna
plocha a na lokalit¢ Broumov je také 1 vyzkumna plocha. VSechny vyzkumné plochy vykazuji
porosty dominantniho buku lesniho se zastoupenim 99-100 %, které maji srovnatelné riistové
podminky na vSech vyzkumnych plochach. Vyzkumné plochy se nachazeji v nadmoiské vysce
od 510 do 1030 m na svazich s riiznou expozici. Bukové porosty zde maji vékové rozpéti od
150 do 190 let. Zasoba porostii se pohybuje od 250 do 450 m%ha a porostni vyska miize
dosahnout rozpéti od 15 do 29 m.

Pudnim typem jsou kambizemé a kryptopodzoly s kamenitymi pfimésemi na geologickych
podlozich metadiabazu a chlorit-serickych bfidlic. Primérné teplotni poméry na lokalitach jsou
od 5,2 do 7.3 °C. Celkova primérna vegetacni sezona je 120 dni s celkovym ro¢nim uhrnem
od 640 do 1000 mm srazek. Dle Koppenovy klasifikace je to vlhké kontinentalni klima
s teplymi léty (Dfb) — (Tolazs 2007). Fytocenologicky lokality patii pievazné do kvétnatych
bu¢in svazu Fagion sylvaticae Luquet 1926, podsvazu Eu-Fagenion Oberdorfer 1957
arostlinné asociace Dentario enneaphylli-Fagetum Oberdorfer ex W. et A. Matuszkiewicz
1960. Tyto autochtonni bukové lesy se vyvijely od roku 1963 bez piimého vlivu ¢lovéka.
V nejvyssich polohach Rychor se pak vyskytuji acidofilni horské buciny svazu Luzulo-Fagion
sylvaticae Lohmeyer et Tiixen in Tiixen 1954 a rostlinné asociace Calamagrostio villosae-
Fagetum sylvaticae Mikyska 1972.
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4.1.2. Popis zkoumané oblasti jizni Italie

Italské vyzkumné plochy se nachazeji v jiznich Apeninach v narodnim parku Appennino
lucano nedaleko mista zvané¢ho Sellata. Celkem jsou v Italii hodnoceny 2 vyzkumné plochy.
Dle klimatické Koppenovy klasifikace jde o Csa, tedy o horka 1éta sttedomotského klima se
suchymi léty a mirn€ vlhkymi zimami (Tolazs 2007). V jizni Italii jsou zalozeny dvé vyzkumné
plochy Lalama a Sellata. VSechny vyzkumné plochy vykazuji porosty dominantniho buku
lesniho se zastoupenim 99-100 %. Vyzkumné plochy byly v Italii po roce 1980 ponechané
samovolnému vyvoji bez tézebnich zasahii cloveka. Bukové porosty v Italii maji vékové rozpéti
od 90 do 250 let. Zasoba téchto italskych porostii se pohybuje od 560 do 720 m3/ha a porostni

vyska miize dosahnout rozpéti od 29 do 33 m.

Italské vyzkumné plochy se nachazi od 1275 do 1340 m nad motem. Jednotlivé plochy
nejcastéji smefuji expozici na jih nebo jiho-vychod. Pievladajici pidni typy na lokalitach jsou
¢ernice. Praimérné roéni teploty pro italské plochy jsou 13,7 °C s primérnym ro¢nim uhrnem
srazek 1032 mm. Primérny pocet vegetacnich dni pro italské plochy je 135 dni (Piovesan et al.
2017). Fytocenologicky se jedna o vapnomilné budiny svazu Fagion sylvaticae Luquet 1926,
a rostlinné asociace Cephalanthero damasonii-Fagetum sylvaticae Oberdorfer 1957.

4.1.3. Popis lesnich porostii v Ceské republice

Z&jmové izemi pro potieby managementu pokryva celé tizemi Ceské republiky, které ma
lesnatost 34,1 % (2,67 mil. ha). Plocha lesii se od 50. let 20. stoleti neustale zvysuje. Jehli¢naté
lesy tvofi 71 % a listnaté 29 % dievinné skladby. Hlavni dievinou je smrk ztepily s podilem
49,.5 %, ptficemz v pivodni dfevinné skladbé tvofil pouze 11,2 %. Hospodarské lesy tvori
74,3 % plochy lesu. Vétsinu lesu vlastni stat (56,0 %), nasleduji soukromi vlastnici (19,2 %) a
obce a mésta (17,1 %). Pievladajici formou hospodateni v lesich v CR je holoseé. Pfevazuje
uméla obnova lesa (81,7 %) nad pfirozenou obnovou (18,3 %). Z hlediska vékové struktury
lesti je vy$si podil piestarlych porostii vzhledem k normalité lesa. Primérny vek lesnich porostii
se v letech 19602018 zvysil 0 9,0 let (z 52 na 61 let) a praimérny vék obnovovanych porosti
011,7 let (ze 101,2 na 112,9 let). Celkovy objem dieva v porostech v roce 2018 dosahl 703 mil.
m?®. Primérny objem porostu na 1 ha lesni pidy je 269 m® (MZe 2020).

Klima v CR je mirné, charakteristické kontinentalnimi vlivy. Podle Képpenovy klimatické
klasifikace patii vétsina uzemi Ceské republiky do klimatické oblasti Dfb — vlhké kontinentalni
klima, které se vyznacuje horkymi Iéty a chladnymi zimami (Tolazs 2007). Rocni teplota
vzduchu se pohybuje od +9,5 do —0,4 °C (pramér 7,9 °C) a ro¢ni thrn srdzek od 410 do 1705
mm (primér 650 mm) ve vztahu k nadmotskeé vysce (115-1603 m). Primérna nadmotska vyska

cvwr
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17,8 °C. Podobné minimum srazek je v lednu (40 mm) a maximum v cervenci (85 mm).
Primérna rychlost vétru se pohybuje v rozmezi 10-18 km/h (CHMU 2020).

4.2. Sbér a ziskavani dat

Studované vyzkumné plochy Vv této disertaci jako naptiklad v KrkonoSich a na Broumovsku
maji plochu 50 x 50 m (plocha 0,25 ha). Vyzkumné plochy byly méfeny technologii Field-Map
(IFER-Monitoring and Mapping Solutions Ltd.). Rustové charakteristiky jako vycetni tloustka
a vySka stromu byly méfeny na kazdém jedinci, ktery se nachézel na vyzkumnych plochéch.
Vyéetni tloustka byla méfena u jedinct od > 4 cm lesnickou pramérkou (Haglof, Svédsko)
S ptesnosti na 0,1 mm Vprsni vySce 1,3 m. Vyska jednotlivych stromii byla méfena

vyskomérem Laser Vertex (Haglof, Svédsko) s piesnosti na 0,1 m.

Pro dendrochronologickou analyzu vzorkt z Ceské republiky, Polska a Italie byly odebrany
vyvrty z buku lesniho pomoci Presslerova nebozezu kolmo k ose kmene ve vysce 1.3 m nad
zemi. Pro odbér vzorkd byly vybrany bukové porosty se zakmenénim 0,8 az 1. Vzorky pro
dendrochronologické analyzy byly odebirany ze zdravych uroviiovych a naduroviovych
stromt. U vSech stromt s odebranymi vyvrty byla zmétena jejich vySka a vycetni tloustka.
Celkem bylo pouzito 340 vzorki, z toho bylo 229 vzorkid pro dendrochronologickou analyzu
v Ceské republice, dale v Polsku 33 vzorki a v Italii 78 vzorkd. MnoZstvi vzorkii u jednotlivych
vyzkumnych ploch je popsano V kazdé publikaci zvlast. Dendrochronologické vyvrty byly
zméfeny pomoci méfického stolu LINTAB (Rinntech 2010) mikroskopem Olympus. Méfeni
bylo provedeno s ptesnosti 0,01 mm a pro zaznamenani letokruht byl pouzit software TSAP-
Win (Rinntech 2010). M¢feni bylo provadéno od kiry smérem k jadru kolmo ke stiedu kmene
tak, aby kazdy letokruh byl méfen kolmo k ose kmene. Nasledujici kiizové datovani vyvrti
bylo provedeno v programu Cdendro tak, aby Crosscorelation index byl pro kazdy vzorek CC
> 25 (Larsson 2013).

Klimaticka data (srazky a teploty) pro dendrochronologii byla pouzita rizné dle jednotlivych
védeckych publikaci. Vyéet klimatickych stanic je nasledujici. Udaje mésiénich teplot a srazek
pro Krkonose a Broumovsko byly poskytnuty Ceskym hydrometeorologickym tstavem
(CHMU 2020). Celkem byla pouzita data ze 4 meteorologickych stanic pro tuto disertaci a dale
souhrn vSech klimatickych stanic. Primérné mésicni klimatické udaje pro vyzkumnou plochu
v Ceské republice a v Polsku charakterizuje meteorologicka stanice Bedfichov (50°47'30.7"N
15°08'31.7"E), ktera je vzdalena od vyzkumnych ploch 35,5 km a 54,3 km. Data mésic¢nich
teplot a srazek byla pouzita i z meteorologické stanice Pec pod Snézkou 14 km od vyzkumnych
ploch v nadmoiské vysce 656 m (GPS 50°18'24"N, 16°21'07"E). Data o srazkach a teplotach
pro Broumovskou vyzkumnou plochu byla pouzita z trutnovské meteorologické stanice,

ktera se nachazi ve vzdalenosti 24 km od vyzkumné plochy, kdy nadmotska vyska stanice je
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460 m (50°34'10.9"N 15°54'42.0"E). Dlouhodoba klimatické data pro dendrochronologii v CR
(1900-2017) byla ziskana z meteorologické stanice v Praze-Klementinu (nadmoiska vyska 191
m n. m.; 50°5'12" s. 8., 14°24'56 "E), kdy tato data piedstavuji nejdelsi klimatickou fadu
dostupnou v Ceské republice. Data 0 priimérych roénich teplotach a roénim thrnu srazek pro

celou Ceskou republiku pochazi z Ceského hydrometeorologického tstavu v Praze (CHMU
2020).

Data mésicnich teplot a srazek pro vyzkumné plochy v Italii byla poskytnuta italskym
uradem pro Civil Protection - Basilicata Region (Protezione Civile - Regione Basilicata 2020).
Italské vyzkumné plochy jsou charakterizovany meteorologickou stanici v misté zvaném
Abriola (40°3028.0"N 15°48'46.6"E) s nadmoiskou vyskou stanice 1050 m. Od vyzkumnych
ploch je vzdalenost k meteorologické stanici od 3,2 km do 5,1 km.

Data o celkovych, nahodilych, listnatych nebo jehliénatych t&Zbach byla ziskana od Ustavu
hospodaiské tipravy lesii v Brandyse nad Labem a Ceského statistického uadu v Praze. Data 0
plose sluneénich skvrn (sunspot area) jsou ziskana od the National Oceanic Atmospheric
Administration (NOAA) (Hathaway et al. 2017). Data 0 kosmickém zafeni (cosmic rays) jsou
ziskana z méfici stanice Lomnicky $tit na Slovensku patiici pod institut experimentalni fyziky
SAS (Kudela 2019). Data o ro¢nim ¢isle slune¢nich skvrn (sunspot number) byla pouzita
z Royal Observatory of Belgium, Brussels (WDC-SILSO 2020).

4.3. Analyza dat

4.3.1 Indexy struktury

Zakladem charakteristicky popisu struktury homogennich nebo heterogennich porostli na
stanovisti tvoii strukturni indexy, které byly vyuzity na zakladni popis porostli buku lesniho na
Rychorach v Krkonosich. Tyto indexy byly vypocteny softwarem, kdy vstupnimi daty byly
jednotlivé stromové daje, jako jsou soufadnice stromd, tloustky, vysky, veék a nasazeni zivé
koruny SIBYLA (Fabrika & Dursky 2005).

Pro uréeni homogennich porosti nebo heterogennich porostit buku lesniho byl vybran index
horizontdlni struktury, ktery pocitd se vzdalenosti vSech stroml k nejblizSimu sousedovi,
poctem stromil na plose, velikosti plochy a velikosti obvodu plochy. Index se pohybuje v rozpéti
od 0 po 2,15. Hodnota 0 znamena agregovanou strukturu, tj. stromy soustfedéné ve shlucich.
Hodnota 1 znamend zcela ndhodné rozdé€leni stroml po ploSe a hodnota 2,15 znamena

pravidelné rozmisténi stromti po plose (Clark & Evans 1954).

Byl také pouzit index vertikalni struktury Arten Profil index, ktery se pocita na zakladé

kruhové zakladny dieviny v porostni vrstvé. Tento index se pohybuje v rozpéti od 0 po 1. Cim
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vy$si je hodnota indexu, tim je vertikalni struktura vice rozriiznéna. Pti hodnot¢ indexu nad 0,9

1ze strukturu povazovat za vybérnou (Pretzsch 1992).

Pro celkové zhodnoceni struktury porostu byl pouzit i index celkové diverzity. Celkova
diverzita vyjadiuje celkové Ciselné shrnuti slozek diverzity: diverzity druhového slozeni,
diverzity vertikalni struktury, diverzity prostorového rozmisténi stromti a diverzity korunové
diferenciace. Pokud je vyslednad hodnota vét$i nebo rovna 9, pak ma porost mimoiadné
ruznorodou strukturu, hodnota v rozpéti od 8 do 8,9 znaci rtiznorodou strukturu, index od 6 do
7,9 znamena nerovnomérnou sktrukturu porostu, pii hodnotach v intervalu od 4 do 5,9 jde o
rovnomérnou vystavbu a pifi hodnotach pod 4 ma porost monoténni vystavbu (Jaehne &
Dohrenbusch 1997).

Homogenni vyzkumné plochy na Rychorach maji ndhodnou az pravidelnou horizontalni
strukturu porostu, nizkou vySkovou diferenciaci a stejnorodou strukturu. Heterogenni
vyzkumné plochy maji ndhodnou az agregovanou prostorovou stiedni vertikdlni strukturu

a nerovnomé&rné ruznorodou strukturu.

4.3.2. Zakladni analyza dendrochronologickych dat

Dendrochronologicka data buku lesniho byla zpracovana softwarem R (Team R Core
2018) s pouzitim ,,dplr package (Bunn 2008, Zang et al. 2018). Detrending kazdého stromu
byl proveden negativné exponencidlni detrendaci s proloZzenym splinem za pouziti navodu do
dplr (Bunn et al. 2018a). Detrendace odstranuje vékovy trend pii zachovani nizkofrekvenénich
klimatickych signala (Cook et al. 1990, Shumilov et al. 2011). Pro detrendovana data bylo
vypocitano EPS (expressed population signal). Ukazatel EPS piedstavuje spolehlivost
chronologie jako zlomek spolecného rozptylu teoretické nekonecné stromové populace.
Limitem pro pouziti dat k porovnani vii¢i klimatickym udajim byla signifikantni hranice EPS
tak, aby EPS > 0.85 (Bunn et al. 2018a). Také bylo spocitano the SNR (signal to noise ratio),
které reprezentuje silu signalu chronologické kiivky k dendrochronologickému Sumu. Byla také
vypocitana vnitini korelace mezi jednotlivymi vzorky kazdé kiivky tedy R-bar (inter-series
correlations) — (Fritts 1976), také byla vypocitana autokorelace prvniho fadu first-order
autocorrelation (Arl). Dendrochronologické ukazatele EPS, SNR, R-bar a Arl byly vypocitané
dle instukci do “dplr” (Bunn et al. 2018a) a jsou postavené na vSeobecnych
dendrochronologickych teoriich (Fritts 1976, Speer 2010). Popis dendrochronologickych
charakteristik je uveden v jednotlivych védeckych publikacich.
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4.3.3 Zpracovani dat

V této disertaci byly pouzity pro zpracovani dat a jejich upravu software R (Team R
Core 2018), Statistica 13 (StatSoft 2013), CANOCO 5 (© Leps & Smilauer). Pro analyzu
dendrochronologickych kfivek s klimatickymi mési¢nimi podminkami byl pouzit program
DendroClim 2002, kdy byla vyuzita funkce ,,response and correlation” v rozmezi mésici od
kvétna do zafi (Biondi & Waikul 2004).

VSechna pouzita data letokruhovych fad, ihrnti srazek, teplot vzduchu, ¢isle slune¢nich
skvrn, plochy slune¢nich skvrn, nahodilych tézeb, celkovych tézeb atd. byla také prolozena
ruznymi typy kubickych splint pro odstranéni/uhlazeni kratkodobych vlivii pomoci softwaru R
(Team R Core 2018). Pouzita data byla zpracovana dle potieby v softwaru R za pouziti balicki
dplr ,,package““(Zang et al. 2018), ,,signal* (Ligges et al. 2015) a ,,waveslim* (Whitcher 2020).
Byl také vytvofen softwarem R pomoci balikl ,signal“ a ,,dplr“ waveletovy graf pro
dendrochronologické udaje (Ligges et al. 2015, Bunn et al. 2018b). Vypocet spektralni analyzy
ze softwaru R byl proveden jako Furierova analyza signalu, kdy byla pouzita funkce ,,redfit*
neboli Schulz’s REDFIT (version 3.8e), kdy tato funkce odhaduje red-noise spektrum ¢asové
fady (Schulz & Mudelsee 2002) s optimalnim testujicim spektrem vici pozadi red-noise za
pouziti analyzy Monte Carlo simulace. Tento vypocet byl proveden podle navodu do R dle
Bunn & Mikko, 2018.

Vypolty Pearsonovych korelaci, spektralni analyzy a 3D grafy byly vytvofeny
softwarem Statistica 13 (Statsoft, Tulsa). Vypocet spektralnich analyz softwarem Statistica 13
byl proveden funkci ,,Single Furier (Spectral) Analysis®, pficemz byl pouzit vystup
,Periodogram® zobrazené dle ,,Period”. Dale byly timto softwarem vypocteny korela¢ni
koeficienty a cross-correlace. Cross-correlace byly selektovany jako nejblizsi signifikantni
hodnota od Lag 0.

Hodnoceni radialniho pfirtistu buku ve vztahu ke klimatickym faktorim bylo statisticky
zpracovano programem Statistica 12 (© Statsoft, Tulsa). Pro stanoveni kombinovaného vlivu
primémé ro¢ni teploty a ro¢niho Uhrnu sraZek na radidlni rist buku byl pouzit regresni
kvadraticky model. Analyza hlavnich slozek (PCA) byla provedena v programu CANOCO 5
(© Leps & Smilauer) za uc¢elem posouzeni vztahu mezi radidlnim ristem bukovych lesnich
porostil, souctem srazek a primérnymi teplotami za cely rok, ve vegetacnim obdobi (od dubna
do z4f1), mimo vegetacni obdobi (od fijna pfedchoziho roku do biezna bézného roku), v ervnu
az Cervenci a v lednu az bfeznu béZného a predchoziho roku. Pfed analyzou byla data
zlogaritmovana a standardizovana. Vysledky multi-variacni PCA byly vizualizovany
formou ordina¢niho diagramu.
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5. Vysledky

Vysledky této diserta¢ni prace jsou prezentovany ve 2 tematickych okruzich jako soubor
5 védeckych praci a 2 recenzovanych pirispévki na konferencich. Prvnim tematickym okruhem
je struktura a dendrochronologicky vyvoj bukovych porostii a druhym tematickym okruhem
je lesnicky management pod vlivem klimatickych vlivii. Oba tyto okruhy na sebe navazuji
problematikou zkoumanych faktorG. Diky klimatické zméné prochazi bukové porosty
proménlivym vyvojem, ale celkové jsou stabilni vii¢i kalamitnim vykyvim. Naproti tomu zde
mame nejrozsitenéjsi problematiku velkych kalamit, které jsou propojeny hlavné
s managementem jehlicnatych dfevin. Buk lesni tedy nahrazuje jehlicnaté porosty se stejnou
rychlosti velkych kalamit. Seznam popisujici tuto problematiku je obsazen v nasledujicich

veédeckych ¢lancich a konferen¢nich piispévcich.
Tematicky okruh 1: Struktura a dendrochronologicky vyvoj bukovych porostt

e Kapitola 5.1.1.: Rustova variabilita pfirozenych porosti buku lesniho:
Dendroklimaticka studie z Krkono$ského narodniho parku (¢lanek ve Central European
Forestry Journal),

e Kapitola 5.1.2.: Plocha slune¢nich skvrn jako neprozkoumany trend v radialnim ristu
buku lesniho v Krkonosich: lesnickd véda z jiné perspektivy (¢lanek ve European
Journal of Forest Research),

e Kapitola 5.1.3.: Slune¢ni cykly jako zakladni faktor ovliviujici pfirozenou dynamiku
porosta (¢lanek Forests),

e Kapitola 5.1.4.: Letokruhy buku lesniho naznacuji souvislosti s pribéhem slune¢nich
cykli béhem klimatické zmény ve stiedni a jizni Evropé (¢lanek Journal of Forest
Science),

e Kapitola 5.1.5.: Otisky slune¢nich a klimatickych cykld v letokruzich buku lesniho
(ptispévek Proceedings of Central European Silviculture).

Tematicky okruh 2: Lesnicky management pod vlivem klimatickych vlivii

e Kapitola 5.2.1.: Sluneéni cykly v nahodilé t&zb&: Data z Ceské republiky potvrzuji

statisticky vyznamnou korelaci (¢lanek Foresto),

e Kapitola 5.2.2.: Vztahy tézby listnatych a jehli¢natych dievin dle slune¢nich cyklu
(ptispévek Proceedings of Central European Silviculture).

Vsechny uvedené ¢lanky nebo ptispevky jsou vlozené za jednotlivé kapitoly a jsou zaméteny
na splnéni cilti diserta¢ni prace tak, aby rozvijely a doplnovaly danou problematiku.
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5.1. Tematicky okruh 1: Struktura a dendrochronologicky vyvoj bukovych

porosti

5.1.1. Rustova variabilita piirozenych porosti buku lesniho: Dendroklimaticka studie z

Krkono$ského narodniho parku.

Tato publikace je analyzou a syntézou dendrochronologického vyvoje buku lesniho ve
vychodnich Krkono$ich. Hlavni zamér této publikace je popsat vliv teplot vzduchu a thrntu
srazek na prirast buku lesniho. Tato publikace také popisuje dal$i vyznamné faktory, které
ovlivnily dendrochronologicky vyvoj buku lesniho, jako naptiklad imisni kalamita nebo vliv
mrazil. V ¢lanku jsou spektralni analyzy pro dlouhodoby ¢asovy horizont od roku 1850, analyza
mésic¢nich korelaci teplot nebo srazek s radialnim ptirastem (software DendroClim) a PCA
diagram.

Vyvoj bukovych porostli vyrazné ovlivnila imisni kalamita v obdobi 1977-1989 a v
poslednich letech castéjsi klimatické vykyvy. PrirGstové periodické udalosti se nejvice
opakovaly v rozmezi 10 az 18 let. Porosty na vyzkumnych plochich reagovaly odlisné na
klimatické faktory, ale hlavnim limitujicim faktorem byly nizké teploty béhem vegetaéniho
obdobi. Ptikladnou nejvice patrnou negativni udélosti byl vliv mraz v roce 2011. Pozitivni
vliv teplot na pfirtst buku byl zaznamendn béhem zimy, ptedjaii a zejména v Cervenci a srpnu
aktudlniho roku. Naopak tloustkovy pfirist byl negativné korelovan se srazkami na zacatku
roku a v srpnu. Dendrochronologickd analyza ptirodé blizkych bukovych porosti poskytuje

cenné informace o reakci buéin na ménici se klimatické poméry. (Simanek et al. 2019b).
Citace c¢lanku:

SIMUNEK, V., VACEK, Z., VACEK, S., KRALICEK, I., VANCURA, K. (2019): Growth
variability of European beech (Fagus sylvatica L.) natural forests: Dendroclimatic study from
Krkonose Mountains National Park. Central European Forestry Journal, 65: 2: 3-11. DOI:
10.2478/forj-2019-0010
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Abstract

Long-term temporal development of beech stands in relation to climatic conditions is well documented by dendro-
chronological analyses. The study aims to identify and describe growth factors affecting natural European beech stands
(Fagus sylvatica L..) on permanent research plots in the eastern Krkonose Mountains, the Czech Republic. The paper
focus on radial growth dynamics, frequency and cyclicity, and the effect of climatic factors on diameter increment
of beech stands since 1850. The growth development of beech stands was significantly affected by air pollution load
in 1977-1989, and increasingly frequent climate extremes in recent years (since 2010). Periodic increment events
recurred in approximately 10—18 years’ periods. Stands on research plots responded differently to climatic factors,
the main limiting factor being low temperatures during the growing season, frost damages and extreme droughts.
The positive influence of temperatures on beech increments was recorded in winter, early spring, and especially
in July and August of the current year. Conversely, precipitation in the previous year had higher impact on radial
increment, with prevailing negative correlation. The plots were negatively affected by the decrease in sum of pre-
cipitation in February and March, but it was the temperature that influenced the beech increment most significantly.
Dendrochronological analysis of close-to-nature beech stands provides valuable information on radial forest growth
in response to changing climatic conditions.

Key words: dendrochronology; tree-ring data; cyclical dynamics; temperature; precipitation; Central Europe

Editor: Bohdan Kondpka

success of natural regeneration (occurrence, density,
growth) and adaptability to air pollution (Kralicek et
al. 2017; Slanar et al. 2017). The higher resilience and
plasticity of the beech compared to spruce is caused by
the annual replacement of the assimilation apparatus.
However, during the long-term impact of pollution load
the forest damage increased through the soil due to
increased acidification, disruption of the sorption com-
plex and decrease of mycorrhizal roots (Ling et al. 1993;
Power & Ashmore 1996). Inresponse to climate change,
beech stands increase the frequency of seed years (Over-
gaard 2010). Growth processes of the tree species are also
affected, its mortality increasing with increasing drought

1. Introduction

In terms of ongoing global climate change, European
beech stands (Fagus sylvatica L.) show greater stabil-
ity and resistance to water scarcity than Norway spruce
stands (Picea abies [L.] Karst.) — (Dittmar et al. 2003;
Zangetal. 2011, 2014; Hartl-Meier et al. 2018). Climate
change has long been forcing forestry management to
change its approach to tree species composition in
favour of deciduous tree species. Confirming the trend,
the Czech Republic has witnessed an increasing percent-
age of European beech (1% increase since 2010) (Minis-
try of Agriculture 2017). Supposedly, the numbers will
increase continually. As a result, European beech will

partially substitute languishing stands of Norway spruce
(Lindner et al. 2010; Holusa et al. 2018). Some studies,
however, point out European beech sensitive response
to long-lasting drought (Jump et al. 2006; GeRler et
al. 2007; Granier et al. 2007; Cavin & Jump 2017). In
comparison to spruce stands, beech stands show greater

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

at lower altitudes, yet with the effect of prolongation of
its lifetime cycle (Filippo et al. 2012).
Assoonasthebeginning of the 20th century, the first
national parks began to emerge in Europe, together with
increasing preferences for ecological approach to forests,
which led to greater interest in close-to-nature forestry



(Christensen et al. 2005). National parks, including our
area of interest in the Krkonose Mountains, took over
the beech stands with their noteworthy history. From
the 17th to the 19th century the beech stands were used
as forest pastures and source of cattle feed — beech nuts
(Nozi¢ka 1961; Lokvenc 1978). For many centuries,
beech stands were also used for fuel wood and production
of charcoal (Peters 1997). In recent decades, the health
status and development of forest stands were damaged by
synergic effects of air pollution load (acidification, ozone
effect) and climate stress (extreme fluctuations, frosts,
droughts, wind storms) (Bytnerowiczetal. 2007; Paoletti
etal. 2010; Vacek et al. 2013, 2015a).

Together with industrial development and increasing
air pollution after World War II, the first macroscopi-
cally visible large-scale damage to forest stands in the
Czech Republicoccurred (Materna 1989). Consequently,
the most significant air pollution loads caused by high
concentrations of SO, were recorded in the Krkonose
Mountains in the 1970s—1990s (Bridgman 2002;
Mat¢jka et al. 2010; Vacek et al. 2010; Kral et al 2015;
Vacek et al. 2017). Since the 1990s, NO, and O, air pol-
lution have also been perceived as a problem (Hinova
& Schreiberova 2012; Vacek et al. 2015a). Mankind has
influenced forests throughout history, and on this basis it
was found that 85% of beech stands developed in regen-
eration cycles of 15-25 years, with high-level regenera-
tion in subdominant trees (Schiitz 2001).

The KrkonoSe Mountains stands were affected not
only by air pollution loads but also by climatic factors
such as ground frostsin 1977, wind disturbances in 2007
and 2008, orinincreasingly frequent extreme droughtsin
recentyears (Trnkaetal. 2015; Bosela et al. 2016; Brazdil
etal.2017,2018). Damaged by air pollution, forests were
consequently infested with beech scale (Crypotococcus
fagi /Baer./ Dougl.), followed by gummosis and more
than often also by bark canker (Vacek 1988). Canker and
necroses in beeches are most frequently induced by Nec-
tria, Ophiostoma, Phomopsis and Verticillium pathogens,
or some species of Phytophtora, fungi causing vast dam-
age throughout Europe (Motta et al. 2003; Cicak et al.
2006). Among other pests in the Czech Republic we can
name beech-leaf gall midge (Mikiola fagi Htg.), Buccu-
latrix ulmella Zeller and Ectoedemia liebwerdella Zimm.
(Urban 2000; Mihal et al. 2014). All these abiotic and
biotic factors affect the growth conditions of European
beech stands on the research plot. Last studies bringing
results of long-term research of natural beech stands in
the eastern Krkonose Mts. were published in 2010 and
2015, focusing on the European beech stand structure
and the effects of air pollution (Spulak & Soucek 2010;
Vacek et al. 2015b), but no research on dendrochrono-
logical development of these unique forest stands has
been published yet.

This study explores the potential of the cyclical
dynamics of European beech in stands left to spontane-
ousdevelopment in conditions of the climate change and

uses a dendrochronological analysis that combines the
evaluation of frequency dynamics of the lower and higher
“bandpass filtering” of dendrochronological series
(Bunn & Mikko 2018a, 2018b). The study also evaluates
the effect of monthly temperatures and precipitation on
radial growth to differentiate responses to climate during
a particular season (Biondi & Waikul 2004). Particular
attention is given to clarification of the influence of cli-
mate change on natural beech stands in the eastern part
of the Krkono$e Mountains National Park, which was
left to spontaneous development in 1963.

2. Material and methods

2.1. Study area

The studied area of Boberska stran (Rychory Hills) is
situated in the east of the KrkonoSe Mountains National
Park near the town of Zaclét, close to Poland frontier.
Studied three permanent research plots (PRP 30, 31,
32) with similar growth conditions are composed by
dominant European beech (99.8—100.0%) and admixed
sycamore maple (Acer pseudoplatanus L.; 0.0-0.2%).
Research areas are in the first zone of protection of the
Krkonos$e National Park at an altitude of 740-790 ma.s.l.
on a northeast facing slope. The predominant soil type
is the Cambisol with meta-diabase subsoil. The climate
at the site is characterized by temperatures oscillating
around 5.2 °C with an annual total precipitation of 870
mm. The growing season lasts about 120 days with an
average temperature of 11.9 °C and a total precipitation
of 640 mm. In Koppen'’s classification, this is a damp
continental climate with warm summers (Dfb) — (Tolazs
2007). Phytosociology defines the area as Fagion sylvati-
cae Luquet 1926, Eu-Fagenion Oberdorfer 1957 subal-
liance and Dentario enneaphylli-Fagetum Oberdorfer ex
W. et A. Matuszkiewicz 1960 plant association. In 1963,
natural beech stands on the PRPs were left to spontane-
ous development.

The studied PRPs of 50 x 50 m (area of 0.25 ha) were
established by Forestry and Game Management Research
Institute, Forest Research Station at Opo¢no in 1980 to
monitor long-term factors affecting the forest environ-
ment (Vacek 1988). Several measurements by technol-
ogy Field-Map (Institute of Forest Ecosystem Research
— Monitoring and Mapping Solutions Ltd.; IFER 2017)
were carried out on these PRPs, studies of which were
published (Vacek et al. 2010; Vacek et al. 2015b). This
technology was used for repeated measurements of the
positions of tree layer, dead wood and natural regen-
eration, tree heights, heights of the live crown base and
crown projection areas together with the diameters at
breast height (DBH). Fig. 1illustrates the localization of
natural beech forest stands on PRPs and Table 1 shows
the basic site and stand characteristics of PRPs.
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Fig. 1. Location of European beech forest stands on perma-
nent research plots 30, 31 and 32 in the Krkonose Mountains.

2.2. Data collection

For dendrochronological analysis, increment cores were
taken from the European beech using the Pressler auger,
perpendicularly to the stem axis, in the down-the-slope
direction. Trees were randomly selected using the RNG
selection (MS Excel); a total of 72 cores (24 per PRP)
were taken from trees with DBH > 250 mm. The analy-
sis required 67 samples: 23 from PRP 30, 21 from PRP
31, and 23 from PRP 32. Cores were measured by an
Olympus microscope on a LINTAB measurement table
(RINNTECH). The samples were measured from the
bark to the heartwood, perpendicularly to the centre of
the stem so that each ring was measured perpendicularly
to the axis of the stem with an accuracy to hundredths
of millimetres. Subsequently, the increment cores were
crossdated in CDendro program (Cybis Dendrochronol-
ogy), with the CC> 25.

Climate data (monthly air temperatures and sum of
precipitation) were taken from the nearest meteorological
station of Pec pod Snézkou (Czech Hydrometeorological
Institute, Prague), 11 km from research areas at an alti-
tudeof 816 ma.s.1. (50°41°30.480“N, 15°4343.320“E).
The range of climate data surveyed was set to the 1976—
2017 period. Data on average annual temperatures,
growing season temperatures, temperatures out of the
growing season, temperatures in particular months and
annual sum of precipitation, sum of precipitation in the

growing season, precipitation out of the growing season,
precipitation in particular months in 1976-2017 were
used to describe the development of temperature and
precipitation conditions. The meteorological data source
was provided by operator Czech Hydrometeorological
Institute. Climatic data was archived by the National
Climatic Data Center.

2.3. Data analysis

Dendrochronological analysis data were processed in the
R (R Core Team 2018) program, using negative expo-
nential detrending to remove the age trend of analysed
increment cores with an inserted spline of 1/3 sample
age. Consequently, the values were averaged by the chron
function (Bunn & Mikko 2018b). To generate informa-
tion for each chronological curve signal, dpIR-packages
for R and signal were used. A graph of single high-pass
filter spectrum signal was created in period ranges of 1
to 20 years. Splines from 4, 8, 16, 32, 64 to 128 years
were inserted to the average data curve to show signifi-
cant events (Bunn & Mikko 2018a; Team R Core 2018).
DendroClim 2002 (DendroLab) was used for the analy-
sis of dendrochronological curves with monthly climatic
conditions, utilizing the response and correlation func-
tion in the months from May to September (Biondi &
Waikul 2004).

Data from the evaluation of diameter increment
of beech in relation to climate factors were statisti-
cally processed by the Statistica 12 program (Statsoft,
Tulsa). To determine the combined effect of average
annual temperature and annual sum of precipitation on
radial growth of beech, the regression quadratic model
was used. The principal component analysis (PCA) was
runin CANOCO 5 program (Leps & Smilauer) to assess
the relation between the radial growth of beech forest
stands, sum of precipitation and average temperatures
all the year round, in the growing season (from April to
September), out of the growing season (from October of
the previousyear to March of the current year), in June to
July and in January to March of the current and previous
year. Prior to the analysis the data were logarithmized
and standardized. The results of multivariate PCA were
visualized in an ordination diagram.

Table 1. Overview of basic site and stand characteristics of permanent research plots (according to the Forest Management

Plan).
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Fagetum eutrophicum (Nutrient-rich fir-beech) — (Viewegh et al. 2003).



3. Results

3.1. Dynamics and frequency of radial growth

Detrended radial growth data series (Fig. 2) show that
each stand on the studied PRPs developed differently.
On PRP 30, no substantial drops in production were
detected. This finding is also related to the fact that only
five climatically significant years (12) were documented
on the PRP until 1973. PRP 31, though, witnessed the
highest number of climatically significant years (13) in
terms of radial growth, and the increment varied signifi-
cantly throughout the years. PRP 32 showed the most
substantial cyclicity of radial growth and revealed five
climatically significant years.
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Fig. 2. Standardized ring-width chronologies of European
beech on permanent research plots 30, 31 and 32 with added
splines and sample depth (RWI — ring-width index, spl4 —
spline 4 years, spl8 — spline 8 years, spl16 — spline 16 years,
spl32 — spline 32 years, spl64 — spline 64 years, spl128 —
spline 128 years).

OnBoberskastran, beech stands generally show great
plasticity of radial growth (Fig. 2). The analysis of climati-
cally significant years since the mid-19th century for all
PRPs shows major significances aslate asin 2011, 2016
and 2017. During the 3" to 8" May in 2011 the tempera-
ture was —8 °C, which these extreme late spring frosts
damaged the freshbuddingleaves and negatively affected
whole growth of European beech in season 2011. The
year of 2016 was specific for frost damage of the assimi-
lation apparatus, serious infestation with beech-leaf
gall midge and a significantly low precipitation of about
1000 mm (300 mm below an average).

Forest stands on each PRP developed differently,
while the longest, 17-year periodic growth cycle of beech
occurred in PRP 31; the following cycles repeated every
2,5,6and 7 years (Fig. 3). In PRP 30, the cycles repeated
mostly in periods from 10 to 16 years. PRP 32 witnesses
small cycles from 2 years and significant periods from
6—7, 10 and 18. Overall, in all PRPs, periods from 10 to
18 years prevail (Fig. 3).

3.2. Effects of temperature and precipitation
on radial growth

In term of monthly air temperatures in relation to the
average annual radial growth of beech, the growth
responds positively in May of the previous year, where
significant (P<0.05) values (r=0.30—0.37) were found
for PRP 30 and 31 (Fig. 4). Other significant months are
January and February of the current year, when PRP 31
and 32 are significant (r=0.23 — 0.42) and PRP 30 (r=
0.24) shifts the relation to February and March (i.e. by
one month). In August of the current year, all stands on
the PRPs (r=0.28 —0.44) responded significantly, with a
longerresponse in PRP 32 —from July to August. In total,
PRP 32 responds most significantly, followed by PRP 30,
where aminor trend is apparent during growing periods,
depending on the linear curve. All PRP stands show a
rising positive trend of temperature effects in individual
months (Fig. 4).

The effect of monthly sum of precipitation on the
PRPs stands varies during vegetation periods (Fig. 5).
The first significant month is August of the previous year,
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Fig. 3. Single spectral analysis of the indexed ring-width chronology for permanent research plot 30, 31 and 32, with middle pass

filtering from 1 to 20 years cycles.
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Fig. 5. The values of correlation coefficients of the regional residual index tree-ring chronology of European beech with the
monthly precipitation from May of the previous year (P) to September of the current year for the period of 1976-2017. Values are
statistically significant (.= 0.05) and marked with round symbol and linear excel function is calculated for each PRP.

when the negative correlation was significant only in PRP
32 (r=-0.26).January of the current year is another sig-
nificant month, when the negative relationship in the
stands on all PRPs was significantly demonstrated (r =
0.18—0.23). Positive correlation was found in March of
the current year in stands on all PRPs (r =0.28 — 0.33)
and in February of the current year in the stand on PRP
32 (r=0.30). Another significant negative correlation
was found in July of the current year (r = 0.20). Overall,
the growing season shows an increasing negative influ-
ence of precipitation on radial growth of European beech
(linear curve of all the plots; Fig. 5).

The main factor influencing the diameter incre-
ment of European beech in the study area according to
regression quadratic model was the temperature (Fig.
6). Annual average temperature had significantly higher
effect on radial growth compared to an annual sum of
precipitation. Diameter increment only slightly increased
with increasing precipitation, while optimal growth was
observed in the range of annual air temperature from 5.5
t0 6.5 °C.

3.3. Interactions between radial growth and
climate

In terms of relationships between climate and radial
growth presenting by PCA, the first ordination axis
explains 32.7% of data variability, the first two axes
together explain 50.0% and the first four axes 72.2% (Fig.
7). The x-axis illustrates the radial growth of beech with
temperature parameters and the second y-axis represents
the prevailing precipitation amount. Ring width index
was positively correlated with temperature in January
to March, out of the growing season and in the grow-
ing season of the current year, while temperature in the
previous year had low effect on diameter increment. In
terms of precipitation, the highest positive correlation
of radial growth with precipitation was observed from
January to March and out of the growing season of the
currentyear, but these precipitations had small explana-
toryvariable in the ordination diagram. Overall, the effect
of temperature on increment was more significant than
that of precipitation. Comparing similarity of growth on
particular PRPs, diameter increment of beech on PRP 30
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Fig. 6. Response of mean ring width index of European beech
to annual sum of precipitation and annual mean temperature
for all stands (regression quadratic model, years 1976-2017).

and 31 wasvery close to each other compared to PRP 32.
Species diversity diagram showed that years 2007,2014,
2015 and 2016 brought the highest values.

4. Discussion

A standard dendrochronological analysis suggests that
all studied PRPs showed increments of 0.4 to 1.4 RWI,
which is close to the results obtained from the nearby
Orlické hory Mountains, where the index reached simi-
lar values 0.4 — 1.6 RWI (Krali¢ek et al. 2017). Foreign
studies also show a similar range of values. For example,
in southern Sweden, RWI ranges from 0.4 to 1.6 (Bolte
etal. 2010).

The development of studied stands was affected
by intensive thinning interventions in 1953 (on PRP
31and 32) and 1954 (on PRP 30), in response to severe
frost damage of the stands (beech crown breakage) at
the end of winter 1952—1953. The ring series on studied
PRPs also show a significant decrease in radial growth
during 1975-1989, caused by effect of air-pollution
load. Between 1980-1986 average SO, deposition from
the EPO II thermal power plant in Pofi¢i reached to
59 pg m3, respectively seventeen times higher concerta-
tion than nowadays (Samec & Vranova 2005; Tesar et al.
2011). Air pollutionimpact on radial growth is well docu-
mented in Norway spruce in the KrkonoSe Mountains
and the whole Sudeten system (Kroupova 2002; Rydval
& Wilson 2012; Vaceketal. 2013; Kolaretal. 2015), less
in European beech (Vacek & Hejcman 2012; Kralicek et
al.2017).Inearly spring 1981, beech crowns were heavily
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Fig. 7. Ordination diagram of PCA showing relationships be-
tween climate data (Tem — mean temperature, Pre — sum of
precipitation, Act — current year, Las — previous year, Veg —
growing season, NonVeg — out of growing season, I-III, VI-
VII — months) and radial growth (Ring — tree-ring width in-
dex) of beech forest stands (PRP 30, 31, 32 and Mean); codes
O indicate years 1976-2017.

damaged by ice-load and, consequently, the assimilation
apparatus of the trees suffered from frost. The air-pollu-
tion calamity in 1984 was followed by strong infestation
with beech scale (Cryptococcus fagi) and beech-leaf gall
midge (Mikiola fagi) (Vacek 1988). Furthermore, lower
temperatures during the winter period in 1996 combined
with the reverberating pollution load led to beech scale
outbreak, recorded in other mountain regions of the
Czech Republic as well (Kralicek et al. 2017). A similar
situation occurred in Europe in 1976 when beech scale
along with extreme drought caused considerable dam-
age and decreased radial growth of European beech
(Wainhouse et al. 1988). Negative impact of beech scale
on beech growth was also recorded in America (Gavin
& Peart 1993; Kasson & Livingston 2009, 2012). To a
lesser extent, ice-load induced crown damage repeated in
winter 2004-2005. Above mentioned types of damage on
many PRPs in the KrkonoSe Mountains was reported by
Vaceketal. (2007). Assimilation apparatus was severely
damaged at the beginning of the vegetation period in
2011 and, less severely, in 2016. In respect to the eco-
nomic function of studied beech stands until 1963, their
development on all PRPs was different, which has also
been confirmed (Kooijman et al. 2000).

A spectral dendrochronology analysis shows, in all
PRP stands, 10 — 18 years’ cycles occurring in the larg-
est frequency spectrum. Short, mostly 2-year cycles are
usually rationalized by fructification and seed-year cyclic-
ity (Overgaard 2010; Nussbaumer et al. 2018) or local
climate particularities associated with fructification of
European beech (Drobyshev et al. 2010) or other events
suchasspringlate frosts (Vacek & Hejeman 2012). More



significant cycles occur in 10 — 18 years’ periods, mainly
dueto repeated extensive harvesting or climatic extremes
in given periods (Mausolf et al. 2018). However, detailed
studies on cyclical growth of European beech in the Sude-
ten system are yet to be carried out.

The relation of European beech radial growth to
monthly sum of precipitation was similar in all stands
on the PRPs. Negative correlations were recorded in
August of the previous year and in January of the cur-
rentyear. Positive correlations were observed in February
and March of the current year. Statistically significant
negative correlations were also documented in July and
August of the current year. The results are comparable
with Kralicek et al. (2017), who present similar positive
correlations until March and negative impact of precip-
itation on radial growth in July. In Sweden, European
beech does not suffer from the lack of precipitation as
much as in our country, but a minor positive effect of
precipitation in early spring is detectable (Drobyshev et
al. 2010).

The relation of radial growth of European beech to
average monthly temperatures suggest the prevailing
positive influence of temperatures, except in July of
previous year. In rare cases, however, extreme frosts
negatively affected radial growth in late spring (in 1996,
2011 and 2016). Similar events are reported by Vacek &
Hejcman (2012) from the western parts of Krkonose. In
our study, the most significant month influencing radial
growth was August in current year, similarly such as in
beech forests in Balkan (Tegel et al. 2014). A compari-
son of our results and the study of European beech from
the Orlické hory Mountains (Kralicek et al. 2017) shows
that our results from the Krkonose Mts. differ in these
correlations by two months earlier. Also, the results of a
study carried out in Turkey show a similar trend of a shift
in Fagus orientalis (Kose & Giiner 2012). In contrast to
the Swedish growth conditions (Drobyshev et al. 2010),
the correlation we have found is significantly positive.

The main climatic factor affecting the growth of beech
trees in the studied montane localities is the positive
effect of temperature. This was also observed by Vacek
& Hejcman (2012) in beech stands at higher altitudes
of the KrkonoSe Mountains. On the contrary, at lower
altitudes of the Czech Republic high temperatures were
alimiting factor of growth, especially in the growing sea-
son (Remes et al. 2015). The altitude significantly sup-
ports the influence of climatic factors on radial growth;
the positive effect of temperature on radial growth
increases with the altitude, especially in June and July
(Meyer & Briker 2001; Andreassen et al. 2006; Hauck et
al. 2012). A similar situation is reported from Germany
and Italy, where the temperature had significant posi-
tive influence in May in montane areas (1560 m a.s.L.),
while in the lowlands (420450 m a.s.l.) the temperature
in June had a negative impact on the radial growth of
the beech (Skomarkova et al. 2006). In contrast, Opata-
Oweczarek et al. (2018) documented that the tempera-

ture from April to June is decisive for the radial growth
in the mountainous parts of the Sudetes. The diameter
increment is a slightly less influenced by precipitation,
as described by regression quadratic model and PCA or
foreign references (Jezik etal. 2016; Rohner et al. 2016).
It canbe assumed that the global warming and lack of pre-
cipitation will bring growth decline at lower altitudes and
growth increase at higher altitudes in the centre of the
beech distribution range (Penuelas et al. 2007; Kramer
et al. 2010; Dulamsuren et al. 2017; Ruosteenoja et al.
2018). The trend is confirmed by gradual expansion of
natural regeneration of beech in montane areasin recent
years (Vacek et al. 2015c; Janik et al. 2016). Similarly,
global climate change may lead to rapid decline in the
growth of range-edge populations, consequent retreat
of the beech distribution in southern Europe and con-
versely it spread to the north (Sykes & Prentice 1996;
Jump et al. 2006). On the base of modern species distri-
bution models, the ecological consequences of the range
contractions would lead to serious nature conservation
and forest management in future (Dyderski et al. 2018).

5. Conclusion

Growth and development of beech stands in the Krkonose
National Parkis influenced by several abiotic (late frosts,
droughts), biotic (beech scale, beech-leaf gall midge) and
anthropogenic factors (extensive harvesting, air pollu-
tion load). The climatically significant years show that
radial growth of the stands on the PRPs responded dif-
ferently, butlow temperatures during the growing season
andlack of precipitation at the beginning of the year were
the most important limiting factors. The overall effect of
the average temperature on the beech diameter increase
was significantly higher compared to precipitation. As
regards the radial growth period, 2-year cycles were most
often followed by cycles ranging from 10 to 18 years.
Dendrochronological analyses of close-to-nature beech
stands show us possible trends of their development in
the ongoing global climate change, as European beech s
considered to be one of the most important tree species
in the Czech Republic.
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5.1.2. Plocha sluneénich skvrn jako neprozkoumany trend v radialnim ristu buku

lesniho v KrkonoSich: lesnicka véda z jiné perspektivy

V této publikaci jsou hodnoceny vyzkumné plochy z hlediska homogenni nebo heterogenni
struktury bukovych porosti v Krkonosich na Rychorach a také jsou posuzovany rizné ¢asové
periody radialniho ristu béhem obhospodafovani lesnich porostti, béhem imisni kalamity i po
zalozeni narodniho parku. Tato publikace hodnoti radialni ptirast buku lesniho a klimatické
faktory, které ho ovliviuji. Zkoumanymi faktory jsou ro¢ni srazky a teploty vzduchu, ale také
srazky a teploty béhem vegetacni sezony. Do této studie byl také pridan vliv slune¢nich cykli
V podobé plochy slunecnich skvrn. V ¢lanku jsou pouzity korela¢ni tabulky, linedrni regresni
analyza, PCA diagram i waveletova analyza pro popis cyklického ristu buku lesniho. Tato
publikace téz doklada signifikantni korelaci radialniho pfirGstu buku lesniho se slune¢nim
cyklem, ktery vykazuje vyssi korelace nez se srazkami nebo teplotami. Vysledky studie také
popisuji, ze nejvice strukturalng rozriznéné vyzkumné plochy reaguji vice na teploty a porosty

se stejnorodou strukturou vice reaguji na sluneéni cyklus (Simiinek et al. 2020a).

Citace c¢lanku:

SIMUNEK, V., SHARMA, R. P., VACEK, Z., VACEK, S., HUNOVA, L., (2020): Sunspot
area as unexplored trend inside radial growth of European beech in Krkonose Mountains:
a forest science from different perspective. European Journal of Forest Research, 139: 5;
doi.org/10.1007/s10342-020-01302-7.

V této publikaci byly vyuzity strukturalni indexy tak, aby bylo mozné kategorizovat
strukturu bukovych porostil. Struktura bucin byla hodnocena tak, aby jednotlivé porosty mohly
byt kvantifikovany do homogennich nebo heterogennich bukovych porostii. Na ukazku tohoto
zattidéni jsme vybrali vyzkumnou plochu 29 a 32 na Rychorach ve vychodnich KrkonoSich.
Tyto vyzkumné plochy jsou popsany tabulkou zakladnich stanoviStnich porostnich
charakteristik (Tab. 1) a ukazkou struktury na Obr. 3. Vysledky z terénniho Setieni struktury
porostil buku lesniho byly nasledné pouZity v tabulce a porovnany s dendrochronologickymi
kiivkami (Obr. 4). Homogenni a heterogenni porosty buku lesniho reaguji odlisné dle své

struktury, coz je hodnoceno v plné mife v publikovaném &lanku niZze (Simiinek et al. 2020a).
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Obr. 3: Ukazka vizualizace struktury vyzkumnych ploch 29 (vpravo) a 32 (vlevo) na Rychorach
ve vychodnich Krkonosich v roce 2017.

Dendrochronologické kiivky ukazuji, ze napiiklad vyzkumnd plocha 29 reaguje menSim
poklesem na imisni zatéz v 70. a 80. letech minulého stoleti. Na dendrochronologickych
ktivkach je také vidét, ze i vroce 2011 doslo u homogennich porosti k nepatrné vétSimu
poklesu letokruhového tloustkového indexu nez u heterogennich bucin. Celkove 1épe ptirtistaji

homogenni buciny, které maji i niz8i celkovou vertikalni diverzitu dle Tab. 1.
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Obr. 4: Ukazka letokruhové kiivky buku lesniho na vyzkumnych plochach 29 a 32.
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Priklad zakladni charakteristiky ploch studovanych porosti buku lesniho je uveden v Tab. 1.
Struktura bukovych porostt pro tuto publikaci byla hodnocena indexem horizontalni struktury,
ktery vétSinu vyzkumnych ploch zatadil do nahodného rozmisténi stromi. Pro nas ptiklad
vidime, ze heterogenni i homogenni plochy maji ndhodné rozmisténi stromd na ploSe.
Vertikalni struktura na vyzkumnych plochach ukazuje, ze vétSina vyzkumnych ploch na
Rychorach je spise vyskoveé rozriznéna. Nicméné nejlépe zhodnotil strukturu heterogennich
nebo homogennich porostt index celkové diversity, ktery ukazal, ze vyzkumné plochy s vy$sim
¢islem tohoto indexu jsou stabilngjsi z hlediska radidlnich vykyvi rastu. Celkovy popis indexi

struktury se nachazi v ¢lanku nize této kapitoly (Simtinek et al. 2020a).

Tabulka 1: Zakladni charakteristika ploch pro popis struktury porostt

Cislo Nadm. Dte- . . s . Lesni Zakme- Horizontalni Vertikdlni Celkova
plochy vyska vina Vek  Vyska Tloustka Objem typ néni struktura struktura  diversita
. ™ B

(m) (rok) (m)  (cm)  (m¥ha) [R (C&Ei)] EFi)]h EJ&Di]

29 950 BUKk g3 B A 2100 65 07 0,96"N 037 7.5211
Smrk 27 45 23

322 760 BUK 150 26 4 33 58 s 1,15RN 0,150 4,66 |
Jetab 26 35 34

Popisky: Klasifikace lesniho typu: 6S — Piceeto-Fagetum mesotrophicum (Svézi smrkova bucina), 5B — Abieto-Fagetum eu-
trophicum (Bohata jedlova bué¢ina) (Viewegh et al. 2003); Horizontalni struktura: AG — agregovand, RN — ndhodna a RG — nor-
malni rozmisténi stromu (signifikance pfi, o = 0.05); Sipky: || - nizka, | - stfedni, 1 - vysoka a 11 - velmi vysoka diversita
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Abstract

Many studies have examined the relationships between the effects of the sunspot area and growth of trees; however, none of
them considered European beech (Fagus sylvatica L.). We investigated the relationships between the sunspot area, climate
factors (temperature and precipitation) and radial growth of beech in the KrkonoSe Mts. in the Czech Republic. We used
the core samples of 199 beech trees representing the century-long growth, two sets of climate data (local short-term data
and general long-term climate data), and more than a century-long sunspot area dataset acquired from the National Oceanic
Atmospheric Administration. Our results showed the significant effects of the sunspot area, temperature and precipitation
on the radial growth of beech. The correlations between sunspot area and tree-ring width index varied from 0.9 to 0.5 in the
period between 1986 and 2017, a period during which none of the significant anthropogenic disturbances occurred in the
study area. The strong correlations were found between the sunspot area and climate factors for a longer period. The largest
effect of the sunspot area on the radial growth was observed in the previous year, especially in growing season. Structur-
ally diversified (heterogeneous) beech stands were less affected by the sunspot area compared to the homogeneous stands.
In conclusion, the sunspot area is one of the important factors that significantly influence the radial growth of beech in the
KrkonoSe Mts. Our results will be useful for understanding beech forests in the context of global change, and will have an
important contribution to the knowledge for predicting potential impact of the sunspot area on the Earth’s surface.

Keywords Fagus sylvatica - Solar activity - Climate factors - Growth variability - Tree-ring width index - Central Europe

Introduction 2018; Stefancik et al. 2018), and air pollution (Spulk and

Soucek 2010; Kralicek et al. 2017). There can be significant

The radial growth of European beech (Fagus sylvatica L.) is
substantially influenced by natural factors and anthropogenic
activities, such as precipitation, temperature (Stjepanovic¢
et al. 2018; Tognetti et al. 2019; Vacek et al. 2019a), forest
management practices (Remes et al. 2015; Mausolf et al.

Communicated by Martina Meincken.

< Zden€k Vacek
vacekz@fld.czu.cz

Faculty of Forestry and Wood Sciences, Czech
University of Life Sciences in Prague, Kamycka 129,
165 00 Praha-Suchdol, Czech Republic

Institute of Forestry, Tribhuwan University,
Kathmandu 446 00, Nepal

Czech Hydrometeorological Institute, Na Sabatce 2050/17,
143 06 Praha 4-Komoftan, Czech Republic

Published online: 04 July 2020

influence of the solar activity on beech growth; however, this
has not been explored yet. The information of solar activi-
ties may be derived from the sunspot analysis and is closely
linked to other solar phenomena, such as cosmic rays, solar
irradiance, solar wind, radio wave flux, solar flares, and
solar eruptions (Usoskin 2017). All these solar activities
are driven by solar magnetic field, which also significantly
influences the Earth’s climate (Abbott and Juhl 2016; Le
Mouél et al. 2019).

One of the most important indicators of the solar activi-
ties is the sunspot area—dark area on the sun’s photosphere
where the intense magnetic fields would loop up through the
surface from the deep interior (Hathaway 2015). The sunspot
area could have substantial effects on the Earth’s atmosphere
(Abbott and Juhl 2016). The sunspot area is significantly
correlated with the glacier fluctuations in the past millennia
and the sunspot area minima, indicating that solar irradiance
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is playing an important role in the late Holocene climate
change (Koch et al. 2007). The sunspot area observed in
11-year cycles could have the tendency of influencing the
magnetic flux over the Earth in the 21st century (Bonev
et al. 2004). The long-term magnetic variability of the Sun
is caused by the solar activities, which is considered one of
the main drivers of climate changes. The evidence of the
sunspot area and other solar activities by the geomagnetic
processes on the temperature record was found in the past
(Sunkara and Tiwari 2016).

The relationship between tree growth and sunspot area
may be substantial, as some past studies have indicated
this possibility. For example, influence of the sunspot area
was investigated by Perone et al. 2016, and this shows the
evidence on the relationship between sunspot area, climate
patterns and tree ring over the centuries. The studies on the
influence of the sunspot area on the tree rings of the fossils
go to the medieval times (Cecchini et al. 1996; Koch et al.
2007).

Some studies have reported the significant correlations
between tree growth and sunspot area, for example, Scots
pine (Pinus sylvestris L.) (Dorotovic€ et al. 2014), cork oak
(Quercus suber L.) (Surovy et al. 2002), maritime pine
(Pinus pinaster Aiton) and Swiss pine (Pinus cembrae L.)
(Surovy et al. 2010). All these studies have reported the
negative correlations of the radial growth of trees with the
sunspot area. Some other studies have reported the signifi-
cant positive influence of the sunspot area on tree growth
(Moseley 1941; Leavitt and Bannister 2009; Hathaway
2015). Most recent studies, such as Li et al. (2019) showed
the substantial influence of the sunspot area and other fac-
tors on cypress trees in China, and Kasatkina et al. (2019)
reported the sunspot activity imprinted in the tree rings of
Scots pine in north-western Russia.

There can be strong relationships between the sunspot
area and temperature on the Earth’s surface, and thus the
radial growth of trees is significantly influenced through
the temperature changes caused by solar activities. The
sunspot area influences the temperature of the Earth’s
atmosphere, which is confined mainly to the altitude
between 1.5 to 8.5 km above the Earth’s surface (Kumar
et al. 2018). The relationship of the sunspot area and
temperature might be weakened due to the intense global
warming occurring in recent years. The solar activities
could cause the variability of temperature in the long-run,
but variability might be affected by other factors as well
(Duan and Zhang 2014; Gupta et al. 2015). There is a
well-established fact that the radioisotopes '“C and '°Be
are produced in the Earth’s stratosphere by the galactic
cosmic rays on '*N and '°O. The oxidized '“C and CO, are
taken up by plants (Stuiver and Grootes 1980; Beer et al.
1990; Hathaway 2015). The galactic cosmic rays, which
are influenced by solar cycles (Usoskin 2017), play major
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roles in creating Earth’s climate that is associated with
cloudiness and amount of sunlight falling on the Earth’s
surface (Easterbrook 2016).

The temperature is one of the main factors influencing
the radial growth of European beech at higher altitude areas
(Vacek et al. 2015a, b; Kralicek et al. 2017) and similar
effect was also observed on Oriental beech (Fagus orien-
talis Lipsky) (Kose and Giiner 2012). The negative impact
for growth of European beech due to low temperature in
the spring and autumn has been demonstrated in Serbia
(Stjepanovi€ et al. 2018) and in the KrkonoSe Mts., where
frequent spring frost damages occur (Vacek et al. 2013;
Siminek et al. 2019). The vulnerability of European beech
to the damages caused by climate change may be associated
with silvicultural tending, species composition, and stand
management. For example, unmanaged forest is more resist-
ant to the negative impact due to its complex structure com-
pared to the managed forest (Mausolf et al. 2018), and mixed
species forests are more resistant to the negative impact of
climate changes than monospecific forests. European beech
has a remarkable competitive adaptability through expan-
sion of its crown throughout all seasons including dry sea-
son (Gonzalez et al. 2019). European beech is an important
constituent of European forests, and therefore contributes
to economic advantages. This species has adequate ability
to efficiently respond to increased CO,, precipitation and
temperature, when sensitivity to the inner water use effi-
ciency during photosynthesis increases with an increased
CO, (Rezaie et al. 2018). European beech has a higher sensi-
tivity to CO, compared to conifer species, for example, Scots
pine (Conte et al. 2018) and Norway spruce (Picea abies
[L.] Karst.) (Kovac et al. 2018). The increasing overall tree
growth due to increased temperature and CO, (Lindner et al.
2010) may show the potential relationship between sunspot
area, CO,, altitude, precipitation, temperature, and growth of
European beech. The climate factors (Novakova 2007) and
physiographic conditions (Kusiak et al. 2014) determined by
the unique location of the Krkonose Mts. forms an ideal sub-
alpine taiga with growing unique tree species. This location
is climatically linked to the taiga forests where other studies
have shown the influence of the sunspot on radial growth
(Shumilov et al. 2011; Kasatkina et al. 2019).

The impacts of climate changes and air pollution on beech
forest have already been explored. However, none of the
studies attempted to show the influence of the solar activities
(e.g. sunspot area) on the beech forest. This study aimed to
show the relationships between tree-ring growths of Euro-
pean beech for three different forest management periods
including natural disaster period (air pollution or emission
period) using radial growth data collected from a part of
the KrkonoSe Mts. forests (Czech Republic). The tree-ring
growth of this area was also compared with other sites and
stand characteristics. The influence of other climate factors
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on the tree growth, such as precipitation and temperature in
relation to the sunspot area was also investigated.

This study used a large number of core samples covering
adequate growth dynamics of European beech in situation
to the anthropo-historical influence in the Krkonose Mts.
of central Europe. More than a century-long sunspot area
dataset acquired from the National Oceanic Atmospheric
Administration (NOAA) (Hathaway et al. 2017) and two
different climate databases (short-and long-term databases)
were used.

Materials and methods
Study area

Our study was conducted on the six permanent research
plots (PRPs 27-32) distributed across the altitudes
between 740 and 1030 m a.s.l. in the Rychory mountain
which is located in the eastern part of the KrkonoSe Mts,
the Czech Republic (Fig. 1). European beech is a dominat-
ing species that accounts for 97-100%, other associate tree
species are rowan (Sorbus aucuparia L.) 0-3.5%, Norway
spruce 0-2.5% and sycamore maple (Acer pseudoplatanus
L.) 0-0.6%. All the PRPs are located in the Krkonos$e Mts.
National Park, and this area was chosen for several studies
in the past due to its uniqueness in terms of the histori-
cal and geological settings that have created ideal habi-
tats and growing conditions for European beech. Beech

stands originated through natural regeneration (autochtho-
nous beech stands) and influenced by small-scale shelter
wood management system, which was applied until 1963
(declaration of the KrkonoSe National Park). After that,
anthropogenic influences substantially decreased, but there
were severe influences of the air pollution on the beech
forests during 1960-1980s (Mat¢jka et al. 2010; Vacek
et al. 2015a; Kralicek et al. 2017). Beech forests were also
significantly affected by climate extremes (late frost, win-
ter desiccation, summer drought, windstorm) (Vacek and
Hejcman 2012; Kralicek et al. 2017; Vacek et al. 2019b).

The soil types of the study area are Cambisols (PRP
28-32) and Cryptopodzols (PRP 27) and bedrock con-
sist of metamorphosed diabase and chlorite-seric shale.
The mean annual temperature in the locality fluctuates
around 5.2 °C with an average annual sum of precipitation
870 mm. The growing season lasts for 120-days (§pu1ék
and Soucek 2010; Putalova et al. 2019) with a mean tem-
perature of 11.9 °C and with an annual sum of precipita-
tion 640 mm. The study area experiences the humid con-
tinental climate characterized by hot and humid summers
and mild cold to severely cold winters (classification sym-
bol Dfb) according to the Kdppen climate classification
(Tolazs 2007). In terms of phytocoenology, PRP 27-29
belong to association Calamagrostio villosae-Fagetum syl-
vaticae MikySka 1972 and PRP 30-32 belong to associa-
tion Dentario enneaphylli-Fagetum sylvaticae Oberdorfer
ex Matuszkiewicz et Matuszkiewicz 1960. Autochthonous
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Fig. 1 Location of permanent research plots (PRPs) in European beech stands in a part of the Krkonose Mountains; PRP numbers are 27, 28, 29,
30, 31, 32; grey area is forest cover; mean monthly climate values (1961-2017) (left); altitude of PRPs (right)
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beech forests have been left to spontaneous development
without direct anthropogenic influence since 1963.

Each PRP of 50 x50 m in size (0.25 ha) was established
in 1980 for long-term study of the KrkonoSe Mountains for-
est ecosystem. The PRPs were measured using the Field-
Map technology (IFER-Monitoring and Mapping Solutions
Ltd.) and detailed stand and site characteristics are also
found in numerous literatures (Vacek et al. 2010, 2015b).
Table 1 shows the basic site and stand characteristics for all
PRPs. The PRP 30-32 are characterized by nutrient-rich site
conditions compared to the prevailing acidic site on other
PRPs. The PRP 30-32 have random to regular horizontal
stand structure (R index; Clark and Evans 1954), low height
differentiation (TM,, index; Fiildner 1995) and homogeneous
structure (B index, Jaechne and Dohrenbusch 1997), while
random to aggregated spatial pattern, medium vertical struc-
ture and unevenly diverse structure are typically attributed
to PRP 30-32.

Data

The core samples of 199 European beech trees on the 6 PRPs
were taken for dendrochronological analysis. These sam-
ples were taken randomly (random number generation in MS
Excel) from healthy predominant and dominant trees with
diameter at breast height (DBH) > 25 cm using the Pressler
borer (Haglof, Sweden). The tree-ring widths were measured
using LINTAB (Rinntech) with Olympus binocular magni-
fier. Measurement was done in a scale 0.01 mm using TSAP-
Win (Rinntech 2010). Cross-dating was done using Cdendro
software (Cybis Elektronik & Data). The short-term cli-
mate data (1964-2017), henceforth local climate data, were
acquired from the nearest meteorological station (14 km
away from PRPs) located at Pec pod Snézkou (altitude 656 m
a.s.l.; 50°18'24"N, 16°21'07"E; Czech Hydrometeorological
Institute). The long-term climate data (1900-2017), hence-
forth general climate data, were obtained from the mete-
orological station in Prague-Clementinum (altitude 191 m
a.s.l.; 50°5'12"N, 14°24'56"E; Czech Hydrometeorological
Institute) representing the longest climate series available in
the Czech Republic. The sunspot data were acquired from
NASA website (Hathaway et al. 2017).

Analysis

Data analysis was done using R software (R Core Team
2018) with dplR package (Zang et al. 2018). Detrending
of each tree-ring chronology was calculated by negative
exponential detrending to remove age trend and other stand
related trends. The tree-ring width data were smoothed with
1/3 spline of the age of each tree and the mean was calcu-
lated for each PRP (Bunn and Mikko 2018a). This removes
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the age-related trends while preserving the low-frequency
climatic variations (Shumilov et al. 2011).

Various dendrochronological indices were calculated
using R software in dplR package according to the instruc-
tions provided by previous studies (Bunn 2018; Bunn and
Mikko 2018a). The detrended ring width data were used to
compute the expressed population signal (EPS). The EPS
indicates the reliability of chronology as a fraction of the
joint variance of the theoretical infinite tree population
(Fritts 1976). To make dendrochronological results more
precise, an “EPS cutoff” was used to reduce dendrochro-
nological time series while the data with EPS > (.85 were
left using 40-year segments (frames) according to available
instructions for dplR (Bunn and Mikko 2018a). We also
computed signal-to-noise ratio (SNR) and R-bar inter-series
correlations (Fritts 1976). We used raw dendrochronologi-
cal data to calculate mean sensitivity MS (sens2) (Westfall
et al. 2013; Zang et al. 2018). To generate chronological
curve signals, dpIR package of R and signal were used. The
splines from 4, 8, and 64 years were inserted to an average
ring width curve (Bunn and Mikko 2018b; Team R Core
2018). We calculated similar length of splines for climate
and sunspot area data.

A quadratic regression models and correlation tests were
used the Statistica 12 program (Statsoft, Tulsa) for evalu-
ation of dendrochronological data in relation to climate
factors and sunspot area. The canonical correspondence
analysis (CCA) was carried out in the CANOCO 5 pro-
gram (Smilauer and Leps 2014) to assess the relationships
between radial growth of beech, precipitation, temperature,
and sunspot area.

Results
Tree-ring characteristics

The dendrochronological data are summarized in Table 2,
which also includes mean sensitivity (MS), signal-to-noise
ratio (SNR), and inter-series correlations (R-bar). The largest
mean value of tree-ring width was found for PRP 32, whose
altitude is the second lowest after PRP 31, and the lowest
mean was found for PRP 27, which is located at the highest
altitude of the study area (Table 1). The SNR shows the best
dendrochronological pattern (without any noise) for PRP 32
and the poorest for PRP 28. This indicates that these PRPs
with higher SNR are structurally more homogeneous than
PRPs with low SNR.

Climatic variabilities in relation to sunspot area

The short-term climatic data (Fig. 2a) and long-term cli-
matic data (Fig. 2b) were analysed. We plotted both sets of
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Table 2 Characteristics

. ; PRP ID No. trees Mean (mm) Std. MS R-bar SNR
of standardized tree-ring
chronologies of beech trees 27 34 1.01 0.48 0.37 0.29 5.04
(in years 1900~2017) on 28 33 111 0.54 034 027 4.96
permanent research plots
(PRP); MS: mean sensitivity; 29 33 1.15 0.57 0.35 0.31 5.53
Std.: standard deviation; SNR: 30 36 1.28 0.73 0.34 0.24 5.47
signal-to-noise ratio; R-bar: 31 31 1.04 0.49 0.33 0.30 7.96
inter-series correlation 0 1 117 062 031 032 731
Fig.2 Precipitation, t -

ig recipitation, tempera- (a) 3000

ture and sunspot area (in mil-
lionths of a solar hemisphere—
MH) with their 8-year splines
(spl8); a locally measured
precipitation and temperature
with sunspot area for a period
between 1963 and 2017; b long-
term (general) precipitation and
temperature with sunspot area
for a period between 1900 and
2017

Sunspot area (MH) and
Precipitation (mm)

1968

—_
O
~

Sunspot area (MH) and Precipitation

Local temperature

- --- Local season temp. spl8
Sunspot area

Local prec. spl8

these datasets together with the sunspot area and compared
their variabilities across measurement periods. Figure 2
illustrates overall differences of variabilities between the
sunspot area and climate data. The sunspot area shows
a more pronounced cyclical variability than that of the
temperature or precipitation. Variability of the sunspot
area was not identical to that of either local or general
climate while they were plotted without splines. However,
much more similarities or differences were observed while
8-year spline was applied to data. There was an increased
pattern of temperature for last 50 years, and both local and
general precipitation had stable variability patterns across
measurement period. Variability of the sunspot area signif-
icantly decreased from 2590 to 1183 MH after 1986 while
local temperature (seasonal temperature May to October)
increased from 11.5 to 12.5 °C, and precipitation increased
from 999 to 1750 mm.
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Influences of sunspot area and climate factors
on tree-ring chronology

The effects of the sunspot area and climate factors on
tree-ring index (RWI) were thoroughly analysed. For
this purpose, we divided the entire measurement period
(1900-2017) into three shorter periods (Fig. 3). The first
period (1900-1962) was assumed until declaration of
the KrkonoSe National Park, during which regular forest
management practices were done. In this first period, the
differences of RWIs were the greatest because of small-
scale shelter wood management practices applied to beech
stands. The second period (1963-1985) began in the first
year of declaration of the National Park and ended by air
pollution crisis (emission period: 1979-1985). During
second period, RWI significantly decreased because of
severe impact of air pollution on forests. The third period
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Fig. 3 Standardized ring width
chronologies of European
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(1986-2017) started at the end of emission period and
lasted until 2017, and during which strict protection rules
were applied. Compared to other two periods, this period
was considered as more important for evaluation of the
effects of the sunspot area and climate factors. In this
period, we observed the cyclic growth of beech trees that
corresponded to the variability of the sunspot area. The
periodic influence of the sunspot area on RWI increased
from 0.79 to 1.16 while sunspot area also increased from
124.7 to 2048.68 MH in 1986 to 1989. Similar situation
was found in increases and decreases of the sunspot area
and in RWI more or less for entire third period. The 2011
was a year when the late spring frosts negatively affected
European beech growth. This indicated a significant rela-
tionship between RWI and sunspot area. Similarly, in gen-
eral, in other years, RWI indicated to have the identical
variability patterns to those of the sunspot area.

The relationships between sunspot area, RWI and climate
factors are evident (Table 3). In the first period (1900-1962),
when normal harvesting practices were used, there was a
significant positive correlation occurred between the sun-
spot area and RWI (r=0.3273), and a positive correlation
between sunspot area and temperature (r=0.2272). In the
second period (1963—-1985), when forest stands were placed
under the strict protection, but disturbed by natural disas-
ters towards the end of this period, the negative correlation
was found between sunspot area and RWI (r=-0.1015).
In the third period (1986-2017), the highest positive sig-
nificant correlation occurred between sunspot area and RWI
(r=0.3743). In two periods out of three, the sunspot area
seems to have a significant influence on the radial growth
of beech.

Table 3 Correlation coefficients showing the relationship between
sunspot area, tree-ring width index (RWI) and climatic factors.

Time period Variables RWI sunspot  temperature
1 (general climate ~ Sunspot 0.3273
data) Temperature 0.1137  0.2272
Precipitation 0.0501  0.0777  —-0.1572
2 (general climate  Sunspot —0.1015
data) Temperature 0.1303  —0.0010
Precipitation —0.1420 0.1175 —-0.0311
3 (local climatic Sunspot 0.3743
data) Temperature 0.1426  0.1804

Precipitation 0.1443  —0.2393 —-0.0831

The period is described in the time window: period 1: 1900-1962
(regular harvesting period), period 2: 1963—-1985 (air pollution crisis
period); period 3: 19862017 (forest protection period). Significant
correlation values are in bold; correlations are significant at p<0.05

The 8-year splines of both RWI and sunspot area were
calculated for each sample plot and their variability pat-
terns were examined (Fig. 4). Splines were used to reduce
short-term disturbance and variability in these variables.
There were similar variabilities in these two variables in
the third period (1986-2017). We also used 8-year splines
for local temperature and precipitation. The air pollution
disturbance during a period between 1974 and 1988 had
a significant negative influence on RWI (Fig. 4b). Even
during such a short-term period, a small effect of the sun-
spot area could be seen for all the PRPs, except PRP 32.
After air pollution crisis began, none of the harvesting
operations was carried out during third period, and conse-
quently a better response of beech growth to sunspot area
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was observed. Three cycles of variability of the sunspot
occurred during a period between 1985 and 2017, which
also significantly affected RWI.

We analysed the influences of temperature, pre-
cipitation, and sunspot area on beech during a period
between 1986 and 2017 (third period) using scattered
plots of 8-year spline series. Compared to the influence
of temperature, both precipitation and sunspot area had
significantly higher influence on the radial growth of
beech (Fig. 5) with the largest influence of precipitation
on PRP 29 (R2=0.2668) and sunspot area on PRP 32
(R?=0.4339). All these influences were in favour of the
radial growth. On average, RWI variability explained by
temperature is 3.2% (R*=10.0323), by precipitation 9.5%
(R*=0.0945), and by sunspot area 24.6% (R>=0.2462).

We also compared the variability patterns of the sun-
spot area and RWI by smoothing them with 64-year spline
to reduce variabilities to a shorter period. Overall, there
were almost similar variability patterns in these factors
during a period between 1974 and 1963 (Fig. 6). How-
ever, some dissimilarity of patterns was found between
sunspot area and RWI for an air pollution crisis period
(1963-1985).

The wavelet analysis documents the cyclical pattern of
beech growth (Fig. 7). The analysis shows that from 1985
to 2011 the impacts of 11-year cycles on beech growth
were significant. The 33-year cycles also had significant
impacts along the entire data series. Interestingly, there is
a significant phenomenon of the 3-year periodicity from
2009 to 2014, with the negative influence of spring frosts
and lower temperatures on beech radial growth.

@ Springer

Interactions between radial growth, sunspot area
and climatic factors

We investigated the interactions between RWI, sunspot
area, and local climate factors using data from a third period
(1986-2017). We analysed data using quadratic regression
modelling and three-dimensional graphs were produced
(Fig. 8). Temperature had a significantly higher influence
on the radial growth compared to precipitation. Precipita-
tion had hardly any influence on the radial growth in relation
to temperature, while optimal growth was observed in the
range of temperatures between 4.5 and 6 °C. The sunspot
area had a positive influence on the radial growth in both
cases—in relation to temperature and precipitation. Radial
growth increased with increasing sunspot area with an opti-
mum for temperature range, while there was a continuous
increase in the interaction effect with precipitation.

The interactions between RWI, sunspot area, and cli-
mate factors were analysed using the canonical corre-
spondence analysis (CCA). The first ordination axis of
CCA explained 55.3% variability, first two axes together
explained 75.8%, and all four axes explained 95.4% vari-
ability (Fig. 9). The sunspot area had the largest influence
on the radial growth, followed by temperature and precipi-
tation. Generally, the sunspot area influenced positively
on PRP 31 and 32, while other PRPs, which are located
at the higher altitude and have more heterogeneous stand
structures, were favourably influenced by increased tem-
perature. In detail, the largest influence of the sunspot area
on the radial growth of beech was observed in a more
homogeneous stand with the most regular distribution of
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Fig.5 Scattered plots of 8-year splines of RWI plotted against tem-
perature, precipitation and sunspot area for a period between 1986
and 2017 (forest protection period). Fitted linear regression lines were
overlaid on those scatter plots for each PRP (27, 28, 29, 30, 31, 32); a
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trees (PRP 31), and the smallest influence was observed
in the beech stands with rich vertical and complex diver-
sity (PRP 29). The average radial growth had the highest
significant correlation (p=0.022, r=0.41) with the mean
sunspot area in the previous year, especially in the grow-
ing season (p=0.013, r=0.44). The sunspot area in the

1940

8-year splines of RWI vs season temperature, b 8-year splines of RWI
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lionths of a solar hemisphere—MH)

spl64 27
spl64 28
---- spl64 29
———5pl64 30

spl64 31

Sunspotarea

spl64 32

e SUNSPOt
spl64d

1960 1980 2000

growing season of the previous year had significant influ-
ences on the four PRPs (p <0.05), especially on PRP 31
(p=0.007, r=0.48). Conversely, the smallest influence
was observed in the beginning of the current year (Janu-
ary-March) (p > 0.05).
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Fig.7 Wavelet plot from all European beech stands in the Krkonose Mts. Black thick line represents 1% significance level against dark grey
noise level, hatched part describes effects of disruption and lighter shade represents insignificant tree-ring data for analysis

Discussion
Disturbances in European beech tree-ring signal

Under the climate change scenario, forest stands would not
only undergo average change but also they could be subject
to a higher variability of the extreme weather fluctuations,
such as droughts, storms and floods (Lindner et al. 2010).
European beech in the mountain forests is more influenced
by temperature than by precipitation (Vacek and Hejcman
2012; Krélicek et al. 2017; Putalovi et al. 2019). European
beech is also negatively affected by spring frost (Matéjka
et al. 2010; Stjepanovic et al. 2018; Simtnek et al. 2019)
and drought events (GeBler et al. 2007; Granier et al. 2007,
Maes et al. 2019), but drought periods are not significant
in the studied mountain forest due to sufficient annual pre-
cipitation. Nevertheless, the negative climate factors can
have direct impacts on beech seed production, which is
reflected not only in the reproductive capacity of beech but
also in its diameter increment (Hacket-Pain et al. 2017). In
the context of our area’s pointer year in the beech growth,
when there was a deep slump of the tree-ring signal, was
the year 2011, when late spring frosts occurred (Kooij-
man et al. 2000). Another interesting year was 1976 with
the impact of severe drought when beech radial growth
decreased, however, beech can adapt itself to these factors

@ Springer

(Hartl-Meier et al. 2014; Zang et al. 2014; Farahat and
Linderholm 2018; Sedmakova et al. 2019).

The second period (1963—1986), which was more impor-
tant from the aspect of tree growth and stand structure dur-
ing the air pollution crisis, was chosen for detail investi-
gations in the past (§pu1ék and Soucek 2010; Vacek et al.
2013; Kral et al. 2015; Vacek et al. 2019b). Specifically,
in a period between 1980 and 1986, an average SO, emis-
sion from the thermal power plant in the Pofi¢i reached
59 ug m~3, which was a six fold amount of today’s concen-
trations (Dobrovolny and Tesaf 2010). This is the reason
why negative effects of the air pollution disaster on RWI
were clearly visible on all the research plots in the second
period. However, after this period of air pollution, soil over
acidification occurred (Kolaf et al. 2015), which partly influ-
enced beech stands also in the studied area, but this problem
was significantly reduced within 5 years from the air pollu-
tion disaster. Other harmful factors were nitrogen and ozone,
whose impacts could be observed in this studied area also
in the 90 s (Hinov4 et al. 2019); these factors caused partial
weakening of beech stands but the effect was not significant.

This study considered both the homogeneous and het-
erogeneous beech stands that are described in Table 1; it is
demonstrated that the stand structure significantly affects
the dendrochronological characteristics (Matisons et al.
2017). Different structural variability may be caused by dif-
ferent slope, altitude, stand age, stand development, and site
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Fig.8 Responses of the mean tree-ring width index of European
beech to the sum of annual precipitation, mean annual temperature,
and mean annual sunspot area for six PRPs. Climate data used for

quality. The studied stands are characterized by structural
complexity and diversity, which has been proved in other
studies also (Vacek et al. 2010, 2015a, b; Simtnek et al.
2019). Heterogeneous stands of European beech are less
vulnerable to climate fluctuations (Mdlder and Leuschner
2014), which was also documented by our results in Figs. 4
and 9, where the homogeneous stand of European beech

(PRP 32) showed a greater response to climate fluctuations
than the heterogeneous one (PRP 28).
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this analysis were local and tree-ring width data were from a period
between 1963 and 2017

Influences of the sunspot area on radial growth

The sunspot area is significantly correlated with precipita-
tion. The hydrological characteristics are also reported to
be significantly affected by the sunspot area (Mauas et al.
2016; Baker et al. 2018). Some other studies also show
the significant effects of the sunspot area on the precipita-
tion and temperature (Dong et al. 2018; Sun et al. 2018).
Our study confirms their findings. A weaker but more
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Fig.9 Ordination diagram of the canonical correspondence analy-
sis showing relationships of radial growth of beech on permanent
research plots (PRPs) with annual precipitation sum (Pre), mean
annual temperature (Tem) and mean annual sunspot area (sun) for the
whole year, in growing season (Veg), in non-growing season (Non-
Veg) from June to July (6-7) and from January to March (1-3) of cur-
rent (Act) and previous year (Las) in third period (1985-2017); code
() stands for tree-ring width index (RWI) on PRP 27-32

appropriate relationship between the sunspot area and pre-
cipitation during the maximum solar activities in 1920-2004
is reported whereby the sunspot area had a larger effect on
tree growth (Rigozo et al. 2002). The sunspot area seems to
have significant effect on the tree-ring width of beech on all
the sample plots. Similar findings for other tree species in
different countries are also reported, for example, Smith fir
(Abies georgei var. smithii) in Tibet (Wang and Bin 2011)
and white spruce (Picea glauca/Moench/Voss) in Canada
(Sinclair et al. 1993).

There is an important fact that the atmospheric circulation
at around 1000 m from the lower part of troposphere is asso-
ciated with the sunspot cycle above the northern hemisphere
of the Atlantic ocean when this effect significantly influences
Europe (Brugnara et al. 2013). The studied sample plots are
situated in the mountain area at an altitude between 740 and
1030 m a.s.l., and at this altitude, the impact of the sunspot
activity on temperatures might be higher while the influence
of the sunspot area on the temperatures was proved to be
higher from 1500 m (Kumar et al. 2018). The sunspot cycle
also affects the cycle of cosmic rays, when higher sunspot
activity implies lower cosmic radiation (Hathaway 2015).
The sunspot cycles are closely linked to the cosmic rays
that are also connected to precipitation, temperature, and
solar irradiance (Chapanov and Gorshkov 2019). The cos-
mic radiation is associated with the formation of aerosols
that influence the properties of clouds and their formation
processes, and consequently influence the sun irradiance
striking the Earth’s surface. These atmospheric processes
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associated with aerosols belonging to the most uncertain
factors of climate models (Jayaraman et al. 1998; Haywood
and Boucher 2000; Maghrabi and Kudela 2019). European
beech is also able to respond to CO, in a satisfactory way,
but under climate change it is affected negatively due to the
drought that would decrease tree growth (Tognetti et al.
2014), mainly at sites that are not adequate for this tree spe-
cies (Pefiuelas et al. 2008).

There is a negative correlation between the sunspot area
and RWI for the second period (Table 3). It seems that RWI
would increase with increasing sunspot area for the first and
third period, however, RWI for the second period would
decrease with increasing sunspot area because of the severe
influence of air pollution (Vacek and Matejka 2010; Vacek
et al. 2019b) and other effects that were larger than the effect
of the sunspot area. In some other studies (Li et al. 2019)
a positive correlation between the tree growth and sunspot
area was also found, provided that other influential factors
were less effective. The sunspot area may affect not only
the radial growth, but also the structure of stands to some
extent, as a result of the influence of the sunspot area on
atmospheric temperature.

It was suggested in 2008, that the sunspot area might
decrease in the next decade (Volobuev and Makarenko
2008). Our finding also supports this, when the sunspot area
and its synchronicity to RWI substantially decreased on all
the sample plots after 2008. Our results may be useful for the
prediction of the radial growth patterns of European beech
using the astronomical information about the sunspot area.
One-year delay of the response to a change in the climatic
conditions was observed in European beech increment in
relation to temperatures (Carl et al. 2013), which indicates
that beech stands can respond to changes with delay. The
predictions based on the present data of the sunspot area
suggest that the sunspot area could be lower in the next two
cycles, which may lead to a solar minimum (Singh and Bhar-
gawa 2019). Our research is one of the first studies in the
Central Europe, and therefore it will be unique and useful for
further investigations of the relationships between sunspot
area, climate characteristics and tree growth in the context
of global climate change.

Conclusions

The influence of the sunspot area on the radial growth of
European beech in Central Europe (KrkonoSe Mountains)
was detected from analysis of the long-term tree-ring width
data and century-long data on the sunspot area. We can
briefly summarize our results as below:

e The sunspot area correlated significantly positively
(p <0.05) with the tree-ring width index in the first
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period (1900-1963) and third period (1986-2017), but
it correlated negatively with the tree-ring width index in
the second period (air pollution period, 1963—1985).

e Overall, the correlation between the sunspot area and ring
width index varied from 32 to 37%.

e Homogeneous stands responded to the influence of the
sunspot area largely significantly, as the sunspot area
explained 42-51% of the variations in the tree-ring
width index during the third period (1986-2017), but
the explained variations varied from 3 to 14% for hetero-
geneous stands.

e Among the three factors (temperature, precipitation and
sunspot area) analysed, the sunspot area appeared as the
most influential factor on the radial growth of beech.

¢ Influence of the sunspot area on the radial growth in the
third period (1986-2017: a period with low forest distur-
bance) appeared more pronounced than in the first period
(1900-1963) and second period (1963-1985).

e Effect of the sunspot area in the previous year on the
tree-ring width index was more pronounced than that of
the current year’s sunspot area.

This study can provide a fundamental basis for further
investigation on the environmental and meteorological
related sciences. The presented results will be important to
understand European beech forests in the context of global
climate change, and will contribute to the knowledge for
predicting potential impact of the sunspot area on the Earth’s
surface.
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5.1.3. Sluneéni cykly jako zakladni faktor ovliviiujici prirozenou dynamiku porostua

Tento piispévek na konferenci shrnuje téma vlivu klimatickych faktord a slune¢niho cyklu
na strukturu homogennich a heterogennich bukovych porostu. V tomto piispévku je popisovan
prubéh radialniho rastu buku lesniho ve vychodnich KrkonoSich na Rychorach. Jsou zde
analyzovéna data radidlniho pfirGstu buku vaci srazkam, teplotdm vzduchu a rocni plose
slune¢nich skvrn. Pro analyzu byla pouzita linedlni regresni analyza a korelacni tabulka.
Nastrojem této studie je dendrochronologicka analyza porosti buku lesniho ve vychodnich
Krkono$ich na Rychorach. Vzorky pro dendrochronologickou analyzu byly odebrany v
homogennich bucinach prochazejicich ptirodnim vyvojem od roku 1963, pficemz dle malého
vyvojového cyklu se jedna o stadium optima a v heterogennich bucdinich o stadium

dortistani/rozpadu.

Vysledky ptispévku ukazuji, ze sluneéni skvrny maji signifikantni korelaci s homogennimi
bukovymi porosty (51 %) a nasledné s heterogennimi porosty (28 %). Také bylo zjisténo, Ze
heterogenni porosty buku vykazuji lepsi odolnost vii¢i mraziim a imisni zatézi (Simtinek et al.
2019a).
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Abstract

The growth dynamics of beech forests are becoming a key chapter in forest research during the
time of global climate change, while the new findings from other disciplines can benefit forest-scientific
activity. One of the neglected chapters are the sunspot activity and their influence on the Earth's
surface and forest stands, which can be examined by dendrochronological analysis. The subject of
this study deals with the growth dynamics and development of European beech stands in the eastern
part of Giant Mountains (Krkono$e) in the area of Rychory. The dendrochronological analysis is the
main tool for this study of autochthonous European beech (Fagus sylvatica L.) in which the
66 dendrochronological samples were analysed for this work. The samples were taken in naturally
developed beech stands that had been without influence of forest management since 1963. The
research plots are going true a small natural developmental cycle in which the half of the investigated
stands goes true stage of optimum (homogeneous) and other part true stage of
destruction/regeneration (heterogeneous). The results show that the sunspot area has a significant
effect on the tree-ring growth of the European beech stands, while the homogeneous beech stands
are more affected (51%) than heterogeneous beech stands (28%), in which the heterogeneous beech
stands has better resistance to frost and air pollution load.
Keywords: sunspot area, tree-ring growth, dendrochronology, Central Europe, Fagus sylvatica L.

Abstrakt

Rustova dynamika porostu buku lesniho se v dobé klimatické zmény stava klicovou kapitolou
lesnického vyzkumu, pfi¢emz nové poznatky i z jinych obort a disciplin mohou obohatit tuto lesnicko-
védeckou cinnost. Jednou z opomijenych kapitol jsou sluneéni skvrny a jejich vliv na zemsky povrch
a lesni porosty, které mohou byt zkoumany dendrochronologickou analyzou. Tato prace se zabyva
studiem dynamiky a vyvoje porostu buku lesniho ve vychodnich KrkonoSich v oblasti Rychor.
Nastrojem této studie je dendrochronologicka analyza autochtonniho buku lesniho (Fagus
sylvatica L.). Pro tuto praci bylo pouZzito celkem 66 analyzovanych dendrochronologickych vyvrtd.
Vzorky byly odebrany v homogennich bucinach prochazejicich prirodnim vyvojem od roku 1963,
pficemz dle malého vyvojového cyklu se jedna o stadium optima a v heterogennich bucinach
o stadium dorustani/rozpadu. Vysledky ukazuji, Ze slunecni skvrny maji signifikantni efekt na
dynamiku porostl buku lesniho a pfitom nejlépe reaguji homogenni porosty (61 %) a nasledné
heterogenni porosty (28 %), které vykazuji lepsi odolnost vici mrazim a imisni zatézi.
Klicéova slova: plocha slunecnich skvrn, radialni rast, dendrochronologie, centralni Evropa, Fagus
sylvatica L.

Uvod a problematika

Slunecni skvrna je definovana jako tmava oblast na slune¢nim povrchu, kde
dochazi ke smyckovému vyboji magnetického pole z nitra slunce (HATHAWAY, 2015)
a je také dokazano, ze periodicky vyskyt slunecnich skvrn ma vliv na atmosféru
zemského povrchu (ABBOTT et JuUHL, 2016). Slunec¢ni cykly probihaji v 11 letych
intervalech a jsou pfimo propojené s vyskytem sluneCnich skvrn, které ovliviuji
aktivitu slune¢niho ozareni zemské magnetické mfizky (BONEV et al., 2004). Vyskyt
slunec€nich skvrn je spojen s vyvojem klimatu, coz bylo dokazano jiz od stfedovéku
(CECCHINI et al., 1996; KocH et al., 2007; PAULSEN et al., 2003). Sluneéni skvrny jsou
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také propojeny s fluktuacemi ledovci béhem holocénu (BERGER, 2010; KocH et al.,
2007) a maji také vliv na pritok feky Amazonky (BAKER et al., 2018), coz uzce
souvisi s EL Nino efektem (Dong et al., 2018; Perone et al.,, 2016). Aktivita
slunec€nich skvrn je také spojena s teplotami zemského povrchu (SUNKARA a TIWARI,
2016) a atmosfery ve vétSich nadmorskych vyskach (>1500m) — (KUMAR et al., 2018).
Mnoho praci dokazuje realny vliv aktivity sluneénich skvrn na srazky a teploty (BAKER
et al., 2018; MALINIEMI et al., 2018; MAUAS et al., 2016), coz se pfimo odrazi na
zméné globalniho klimatu, pfi¢emz toto pusobeni mize byt také rozptyleno dalSimi
vlivy (GUPTA et al., 2015). Sluneéni skvrny téZ v atmosféfe ovliviiuji radioisotopy *C
a Be, které chemickou reakci oxiduji pres N a '°O na CO,, ktery miize byt
zpracovan rostlinami (BEER et al., 1990; HATHAWAY, 2015; STUIVER et GROOTES,
1980). V souvislosti s pfirGstem dfevin byly v minulosti provedeny vyzkumy, které
potvrzuji jak negativni (SUROVY et al., 2010; SUROVY et al., 2002), tak i pozitivni
spojitost vyskytu slune¢nich skvrn a radialniho rlstu (LEAVITT et BANNISTER, 2009;
MOSELEY, 1941; WANG a ZHANG, 2011).

U buku lesniho dosud nebyla zadna podobna studie publikovana a celkové se
o spojitosti sluneCnich skvrn a pfirdstu lesnich dfevin mnoho nevi. Ve spoijitosti
s bukem lesnim jsou znamé fakty, ze buk lesni je ovlivnén nejvice primérnymi
teplotami a poté srazkami (KRALICEK et al., 2017; SIMUNEK et al., 2019; SLANAR et al.,
2017). DalSim dualezitym faktem pro tuto praci je vétsi citlivost buku lesniho vaci CO,
nez je tomu u jinych dfevin, cozZ potvrzuji i dalSi vyzkumy (CONTE et al., 2018; KOVAC
et al., 2018). Dale byla nase zkoumana oblast ovlivnéna imisni kalamitou (napfiklad
oxidy siry a dusiku) v letech 1965 az 1986 (KRAL et al., 2015; MATEJKA et al., 2010).
Diky pfirodnim podminkam a dobfe dolozitelnému vlivu ¢lovéka na lesni dfeviny
v nami zkoumané oblasti vznikly pfirozené se vyvijejici buciny, které prochazi vSemi
stadii malého vyvojového cyklu, coz zde bylo dobfe zdokumentovano (SIMUNEK et al.,
2019; VACEK et al., 2010; VACEK et al., 2016).

Tato studie by méla zjistit spojitost mezi slune€nimi skvrnami, srazkami, teplotami
a pfirdstem buku lesniho v rlznych stadiich vyvoje lesa od zaloZeni Krkono$ského
narodniho parku v roce 1963. Hlavnim cilem této prace je porovnani jiz zminéné
slune¢ni aktivity a klimatickych faktord u homogennich (stadium optima)
a heterogennich bucin (stadia rozpadu a dorustani) od roku 1986, kdy autochtonni
bukové porosty ve zkoumané oblasti byly ponechany samovolnému vyvoiji.

Material a metodika
Charakteristika zajmového uzemi

Zkoumané uzemi je umisténo ve vychodnich KrkonoSich v oblasti zvané Rychory.
Vyzkumné plochy se nachazeji v 1. zoné ochrany prirody KrkonoSského narodniho
parku nedaleko mésta Zacléf, a to pobliz hranic s Polskem. Do této prace jsou
zahrnuté 4 vyzkumné plochy: dvé z Boberské strané a dvé z Dvorského lesa.
Vyzkumné plochy z Boberské strané maji homogenni strukturu porostu a prochazeji
dle malého vyvojového cyklu stadiem optima. Nachazi se v nadmorské vysSce od
940 do 960 m na svahu s jihovychodni expozici o sklonu 29°. Na téchto plochach je
hlavni dfevinou buk lesni (Fagus Silvatica L., 97 %), dale je vtrou$en javor klen (Acer
psedoplatanus L., 2 %) a jefab ptaci (Sorbus aucuparia L., 1 %). Vyzkumné plochy
z Dvorského lesa maji opét hlavni dfevinu buk lesni (98 %) a vtrouseny smrk ztepily
(Picea abies /L./ Karst., 2%) a nachazi se ve vySce od 740 do 760 m na svahu
s jihovychodni expozici o sklonu 9°. Primérné ro¢ni teploty se pohybuiji okolo 5,2 °C
a primérny ro¢ni uhrn srazek je 870 mm. Pocet dni vegetaéniho obdobi se pohybuje
okolo 120 dni s prumérnou teplotou 11,9 °C adhrnem srazek 640 mm.
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Fytocenologicky jsou vyzkumné plochy fazeny od kvétnatych bucin (Fagion Luquet
1926, podsvazu Eu-Fagenion Oberdorfer 1957) po acidofilni horské buciny (Luzulo-
Fagenion Oberdorfer 1957). Bukové porosty jsou autochtonniho puvodu a jsou
ponechany bez zasahu jiz od roku 1963. Vyzkumné plochy jsou o velikosti 50 x 50 m
a byly zalozeny vroce 1980. Tyto vyzkumné plochy byly jiz dfive hodnoceny
v publikacich (SIMUNEK et al., 2019; S. VACEK et al., 2013, 2015). Dalsi
charakteristiky jsou uvedeny v Tab. 1.

Tab. 1: Zakladni charakteristiky vyzkumnych ploch
Tab. 1: Basic research plots characteristics

. Mean Mean
Research plots Development GPS Altitude Exposure Tree height thickness Forest Stano_l
cycle (m) species type stocking
(m) (cm)
. . Lo Nadmofr. ... Primérna .
Vyzkumné V){ngove Souradnice vy$ka Expozice Derh. P’rlemerna tloustka Lesni Zakmenéni
plochy stadium dreviny  vySka (m) typ
(m) (cm)
Rozpad
Dorlstani
Heterogenni 50°38'47.5"N 940 - SE FS 24 41 67 0.8
Heterogeneous Destruction 15°52'15.2"E 960 JV PA 28 45 '
Recovery
Homogenni Optimal  50°40'07.6"N 740 - NE Ei g 4218 oK 00
Homogeneous Optimum 15°52'568.1"E 760 SV SA 26 27 ’

Vysvétlivky/Notes: 6S - Piceeto-Fagetum mesotrophicum (Nutrient-medium Spruce-Beech); 6B -
Piceeto-Fagetum eutrophicum (Nutrient-rich spruce-beech) Dreviny/Species®: FS — Fagus sylvatica L.,
PA — Picea abies (L.) Karst., AP — Acer pseudoplatanus L.

Sbér dat

Pro dendrochronologickou analyzu byl na &tyfech vyzkumnych plochach o velikosti
50x50 m (0,25 ha) proveden sbér dendrochronologickych vzorkd. VSechny vzorky
byly odebrany presslerovym nebozezem kolmo na te¢nou rovinu stromu ve sméru
vrstevnice, tak aby byl odebran dendrochronologicky vyvrt ke stfedu kmene. Pro
odbér vzorku byly vybrany zdravé stromy silnéjSi >25 cm ve vycetni vySce. Stromy
pro odbér byly vybrany nahodnym vybérem pomoci RNG vybéru z programu
MS Excel. Vyvrty byly méfeny mikroskopem Olympus za pouziti méfického stolu
LINTAB (Rinntech, 2010). Ukladani dendrochronologickych dat bylo provedeno
v softwaru TSAP-Win (Rinntech, 2010) a nasledné krosdatovani bylo provedeno
v softwaru Cdendro (Cybis Elektronik & Data, b.r.), tak aby index CC>35, kdy bylo
nakonec vyuzito pro zpracovani dat 66 vzorku z 82 odebranych vzorkd, které
splfiovaly hranici indexu CC. Vice popisnych informaci struktufe porostu a vzorkl se
nachazi v Tab. 1, ktera byla odvozena ze Setfeni z roku 2018 technologii Field map
(IFER-Monitoring and Mapping Solutions Ltd.). Zakladni popisné informace
dendrochronologie vzorku jsou zobrazeny v Tab. 2.

Klimaticka data (srazky a teploty) byla pouzita z nejbliz§i meteorologické stanice
Ceského hydrometeorologického Ustavu z Pece pod Snézkou, ktera se nachazi
14 km od vyzkumnych ploch v nadmoiské vySce 656 m (GPS 50°18'24"N,
16°21'07"E). Rozmezi zkoumanych klimatickych dat bylo stanoveno od roku 1976 do
2017. Data o aktivité slunec€nich skvrn byla pouzita z webovych stranek NASA/NOAA
(National Aeronautics and Space Administration/ National Oceanic Atmospheric
Administration) (HATHAWAY et al., 2017).
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Tab. 2: Zakladni charakteristiky dendrochronologické analyzy pro vzorky z vyzkumnych ploch
Tab. 2: Basic dendrochronological characteristics for samples of research plots
Age range of Range height of

Number of Mean Median of  Standard
Research plots sampled sampled trees . L
cores growth (mm) tree rings deviation
trees (year) (m)
VWzkumné ploch Pocet ?loezk%\:? \I/?zoozrpkit\llan ich Primérny Median Smérodatna
y plochy vzork( pet vany pfirdst (mm)  pfirGstu odchylka
vzorku (roky) strom (m)
Heterogenni 33 80 - 230 17-28 1.02 0.95 0.53
Heterogeneous
Homogenni 33 150 - 230 23-32 1.04 0.97 0.53
Homogeneous

Analyza dat

Zpracovani dat dendrochronologické analyzy bylo provedeno v programu R
(R Core Team, 2018), za pouziti bali¢ku ,dplr‘ a ,signal®, diky kterym byla provedena
negativné exponencialni detrendace s proloZzenym splinem 1/3 véku ke kazdému
vzorku, €imZ dosSlo k odstranéni vékového trendu (BUNN a MikkOo, 2018a) se
zachovanim kratkodobych nizkofrekvencnich klimatickych vlivd (SHumiLov et al.,
2011). Nasledné jednotlivé zdetrendované kfivky stroml byly zprimérovany, tyto
kfivky byly poté vyhlazeny pomoci vloZzeného osmiletého ,splinu“ pro odstranéni
kratkodobych vlivi do 8 let (BUNN a MikkO, 2018b). Pearsonova korelace mezi
srazkami, teplotami a slune€¢nimi skvrnami byla provedena v programu Statistica 12
(StatSoft, Tulsa, OK, USA).

Vysledky a diskuze

Aktivita slunecnich skvrn a klimatické Udaje, které jsou spojeny s radialnim ristem
buku lesniho, nevykazuji podobnost, coz popisuji obrazky 1, 2 a tabulka 3. Klimatické
udaje v jinych publikacich, ale dokladaji, ze aktivita slunecnich skvrn je propojena
napfiklad se srazkami pfes monzunové desté (WANG a ZHANG, 2011), ale toto naSe
udaje vizualné ani korelacné neprokazuji. Aktivita slune¢nich skvrn mize sledované
plochy ovlivnit, protoze bylo v minulosti dokazano, ze od vysky 1500 m n. m. jsou
teploty propojené se slunecnimi skvrnami (KUMAR et al., 2018), ale opét ziskana data

tuto souvislost neukazuji. Ziskané udaje se tedy zdaji byt navzajem odlisSné.
14
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Year Season temperature (Teploty vegetacni sezony)
Rok — — spl8 Season temperature (Teploty vegetacni sezény)

Precipitation (Uhrn srazek)

spl8 Precipitation (Uhrn srazek)
Obr. 1: Teploty ve vegetacni sezoné a celkovy uhrn srazek; spl8 — 8 lety spline prolozeny datovou
kfivkou
Fig. 1: Season temperature and year precipitation; spl8 — 8 year spline added from data curve

Prirast buku lesniho pfevedeny na index bez vékového trendu zobrazuji obr. 2 a 3,
kde jsou pfiristy heterogennich a homogennich bucin ve vztahu k primérné rocni
velikosti slune€nich skvrn. Na prvni pohled je patrné, ze slunecni skvrny ovlivhuji
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heterogenni i homogenni bukové porosty, coz doposud nebylo zjisténo, ale
v minulosti byly provedeny vyzkumy, které potvrzuji vztah slunecCnich skvrn
a tloustkového pfirastu dievin (MOSELEY, 1941; SINCLAIR et al., 1993), ale doposud
nebylo zjisténo, v jakém méfitku jsou slunecni skvrny propojeny s ristem stroma.
V poslednich letech na naSich vyzkumnych plochach dochazelo k pozdnim mrazim
(rok 2011), které rozptylovaly efekt slunecnich skvrn na homogenni i heterogenni
porosty, coz souhlasi i s literaturou (Kralicek et al., 2017). DalSi dulezity faktor, ktery
ovlivnil lesni porosty, byl vliv imisni kalamity, coz je patrné v letech 1975 az 1986, kdy
toto bylo zkoumano v minulosti (MATEJKA et al., 2010; SLANAR et al., 2017; SPULAK
a SOUCEK, 2010; S. VACEK et LEPS, 2006).
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Obr. 2: Letokruhovy tloustkovy index buku lesniho a prameérna roéni plocha sluneénich skvrn v MH
(miliontinach slunecni hemisféry) od roku 1963 do 2017

Fig. 2: Ring-width index of European beech and mean year sunspot area in MH (millionth of
hemisphere) from 1963 to 2017

V pfipadé odstranéni a vyhlazeni kratkodobych vlivli osmiletym splinem (obr. 3)
vidime, Ze pfirastova kfivka heterogennich i homogennich bucin vice reaguje na
11 letou cyklicitu sluneCnich skvrn. Kratce od zalozeni KrkonoSského narodniho
parku v roce 1963 vidime, Ze doslo k velkému negativnimu zasahu do pFirtistu buku
lesniho, ale i v této dobé si mizeme vSimnout malé reakce na slunecni aktivitu, coz
je patrné v letech od roku 1980 do 1984. NejvétSi reakce na slunecCni skvrny je
patrna od roku 1986, kdy na zkoumanych plochach prestala uplna Cinnost Clovéka
a porosty se =zaCaly samovolné vyvijet. Na sluneCni skvrny nejlépe reaguiji
homogenni porosty buku lesniho, ale zaroven také trpi nejvétsim poskozenim mrazy,
coz potvrzuje i literatura (SIMUNEK et al., 2019). Heterogenni porosty buku reaguiji na
slunecni skvrny s mensimi vykyvy a také dochazi k mensim odezvam na negativni
vlivy, coz je zfejmé zejména v obdobi imisni kalamity nebo v letech s pozdnimi mrazy
(rok 2011).
dochazi k velkému 20 % rozdilu mezi heterogennimi (r = 0,51) a homogennimi
bucinami (r = 0,28). V pfipadé dalSich klimatickych faktort, které maji vliv na pfirust
buku lesniho, jsou teploty druhym hlavnim Cinitelem v rlstu buku, coz bylo zkoumano
také v minulosti (S. VACEK a HEJCMAN, 2012), ale bez zminek o slunec¢nich skvrnach.
V ramci klimatickych faktort vice reaguji na teploty i srazky heterogenni porosty, ale
u homogennich porostt dochazi k vétSimu vlivu sluneénich skvrn.
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Obr. 3: Letokruhovy tloustkovy index buku lesniho a primérna ro¢ni plocha slune¢nich skvrn v MH
(miliontinach slunecni hemisféry) prolozené 8 letym splinem (spl8) od roku 1963 do 2017

Fig. 3: Ring-width index of European beech and mean year sunspot area in MH (millionth of
hemisphere) splined by 8 year (spl8) from 1963 to 2017

Tab. 3: Pearsonova korela¢ni tabulka vztahl mezi tloustkovym pfirdstem, sezéonnimi teplotami,
srazkami a slune¢nimi plochami od 1986 do 2017(signifikantni udaje (p < 0.05) jsou tu¢né)

Tab. 3: Pearson’s correlation table between tree-ring growth, season temperature, precipitation and
sunspot area from 1986 to 2017 (significant values (p < 0.05) are in bold)

Letokruhovy Letokruhovy Plocha )
tloustkovy index tloustkovy index sluneénich Uhrn srazek
homogenni budiny  heterogenni buciny skvrn
Ring-width index Ring-width index S
unspot o
homogenous heterogeneous area Precipitation
beech stand beech stand
Plocha slune&nich skvrn 0.51 0.28
Sunspot area
Uhrn srazek 0.15 0.16 -0.34
Precipitation
Teploty
Temperaiure 0.16 0.18 -0.02 -0.11

Klimatické faktory, které ovliviiuji rust buku lesniho v letech od 1986 do 2017, jsou
patrné z obr. 4. Teploty a srazky vykazuji podobné hodnoty regresniho modelu R?,
coz znaCi vztah k pfirGstu obou hodnot. V pfipadé aktivity slune€nich skvrn vidime
odliSnost mezi reakcemi heterogennich a homogennich bucin, kdy vice reaguji
stejnorodé buciny ve vztahu ke zvySujicim se slunec¢nim skvrnam. Linearni regresni
model slune€nich skvrn vUCi pFirGstu znaci rozdilny koeficient determinace, kdy
homogenni buginy (R? = 0,26) vykazuji nizsi R? neZ heterogenni buginy (R* = 0,08).
Celkova reakce buku lesniho na slunecni skvrny je v této praci pfisuzovana citlivosti
na CO,, coz bylo dokazano (KoVvAC et al., 2018) i ve vztahu ke zméné klimatu
(REZAE et al., 2018). Samotné sluneéni skvrny ovliviiuji radioisotopy *C a '°Be, které
komplikovanym procesem oxiduji na CO,, ktery mize byt zpracovan rostlinami (BEER
et al.,, 1990; HATHAWAY, 2015; STUIVER a GROOTES, 1980). Mozné vyuziti téchto
poznatkll se nabizi v kombinaci s védeckymi pracemi z astronomie, kdy v roce 2008
byla publikovana prace, ktera predpokladala snizeni aktivity sluneCnich skvrn
(VOLOBUEV a MAKARENKO, 2008) a tato predpovéd se také vyplnila, pfiCemz od té
doby doslo shodou okolnosti ke snizeni pfirGstu bukovych porostl na Rychorach ve
vychodnich KrkonoSich. Béhem nizSi slune¢ni aktivity od roku 2008 doslo také
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k jarnim mrazim, coz muze souviset s pfedpokladanym snizenim teplot b&hem
slune¢niho minima, kdy tento fakt byl publikovan v minulosti (LockwooD et al., 2017).
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Obr. 4: Souvislost sluneénich skvrn, sezénnich teplot a roéniho Uhrnu srazek na pfrirtist buku lesniho
od roku 1986 do 2017 pficemz: a) vliv srazek na letokruhovy pfirlst; b) vliv teplot na letokruhovy
prirast; c) vliv sluneénich skvrn na pfirGst v MH (miliontinach sluneéni hemisféry)

Fig. 4: Relationship of sunspot activity, season temperature and year precipitation to ring-width index
of European beech from 1986 to 2017 in which: a) Influence of year precipitation to ring-width index;
b) Influence of season temperature to ring-width index; c) Influence of mean year sunspot area in MH
(millionth of hemisphere)

Zaver

Aktivity slune€nich skvrn signifikantné ovliviiuji autochtonni bukové porosty
ve vychodnich KrkonoSich. Ze ziskanych dat vyplyva, Ze vliv sluneCnich skvrn
na bukové porosty je vétsSi, nez je tomu u sezdénnich teplot nebo uhrnu rocnich
srazek. Homogenni porosty jsou ovlivnény sluneCnimi skvrnami vice nez heterogenni
porosty, ale zaroven porosty, které prochazeji stadiem dorUstani a rozpadu jsou
méné citlivé na negativni u€inky imisni zatéze a jarnich mrazu. Tato prace doplfiuje
nové poznatky o globalni zméné klimatu, kdy tyto informace mohou byt také vyuzity
pro budouci predikovani radialniho rustu a produkce lesnich dfevin.
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Podékovani
Ceské zemeédélské univerzity v Praze, Fakulty lesnické a drevarské (IGA
¢. A19/22).

Summary

This study describes the influence of sunspot area and climatic factors
(temperatures, precipitation) on the tree-ring growth of naturally developed beech
stands in the eastern part of Giant Mountains (KrkonoSe). The researched area under
is located in the first protection zone of KrkonoSe National Park, which was founded
in 1963 in which the air pollution load stared affecting the forests in the area which
culminated in the years 1975 to 1985. The beech stands were left without forest
management, after the air pollution load which lead to natural development of
European beech stands in the area from 1986 until nowadays. This study used
dendrochronological analysis from 4 research plots of European beech stands
in which the 66 samples from the level and above-ground trees were used. Every
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measured tree of the dendrochronological sample from analysis had index larger
than CC> 35. This study focused on two naturally developed stages of European
beech forests. Homogeneous beech stands at the stage of optima and
heterogeneous beech stands at the stage of regeneration and destruction. The
results show that climatic data are not similar to each other, which indicating that
there is no link between climatic data and sunspot area. All beech stands correlate
significantly to the sunspot area and then to the season temperature and
subsequently to precipitation. The homogenous beech stands significantly correlate
with sunspots up to 51% between years 1986 and 2017. The season temperature
and precipitation show less significant correlation on homogeneous beech stands.
However, the homogenous stands are more influenced by negative effects such
as spring frosts and air pollution load. The heterogeneous beech stands indicate the
less response to spring frosts and air pollution calamity, and also the less significantly
correlate with sunspot area activity between 1986 and 2017, however the sunspot
area (28%) shows a higher correlation than season temperature (18%) and
precipitation (16%) on the tree-ring growth. The global climate change is closely
connected to sunspot area activity and it belongs to the one of the most important
factors that indicate the influence of the sun to the earth's surface. This study can be
helpful in research of forestry, forest ecology and it can even support in astronomy
studies.
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5.1.4. Letokruhy buku lesniho naznac¢uji souvislosti s prabéhem slune¢nich cykli béhem

klimatické zmény ve stiredni a jiZzni Evropé

V této publikaci jsou hodnoceny vyzkumné plochy v Krkonosich a v jizni Italii. Zadmérem
tohoto ¢lanku bylo pfinést vétsi povédomi 0 pribéhu ristu buku lesniho napii¢ Evropou, ale
také l1épe popsat klimatické faktory a vliv slunecniho cyklu na buk lesni. Pro analyzu byly
vybrany homogenni bukové porosty. Tato publikace hodnoti radialni rust buku lesniho
a klimatické faktory, které ho ovliviuji. Zkoumanymi faktory jsou ro¢ni srazky a teploty
vzduchu, ale také srazky a teploty béhem vegetacni sezony, také je zde hodnocen vliv Cisla
slunec¢nich skvrn, které charakterizuje sluneéni cyklus. V ¢lanku jsou pouzity korela¢ni tabulky,

kros-korelace (ukazujici posun korelace v Case), spektralni analyzy a waveletové analyzy.

Vysledky této prace ukazuji, ze slunecni cyklus je signifikantné obsazen v letokruhovém
priristu na vSech vyzkumnych plochéach alesponn v jedné z hodnocenych casovych period.
Z hodnocenych uhrnil srazek, sezonnich teplot a slune¢nich cykla byl nejvice vyznamny vliv
sluneénich cyklt. Vztah mezi slune¢nimi cykly a letokruhovym pfiristem v jizni Italii a
centralni Evropé se zrcadlové 1i8i od roku 1970 do 2019. Zaroven zde byl Citelny vyskyt
11letych slunecnich cykla jak v Krkonosich, tak i1 v Italii alesponi v jedné ze zkoumanych

asovych period (Simtnek et al. 2021c).
Citace c¢lanku:

SIMﬁNEK, V., VACEK, Z., VACEK, S., RIPULLONE, F., HAJEK, V., D’ANDREA, G.
2021. Tree rings of European beech (Fagus sylvatica L.) indicate the relationship with solar
cycles during climate change in central and southern Europe. Forests. 12 (3). 1-22. doi:
10.3390/f12030259.
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Abstract: The impact of solar cycles on forest stands, while important in the development of the forest
environment during climate change, has not yet been sufficiently researched. This work evaluates
the radial growth of European beech (Fagus sylvatica L.) in the mountain areas of southern Italy and
central Europe (Czech Republic, Poland) in correlation to solar cycles (sunspot number), extreme
climatic events, air temperatures and precipitation totals. This research is focused on the evaluation
of the radial growth of beech (140 dendrochronological samples with 90-247 years of age) from
1900 to 2019. The time span was divided into the following three periods: (1) a period of regular
harvesting (1900-1969), (2) a period of air pollution crisis (1970-1985) and (3) a period of forest
protection (1986-2019). The results indicate that the solar cycle was significantly involved in radial
growth on all research plots. With regard to the evaluated precipitation totals, seasonal temperatures
and the sunspot number, the latter was the most significant. Temperatures had a positive effect
and precipitation had a negative effect on the radial increment of beech in central Europe, while in
southern Italy, the effect of temperature and precipitation on the increment is reversed. In general,
the limiting factor for beech growth is the lack of precipitation during the vegetation season. The
number of negative pointer years (NPY) with an extremely low increment rose in relation to the
decreasing southward latitude and the increasing influence of climate change over time, while a
higher number of NPY was found in nutrient-richer habitats compared to nutrient-poorer ones.
Precipitation and temperature were also reflected in the cyclical radial growth of European beech.
The relationship between solar cycles and the tree ring increment was reversed in southern Italy and
central Europe in the second and third (1970-2019) time periods. In the first time period (1900-1969),
there was a positive relationship of the increment to solar cycles on all research plots. In the tree
rings of European beech from southern Italy and central Europe, a relationship to the 11-year solar
cycle has been documented. This study will attempt to describe the differences in beech growth
within Europe, and also to educate forest managers about the relevant influence of solar cycles. Solar
activity can play an important role in the growth of European beech in central and southern Europe,
especially during the recent years of global climate change.

Keywords: tree-ring data; cyclical dynamics; growth adaptation; temperature; precipitation;
sunspot number

1. Introduction

European beech (Fagus sylvatica L.) is distributed over a large number of environmental
zones throughout Europe [1]. A lack of precipitation, associated with drought, limits
European beech in its distribution in southern Europe [2—4], while low temperatures and
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spring frosts curb the beech in the north [5,6]. European beech thrives in the optimal
conditions of central Europe, and at the same time, we are witnessing its retreat from the
southern parts of Europe [7]. Lately, due to climate change, this tree species has also been
expanding into more northern areas within its distribution range [8-10]. The occurrence of
beech forests is limited by late frosts and droughts [11]. In the past few decades, European
beech has been showing better results in locations towards the north, such as southern
Sweden [12], as well as in mountainous locations, e.g., in the Czech Republic [13-15]. In
recent years, however, beech forests have been showing a greater sensitivity to drought [16],
yet this tree species can adapt accommodatingly to drought in central Europe under the
conditions of global climate change [6,13,17].

Concerning radial growth, European beech adapts better to climatic fluctuations at
lower altitudes and in nutrient-rich habitats [18,19]. By contrast, at higher altitudes, there
have been greater fluctuations in beech growth since 1975 [20]. Climatic fluctuations in the
mountainous areas of central Europe are most frequently caused by lower temperatures,
with annual temperatures affecting the radial growth of European beech more than pre-
cipitation totals [13,21,22]. Fluctuations in the radial growth of European beech, caused
by various biotic and abiotic influences, can lead to cyclic periods [21]. For example, in
the 1970s and 1980s, there was a significant negative effect of air pollution on the radial
growth of European beech in the mountains of the Czech Republic, which also led to a
weakening or even dying of forest stands [23,24]. Notable incremental fluctuations of
European beech are also induced by frost, which can affect the increment of the entire
vegetation period [21,25].

European beech stands in the Czech Republic and Italy differ in their life cycles as
well as their life span. In the Krkono$e Mountains (both in the Czech Republic and Poland),
generations of European beech stands are replaced after 230 to 250 years on average [26].
In contrast, old stands of European beech in Italy may live to be around 300 years or
more [27,28]. The age of beech stands in Italy will shorten in response to global climate
change, especially increasing average temperatures and droughts [28]. However, the radial
growth of beech stands in Italy is more affected by the negative effects of drought, which
limits the distribution of this tree species in the Apennines [29]. Beech stands in Italy are
profoundly more vulnerable and frequently stressed by drought, and this can reduce beech
increment over time [27]. In the Mediterranean forests of higher altitudes, there are also
spring droughts, which negatively affect the tree rings of European beech [30].

Solar cycles affect the climate of our planet, as was cited by the theory of “solar forcing”,
to name one. The theory documents that solar irradiance and geomagnetic activities are
important drivers of the Earth’s atmosphere [31]. Some works also describe that solar
activity, in the long run, affects the temperature of the Earth’s atmosphere, which can be
accompanied by the occurrence of colder winter periods [32]. Solar activity is sometimes
a stronger inducer of climate change than anthropogenic influences, also affecting other
factors such as precipitation or temperature [33]. Sunspot cycles are also associated with the
cycle of the Amazon River flow [34] and are directly related to flood or drought seasons in
the Songhua river basin in China [35]. On the other hand, the solar cycles may be associated
with drought periods and extreme weather fluctuations, for example in Kuwait [36]. The
effects of 11-year solar cycles on climate patterns in Europe have been observed over the
last 250 years, while the impact of sunspot activity on the climate increased during the 19th
century [37].

Global climate is affected by solar cycles [38,39]; however, the imprint of this cycle
might not be the same everywhere. The imprint of solar activity is different in the Indian,
Pacific and Atlantic Oceans [40]. There is a large number of factors that react to solar
variability differently within terrestrial climate parameters [41]. One important parameter
is that solar activity affects the properties and formation of clouds in our atmosphere,
which is caused by the ionization of cosmic rays that mirrors 11-year cycles of solar
activity [42—44]. Some studies even found a link between tree ring radiocarbon production
and sunspots [45,46]. The production rate of radiocarbon isotope is an indicator of cosmic
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radiation in the upper atmosphere, which is also connected to the solar cycle [39]. Solar
cycles also affect the average monthly temperatures in Europe [47], as well as, indirectly,
the North Atlantic Oscillation (NAO) and the Atlantic Multidecadal Oscillation (AMO) [48].
Solar cycles throughout the NAO are also partly associated with precipitation occurrence
in Europe [49]. Solar activity may also be reflected in many other climatic cycles [50].
Tree rings of beech in the Apennines are associated with the NAO [51], and even the
NAO is influenced by the solar cycle [37,49]. It is also important to mention that there
is a link between fluctuations in the radial growth of European beech in the mountains
of the northeast Czech Republic and solar activity [52,53]. Some research in the field
of dendrochronology proves the influence of solar cycles on the radial growth of trees,
which is well described by research from northwestern Russia [54,55], Chile [56] and the
Tibetan Plateau [57]. The impact of solar cycles can also be negatively reflected in tree rings,
which has also been investigated in cork oak (Quercus suber L.) [58].

This study focuses on the radial growth of European beech at higher altitudes of the
Krkonose Mountains in Poland and the Czech Republic and in the southern Apennines in
Italy. The main objective of this study was to evaluate the initial effect of the temperature,
precipitation and sunspot number on the radial growth of European beech during three time
periods that cover 119 years of growth history. The time periods were chosen deliberately
due to various and important differences in the development of beech stands over time.
The first time period (1st period) indicates the phase of man-managed stands of European
beech. The second time period (2nd period) indicates the air pollution calamity on research
plots in the Czech Republic [23,52], and the same time period was also marked out for
Italian research plots in order to maintain comparability of time periods. The third time
period (3rd period) denotes the phase without human harvesting interventions, when the
beech stands developed naturally and spontaneously. The sunspot number was chosen
intentionally to find a possible relationship between the radial growth of European beech
and the 11-year solar cycle, which has properties and intensities other than precipitation
or temperature. Another aim of this research was to assess the cycles of radial growth of
European beech using the Fourier analysis and cross-correlation in relation to the factors
examined. This is a very underexplored topical issue regarding the growth process of
one of the most important and promising central European tree species during global
climate change.

2. Methodology
2.1. Study Area

The studied area is located in the national parks of the Krkonose Mountains, both
in the Czech Republic and in Poland, i.e., in the Krkonose/Karkonosze Transboundary
Biosphere Reserve. Italian research plots are located in the southern Apennines within
the Appennino Lucano National Park, near a place called Sellata. A total of 4 permanent
research plots were evaluated, of which the first is in the Polish portion of the Krkonose
Mountains in a place called Chojnik, not far from the town of Sobieszéw. The second
research plot is in Eastern Krkonoge, in Rychory, near the town of Zaclét. The third and
fourth research plots are in the southern Apennines near Sellata. The plots in Krkonose
were established and selected in 1980 for long-term research. All research plots were
selected in accordance with the major representation of beech, altitude and homogeneous
stand structure of European beech. Samples were taken from forest stands with a 100%
share of European beech. All research plots are located in non-intervention areas, where no
harvesting operations had been carried out since 1985.

The basic site and stand characteristics are given in Table 1. The worldwide Koppen
classification was used for climate categorization in Table 1 [59]. Precipitation and tem-
perature conditions differ for the Czech Republic/Poland and for Italy, as described in
Figure 1. The Bedfichov meteorological station for Krkonose (Chojnik 1 and Rychory 2)
was selected for its data availability, as it has the longest time series for precipitation and
temperatures available to the Krkonose montane region at the altitude of 780 m a.s.l. The
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mean annual temperature for Chojnik 1 and Rychory 2 is 3.7 °C, and the annual total
precipitation is 1300 mm. The mean number of vegetation days for Czech and Polish
plots is around 120 days and the number of days with snow cover reaches 117 [21]. The
mean annual temperature for the Italian plots is 13.7 °C and the mean annual precipitation
is 1032 mm according to the Abriola meteorological station (1050 m a.s.l.). The mean
number of vegetation days for Italian plots is 135 days (same period for snow cover) [60].
In Figure 1, a descriptive map of research plots is also displayed.

2.2. Data Collection

For dendrochronological analysis of samples from the Czech Republic, Poland and
Italy, increment cores were taken from European beech using a Pressler auger, perpendic-
ular to the trunk axis at a height of 1.3 m above the ground. Structurally homogeneous
beech stands with stocking of 0.8-1 were selected for sampling. Samples were taken from
randomly selected (RNG function) healthy co-dominant and dominant trees, whose aver-
age tree diameter at breast height had to be dbh > 30 cm. The height of all sampled trees
was measured with a Laser Vertex hypsometer (Haglof, Langsele, Vasternorrland, Sweden).
The Vertex hypsometer shows the measurement accuracy (instrumental resolution) to 0.1 m
according to the manufacturer. The diameter at breast height was also measured for all
trees using a Mantax Blue metal caliper (Haglof, Langsele, Vasternorrland, Sweden). This
caliper provides an accuracy (instrumental resolution) of 1 mm according to the manufac-
turer. These research plots were monitored annually, and their detailed structural analysis
was performed every 5 years. A total of 140 samples were taken for dendrochronological
analysis; Table 2 offers more detailed information. Increment cores were measured using a
LINTAB measuring table [61] with an Olympus microscope. The measuring table provides
an accuracy (instrumental resolution) of 0.01 mm, and the TSAP-Win software [61] was
used to record the cores. Measurements were made from the bark towards the heartwood,
perpendicular to the center of the trunk, so that each tree ring was measured perpendicular
to the trunk axis. The subsequent cross-dating of the increment cores was performed with
the Cdendro program so that the cross-correlation index was CC > 25 for each sample [62].

Monthly temperature and precipitation data for Krkonose were provided by the
Czech Hydrometeorological Institute, Prague [63]. The mean monthly climatic data for
the research plots in the Czech Republic and Poland were supplied by the meteorological
station of Bed¥ichov (50°47/30.7” N 15°08'31.7" E) at an altitude of 780 m a.s.l.; the station is
35.5/54.3 km away from the research plots in the Czech Republic and Poland, respectively.
Monthly temperature and precipitation data for the research plots in Italy were provided
by the Italian Civil Protection Authority, Basilicata Region [64]. Characteristics of the
Italian research plots were provided by the meteorological station in Abriola (40°30'28.0” N
15°48/46.6" E), at an altitude of 1050 m a.s.l. The distance from the Sellata 3 and La Lama
4 research plots to the meteorological station is 3.2/5.1 km, respectively. Annual sunspot
number data were taken from the Royal Observatory of Belgium, Brussels [65].
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Table 1. Overview of basic site and stand characteristics of research plots in 2019.

Name of Plot GPS Altitude (m)  Exposure * Slope (°) Height (m) Diameter (cm) Volume (m3 ha—1) Soil Type Koppen Classification
- 50°50'12.1" N Modal
Chojnik 1 15°38/27 8" E 510 NW 16 23 39 380 Cambisol Dfb
p 50°39'57.7"" N . .
Rychory 2 15°53/05.2" F 760 NE 27 29 44 540 Eutrophic Cambisols Dfb
40°32'21.5" N I
Sellata 3 15°47/39.9" F 1275 E 26 33 60 720 Epileptic Phaeozems Csa
40°28'22.5" N .
La Lama 4 15°45/35.0" E 1340 SE 7 29 52 560 Haplic Phaeozems Csa

Notes: * NW—northwest; NE—northeast; E—east; SE—southeast; Dfb—warm summer humid continental climate with large seasonal temperature differences, with warm to hot summers and cold winters;
Csa—hot summer Mediterranean climate with dry summers and mild, wet winters.
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Figure 1. Location of permanent research plots (black dots) with monthly climatic characteristics of the mean precipitation
and mean temperature in the meteorological stations (black stars) in Bedfichov, the Czech Republic, and Abriola, Italy, over
the whole time period of 1900-2019.

Table 2. Characteristics of tree-ring chronologies for European beech in research plots for 1900-2019.

No. Trees Age Mean RW Std.
Plot Name ———— in/ R-bar ESP SNR NPY
(Samples) (Min/Max) (mm) (mm)
Chojnik 1 29 90/123 1.99 0.78 0.41 0.94 17 —
Rychory 2 33 103/182 1.05 0.53 0.26 0.92 11 1913, 1953, 2011, 2016
1962, 1970, 1988, 1994,
Sellata 3 40 94/152 2.33 0.69 0.25 0.95 19 2012, 2013, 2016, 2017
1933, 1970, 1971, 1981,
La Lama 4 38 125/247 1.73 0.58 0.34 0.92 12 2013, 2017

Notes: No. trees—number of trees; Age—age of youngest and oldest sample tree; Mean RW—mean ring width in mm, Std.—standard
deviation in mm; R-bar—inter-series correlation; EPS—expressed population signal; SNR—signal-to-noise ratio; NPY—negative pointer
years with significantly extreme low radial growth.

2.3. Data Analysis

Dendrochronological data were processed in R software [66] using the “dplr” pack-
age [67]. Detrending of each tree was performed by negative exponential detrending
with an inserted spline of 1/3 of the age of each tree using “dplr” instructions [68]. Such
detrending removes the age trend while maintaining low-frequency climate signals [55,69].
The expressed population signal (EPS) was calculated for the detrended data. The EPS
represents the reliability of a chronology as a fraction of the joint variance of the theoretical
infinite tree population. The limit for using the data for comparison in relation to the
climatic data was a significant EPS threshold so that EPS > 0.85 [68]. We also calculated the
signal-to-noise ratio (SNR) that represents the signal strength of the chronology and R-bar
(inter-series correlations) [70]. The analysis of negative pointer years was carried out [71].
For each tree, the pointer year was tested as an extremely narrow tree ring that did not
reach 40% of the increment average from the four preceding years [71]. The occurrence of
the negative year was proved if a strong reduction in increment occurred in at least 20% of
the trees in the plot.

Spectral analyses for indexed (detrended) radial increments were created with Statis-
tica 13 software [72]. The calculation was performed with the “Single Fourier (Spectral)
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Analysis” function, using the output “Periodogram” plot by “Period”. Furthermore,
this software was used to calculate correlation coefficients and cross-correlations for lag
—15 years (in relation to the sunspot number, vegetation season temperature and annual
precipitation). With Statistica 13 software (Statsoft, Tulsa), we created cross-periodograms
(real), used to study a multivariate spatial process [73]. We also used the “signal” and
“dplr” wavelet plot for KrkonoSe and Italy for the period 1900-2019 to make the den-
drochronological signal more apparent for up to 32 periods/cycles [74,75]. For the next
statistical analysis, the time span was divided into the following 3 periods: (1) a period of
active forest management and regular harvesting (1900-1969), (2) a period of air pollution
crisis characterized by extremely high SO, concentrations and acid rains (1970-1985), and
(3) a period of forest protection without human harvesting interventions (1986-2019).

3. Results
3.1. Tree-Ring Characteristics and Extreme Climatic Events

Dendrochronological characteristics are described in Table 2 and include the mean
tree ring increment at a plot (Mean), age of the youngest and the oldest sample trees (Age),
standard deviation (Std.), inter-series correlations (R-bar), expressed population signal
(EPS) and signal-to-noise ratio (SNR). The research plots in Italy (Sellata 3 and La Lama 4)
show a larger mean increment, on average 25% larger than the research plots in central
Europe (Chojnik 1 and Rychory 2). The age of the research plots indicates that Sellata 3 and
La Lama 4 were generally older than Chojnik 1 and Rychory 2. Even the research plot of
La Lama 4 reached up to 247 years. The range between maximum and minimum age was
due to age variability in the forest stands; however, all research areas showed a visually
homogeneous forest structure. A greater variability of radial growth was found in both
locations with lower altitude compared to a higher one, while a higher number of negative
pointer years (NPY) characterized by an extremely low increment was found on richer soils
compared to poorer ones.

The number of NPY ranged from 0—4 for central Europe and from 6-8 in southern
Italy. A climatically significant year common for Rychory 2 and Sellata 3 was 2016, when
the share of precipitation, lower by 26% (compared to the average), was documented in
the vegetation season. Another common NPY was recorded in 2013 for the Italian research
plots Sellata 3 and La Lama 4, where a higher annual precipitation of 1204 mm (compared
to 1024 mm per year on average) and lower seasonal temperatures of 28.3 °C (29.6 °C)
were recorded in both plots. One more common NPY for the research areas in Italy was
1970, with the seasonal precipitation totals lower by 15% (240 mm, 280 mm). The year 2017
was also significant for the Italian research plots Sellata 3 and La Lama 4, with the total
precipitation during the vegetation season lower by 41% (204 mm, compared to an average
of 289 mm), the lowest in 20 years. Similarly, the NPY of 2011 in Krkono$e was negatively
affected by an unbalanced frequency of precipitation during the year (monthly variability
was higher by 46%). Overall, the NPY show that the Apennines plots (Sellata 3, La Lama 4)
have a higher frequency of NPY than central Europe, while the Chojnik 1 research plot, for
example, has not recorded a single NPY. Additionally, 15 of the 18 NPY were found in the
second half of the solar cycle.

3.2. European Beech Tree-Ring Growth, Sunspot Number and Climate Variations

Figure 2 shows a clear difference between radial growth (a) in the Krkonose Mountains
in central Europe (Poland, Czech Republic) and (b) in the southern Apennines in Italy. The
radial growth of beech differentiates itself in each time period. A positive relationship of
radial growth in all research plots with the sunspot number is characteristic for the first
time period. This fact is also confirmed in Table 3. A change in the trend of radial growth
of European beech and the nature of its connection with sunspots occurred in the second
time period on the Italian research plots. Another interesting feature of the second time
period is a unique low or negative correlation with sunspots on almost all research plots,
which is also confirmed in Figure 2 and Table 3. In the second period, there was also a
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significant decrease in radial growth on all research plots. In the last, or third, time period,
the concurrence of sunspots and radial growth of beech in Italy was the opposite of that on
research plots in the Czech Republic and Poland. A typical interconnection with the solar
cycle (sunspot number) and the radial growth of European beech is shown in Figure 2.
These are, for example, parallel cycles of radial growth with the solar cycle in the first
time period, but the solar cycle is also reflected in the third time period (positively and
negatively). In Figure 2, a significant reduction in radial growth can also be seen, often
during the solar minimum, which can be reported for almost all time periods, except for
the Italian research plots, where in the second and third periods, this process was reversed.
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Figure 2. Standardized ring width chronologies of European beech on research plots in the Czech
Republic/Poland (a) and in Italy (b). RWI: ring width index; spl8: eight-year spline. The periods
described in the time window are as follows: 1st period: 1900-1969 (regular harvesting period);
2nd period: 1970-1985 (air pollution crisis period); 3rd period: 1986-2019 (forest protection period).

Table 3 describes the relationship between the radial growth of European beech
in the research plots and the sunspot number, annual temperature, vegetation season
temperature, annual precipitation and vegetation season precipitation in different time
periods. Radial growth of beech reacts to sunspots, temperatures or precipitation differently
in every time period. The most significant values were correlated with the sunspot number,
then with annual precipitation, and subsequently with seasonal temperatures. Mean
annual temperatures and seasonal precipitation totals did not show high correlation values
to radial growth, but they also did not show significant results. According to Table 3,
solar cycles correlated most significantly with the whole period, and subsequently, with
the third time period. The tree ring width index (RWI) showed the most significant
positive correlation with solar cycles in Poland and the Czech Republic (RWI Chojnik
1 and Rychory 2) both for the whole period and the third period. For the Italian plots
Sellata 3 and La Lama 4, the correlation results were different, with both plots having
negative correlations with the sunspot number. The Sellata 3 plot showed a significant
negative correlation over the whole period (r = —0.25) and in the third period (r = —0.37).
La Lama 4 had a significant correlation in the second time period (r = —0.51), so all plots
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significantly correlated with the sunspot number, depending on the time period. All plots
were positively correlated with solar cycles in the first time period, but only the RWI
Chojnik 1 plot was significantly positive (v = 0.31) in the first period.

Table 3. Correlation coefficients for the tree-ring width index (RWI) of research plots in different
time periods to the sunspot number, annual temperature, vegetation season temperature, annual
precipitation and vegetation season precipitation. Significant correlation values are in bold; the
correlations are significant at p < 0.05.

Years 1900-2019 1986-2019 1970-1985 1900-1969
Time Period Whole Period 3rd Period 2nd Period 1st Period
Sunspot number

RWI Chojnik 1 0.26 0.37 0.07 0.31

RWI Rychory 2 0.23 0.54 —-0.12 0.19
RWI Sellata 3 —0.25 —0.37 —0.43 0.11

RWI La Lama 4 —0.07 —0.02 —0.51 0.11

Annual temperature

RWI Chojnik 1 0.14 0.18 0.37 0.10

RWI Rychory 2 0.05 0.28 0.37 0.07
RWI Sellata 3 —0.04 0.02 —0.07 —0.02

RWI La Lama 4 0.08 —0.23 0.12 —0.08

Vegetation season temperature

RWI Chojnik 1 0.09 0.09 0.39 0.11

RWI Rychory 2 0.08 0.28 0.32 0.15
RWI Sellata 3 —0.06 0.04 —0.21 —0.02

RWI La Lama 4 —-0.12 —0.39 0.12 —-0.14

Annual precipitation

RWI Chojnik 1 —0.10 0.00 —0.28 —0.06

RWI Rychory 2 —0.18 —0.10 —0.48 —-0.19
RWI Sellata 3 0.10 0.05 0.32 0.06

RWI La Lama 4 0.15 0.02 0.11 0.24

Vegetation season precipitation

RWI Chojnik 1 —0.08 0.04 —-0.21 —0.07

RWI Rychory 2 —0.15 —0.16 —0.45 —-0.17
RWI Sellata 3 0.11 —0.01 0.45 0.13

RWI La Lama 4 0.12 0.06 0.20 0.14

Seasonal temperatures had only one significant correlation with radial growth for the
La Lama 4 plot in the third time period (r = —0.39). In the case of seasonal temperatures,
positive correlations were found for the Czech and Polish research plots, while for the
Italian ones, the values were mostly negative.

The annual precipitation totals had two significant values: for the Rychory 2 plot for
the whole time period (r = —0.18) and for the La Lama 4 plot in the first time period. Annual
precipitation totals correlated differently to radial increment than seasonal temperatures or
sunspot number. Thus, annual precipitation totals correlated negatively with radial growth
in the Czech Republic and Poland in practically all the time periods. The Italian research
plots Sellata 3 and La Lama 4 correlated positively with the annual total precipitation in all
the time periods.

3.3. Cross-Correlation up to Fifteen Years Back in Relation to Tree Ring Growth

Cross-correlations in Figure 3 show the relationship of the sunspot number, annual
precipitation and seasonal temperatures to the radial growth from up to 15 preceding
seasons in different time periods. The cross-correlations of this research describe the
relationship of radial growth to the studied factors up to 15 years into the past. Cross-
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correlations show that the most significant values are found in the sunspot number, while
the number of significant values in precipitation and temperature are almost identical. In
relation to the radial growth of European beech, the sunspot number correlates in waves.
The most concurrent correlations with sunspots on all research plots are found in the
first time period. By contrast, in the second and third time periods, the correlations turn
completely against each other when the Chojnik 1 and Rychory 2 plots are positively
correlated to the sunspot number, while the Sellata 3 and La Lama 4 plots are negatively
correlated to the solar cycle. The most common and highest significant correlation to
sunspots in terms of relative lag years is in lag 0 to —1 years for Rychory 2 and Chojnik 1
in both the whole and first time periods. Nevertheless, the La Lama 4 plot is significant to
sunspots in lag —7 to —8 relative years in the third time period. In the second time period,
the plots of Sellata 3 and La Lama 4 correlated significantly to the sunspots in lag 0 to
—1 relative years. The cross-correlations of radial growth to sunspots show that all time
periods contained significant values for almost all research plots.
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Figure 3. Cross-correlation of ring width index with sunspot number, precipitation and temperature
in the three time periods and the whole time period. Values are significant at p < 0.05 and marked
with a circle. Lag: year (Lag —1 is the correlation of the 1 preceding year).

Annual precipitation totals and seasonal temperatures cross-correlate less than the
sunspot number, which is apparent in Figure 3. In the case of precipitation and temperature,
it is also true that the research plots correlate conversely between the plots in Krkonose
and in Italy. For precipitation, the whole time period and the first time period correlate
best, which are also the longest monitored time periods. Significant values for precipitation
are found in the whole time period for the relative years 0 and —10. Another important
period for precipitation is the first time period, where the values significantly correlate
back from lag —6 to —10 relative years. The cross-correlation of radial beech growth and
seasonal temperatures only shows significant values in the first time period. The results for
precipitation in the first period show a significant value for the research plot Rychory 2 (lag
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—2 relative years), La Lama 4 (lag —2 relative years) and Sellata 3 (lag —4 to —5 relative
years and also —12 years).

3.4. Spectral Analysis

Cross-periodograms show common cycles between the radial growth data series in
relation to the sunspot number, annual precipitation and seasonal temperatures. Cross-
periodograms describe both a negative and positive cyclical relationship between our
examined data. Figure 4 describes the whole time period, with an assessment of the
influence of “SUNSPOT” (sunspot number), “Total prec.” (annual precipitation) and “Sea-
son temp.” (season temperature) on radial growth from all research plots in the period
1900-2019.
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Figure 4. Cross-periodogram of ring width index (RWI) with sunspot number (SUNSPOT), annual
precipitation (Total prec.) and seasonal temperature (Season temp.) in the whole time period,
1900-2019.

Solar cycles (sunspot number) are reflected in the observed positive radial growth of
European beech by 11-year cycles on all research plots. The La Lama 4 research plot, where
the 11-year cycle correlated both positively and negatively with the indexed radial growth
and the sunspot number, shows 20- and 40-year cycles. On the Chojnik 1 research plot,
there was a negative cross-period of radial growth and sunspots in 20- and 40-year cycles.
The Rychory 2 research plot formed negative cross-periods of radial growth and sunspots
in 6- and 30-year cycles.

Important cycles of the cross-periodogram for all research plots in relation to precipi-
tation and increment show that on the Italian plots (Sellata 3 and La Lama 4), there were
negative values for 30- and 40-year cycles. On the research plots in Krkonose (Chojnik
1, Rychory 2), there were various periodic responses of radial growth of European beech
to the total precipitation, but it is possible to say that the 30- to 40-year periods were
not as significant as in Italy. The cross-periodogram shows that precipitation cycles were
negatively correlated with radial beech growth on the Chojnik 1 and Rychory 2 research
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plots. On the Sellata 3 and La Lama 4 plots, positive 60-year precipitation cycles in radial
growth have occurred.

The seasonal temperature cross-periodogram shows minor differences. The Chojnik 1
and Rychory 2 plots had the most legible 25-year positive cycles of seasonal temperatures
with radial growth in the periodogram. The cross-periodogram also shows that the research
plots in Italy (Sellata 3 and La Lama 4) have had 40-year positive cycles in relation to
seasonal temperatures and radial growth. Furthermore, the La Lama 4 plot has had
negative 60-year cycles of increment as related to temperature, on the cross-periodogram.

The Fourier analysis in Figure 5 shows the difference between the 1st and third time
periods. As in the graph in Figure 5, the Chojnik 1 research plot showed 4-, 7-, 11- and
18-year cycles in the first time period. In the third time period, there were 7- to 12-year
cycles on the Chojnik 1 research plot. In the first period, the Rychory 2 research plots
showed 4-, 18- and 35-year cycles in radial growth. In the third period, there were 3-, 33-
and 7- to 11-year cycles in radial growth on the research plot of Rychory 2. The Sellata 3
research plot showed 8-, 12- and 24-year cycles in the first period. In the third time period
on the Sellata 3 research plot, there were 4- and 12-year cycles in radial increment. The La
Lama 4 research plot in the first time period showed 5-, 10-, and 18- to 35-year cycles in
relation to the radial growth of beech. In the third period on the La Lama 4 research plot,
there were 4-, 5- and 7-year cycles in the radial growth of European beech.
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Figure 5. Single spectral analysis of the indexed ring-width chronology for European beech in the first and third periods.

It is evident from Figure 5 that 7- to 12-year cycles most commonly occur in radial
growth, but these results are time-period-dependent. Furthermore, each research plot
apparently has 9- to 12-year cycles in at least one time period.

The wavelet plot in Figure 6 describes the occurrence of cycles (periods in the graph) in
time between the Apennines and the Krkonose Mountains. It documents that 24- to 32-year
cycles during the period 1900-1990 were the most important in Krkonose. There were
also less significant cycles in the period (dark gray color) from 1910 to 1960 in Krkonose,
with approximately 6- and 20-year cycles reported. However, the darkest gray color on
the Krkonose research plots shows that from 1985 to 2018, cycles of around 4 and 12 years
were also important. Research plots in Italy revealed significant 16- to 22-year cycles for
the period 1900-1940, and also 4-year cycles for the period 2010-2015. Periods from 1920
to 1940 with cycles of about 12 years were less significant on the Italian plots. In addition,
there were less significant 3- to 8- year cycles in the period of 1960-2015. The wavelet
plot in Figure 6 shows 9- to 13- year cycles, which are the most common for Krkonose
and Italy in the 1990-2019 period, but the results from Figure 6 are below the statistical
significance limit.
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Figure 6. Wavelet plot calculated from mean RWI (ring width index) of European beech stands in the Krkonose mountains
in Poland and the Czech Republic (left) and plots in Italy in the Apennines mountains (right). Black color represents the
90% significance level against the dark gray noise level.

4. Discussion
4.1. Different Growth Conditions of European Beech in Central Europe and the Southern Apennines

Beech stands in central Europe have fewer vegetation days than in the Mediterranean,
which is reflected in the size of the mean radial growth. Increment on the research plots
in KrkonoSe is smaller by an order of magnitude (approximately by 25%) than on the
research plots in the southern Apennines (Table 2). Beech stands in Krkonose belong to a
European beech provenance more sensitive to drought, which may be related to its earlier
fall of the assimilation apparatus. In contrast, beech stands in the Mediterranean are more
drought-resistant and defoliate later [28,76]. In the KrkonoSe Mountains, temperatures
were proven to have a greater effect on the radial growth of European beech than precip-
itation totals [21,77]. On the Chojnik 1 research plot, our results in Table 3 confirm that
temperatures had a higher correlation with radial growth than with the total precipitation,
while on the Rychory 2 research plot, this fact is validated in the third time period. The
total precipitation had a negative effect on the radial increment in central Europe. Similar
negative responses to precipitation were also confirmed by reference sources [22,78]. For
beech in KrkonosSe, it is also true that with a higher altitude, the temperatures play a greater
role in radial increment [79], which is verified by our results. It is evident from Table 3 that
in the 1st and third time periods, the temperatures correlated more at Rychory (760 m a.s.L.),
which is located higher than the research plot of Chojnik 1 (510 m a.s.l.). Altitude also
influenced growth consistency at both locations, while higher incremental variability was
found in lower-situated areas compared to those with higher altitude. In general, beech
stands have faced increasing drought stress in recent years [11], but in the montane areas
of Krkonose, spring frosts have more significant negative effects [21].

Beech forests in the Mediterranean are also affected by drought and spring frosts,
as evidenced, for example, in the Pyrenees [80] and the Apennines [81]. Drought is a
limiting factor in the European beech growth in the Apennines [29], as is confirmed by the
negatively significant years (NPY) in Italy, where the impact of drought on radial growth
was recorded on our plots Sellata 3 and La Lama 4 several times, e.g., in 1970 and 2017.
In general, more NPY were detected in central and southern Europe in nutrient-richer
habitats compared to the poor ones. On productive sites, climate change can hamper tree
growth and forest productivity [82]. Also, other studies have shown that trees were more
sensitive to climate on the more productive sites compared to poor ones due to differing
proportions of latewood to earlywood [83,84]. Assessing tree responses to climate change
without simultaneously considering soil properties and climate may be misleading, since
soil nutrients can influence the growth response of trees to drought [85]. Our results also
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showed that 15 of the 18 NPY were observed in the second half of the second part of
the studied period. An increasing number of NPY during the time may be caused by an
increasing number of extreme climatic events in ongoing climate change [80,86,87].

Beech stands in the southern Apennines (Sellata 3 and La Lama 4) were negatively
correlated with temperatures and positively correlated with precipitation (Table 3 and
Figure 3), which is exactly the opposite from the research plots in KrkonoSe. Scientific
literature also confirms that these correlations of precipitation and temperature to radial
beech growth in the Apennines may be due to winter accumulation of precipitation in
the soil [51]. The negative correlation of the beech radial growth to the temperatures on
the Sellata 3 and La Lama 4 plots could be explained by the effect of higher temperatures
during dry periods [88].

4.2. Solar Cycles, Climate Change and the Possible Link to European Beech

Solar activity affects the climate on our planet [50], which is also reflected in the
NAO [37,49]. Many other studies have also shown that the effect of solar activity has an
impact on precipitation and temperature [33,34]. Temperatures on the European continent
correlate with the NAO mainly during the winter and spring periods [47]. Precipitation
totals are also linked to solar activity, but it is important to mention that precipitation is
also affected by solar activity during July in Italy and during May, June and July in the
Czech Republic [49]. As in Figure 1, there is also a noticeable difference between monthly
precipitation totals and temperatures during the year, when precipitation totals differ
significantly—in Krkonose, the main precipitation occurs over the vegetation season, while
in Italy, it occurs during the vegetation off-season.

Wind currents high in the atmosphere, or “jet streaming”, are associated with solar
cycles, where these wind currents are blocked during the solar minimum [89,90], leading
to a colder winter season [91]. In contrast, the solar maximum leads to an acceleration
of wind currents [92], which, through “Ferrel cells” [93], increases the pressure of winds
affecting the European continent. This may be confirmed by research in Spain, where the
solar cycle has been found to be associated with precipitation and wind anomalies [94]. The
solar cycle is associated with the occurrence of large forest fires and dry weather seasons
during the solar minimum, which has been proven in Turkey [95]. Our research plots in
the mountainous areas of the Mediterranean, Sellata 3 and La Lama 4 (Figure 2), have
recorded higher increments in recent years (third period) during solar minimums. This fact
can be supported by better conditions for growth at higher altitudes, which is confirmed
by correlations presented in Table 3, showing the relationship between temperatures and
radial growth as being predominantly negative.

Solar cycles are linked to climate change and temperature differences on the planet’s
surface. There is a study that describes a possible association of low sunspot activity
with climatically cold periods on the Earth [32]. Solar cycles do not affect temperatures
and precipitation directly, and it has been shown that solar activity is not imprinted on
these factors entirely [86,96]. The total contribution of solar activity to variations in the
Earth’s global temperature and climate is insignificant but not negligible [97]. Other studies
describe the link between cosmic rays and solar cycles [98]. It is the cosmic rays that are
associated with cloud formation, and this also affects the amount of light falling on the
planet’s surface, where low solar activity (low sunspots) leads to a higher amount of cosmic
rays, creating a thicker cloud cover and cooling the planet [38,39]. Our results may be
related to the decreasing activity of sunspots [99] due to the fact that there has been a
lower radial growth in Krkonose since around 1990 (Figure 2a), and a decrease in the radial
growth of beech in the southern Apennines since 2010 (Figure 2b). In the central Apennines,
there has also been a long-term reduction in the radial growth of European beech due to
drought since 1970 [27], while concurrently, sunspot number has been lower since 1980
(Figure 2). Our results show the response of radial growth to solar cycles in Figures 2 and 3
and Table 2, when the research areas in Krkonose correlated positively and the areas in
southern Italy correlated negatively in the third time period. The opposite reactions of the
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radial growth to the solar cycle were observed in our results after 1960. Simultaneously;,
global temperature was affected due to increasing CO; since 1960, which disturbed the
natural process of solar cycles [100]. This fact of opposite correlations could be attributed
to solar activity or climate change, where both factors are accompanied by changes in the
NAO [47]. This is because changes in air temperatures on the surface of the Earth can also
be related to the changes in low and high pressures above Europe [91,101].

4.3. Feedback and the Relationship of Radial Growth to the Sunspot Number Across the Time Frame

Solar cycles play a role in the radial growth of European beech in Krkonose, which
has been proven in the vicinity of research plots in Rychory [52]. Our results confirm that
not only Rychory 2, but also the northern part of Krkono$e (Chojnik 1), are associated
by positive correlations (Table 3) with the solar cycle during the first and third time
periods (Figures 2-5). A positive relationship of Scots pine growth has also been found
in northwestern Russia [55]. It was also confirmed in Krkonose in the 1980s, when an
air pollution calamity (high SO, concentrations) occurred, reducing the radial growth of
European beech [21,24,102]. Our results from the research plots in Chojnik 1 and Rychory
2 in the second time period also describe this event. In the second period, there was also a
decrease in radial growth on the Italian research plots of Sellata 3 and La Lama 4, while
Figure 3 shows a significant result of the negative cross-correlation with solar activity for
both Italian plots. In the third time period, the negative relationship between the plots in
the Apennines (Sellata 3 and La Lama 4) also continued, while the first and second periods
could be compared to the research of solar cycles and their relation to cork oaks in the
Mediterranean in Portugal, where a negative relation between tree bark increment and the
solar cycle was confirmed [58]. Other studies have also confirmed a negative correlation
of solar cycles with the radial growth of Pinus pinaster in northern Portugal. The same
study found a minor negative correlation of radial growth and solar cycles in southern
Slovakia [103].

Cross-correlations in Figure 3 show the feedback of the radial growth of European
beech and solar cycles on the Italian research plots in the third time period, where Sellata
3 showed significant correlations in the 7 to 8 preceding years. This could indicate a
possible shift in the effect of solar activity in the Apennines. We can even find regression
correlations of increment and solar cycles in the first and second time periods for the Italian
plots, which are 1- to 2-year shifts in the significant correlation coefficients. The effect of
cross-correlations with solar cycles could be attributed to the effect of the NAO, while
for European beech, the influence of the NAO on the radial growth in central Italy was
confirmed [51]. Changes in the radial growth of European beech in Italy in the second
and third time periods may have been due to the influences of the NAO over Europe,
which may have caused different responses of cross-correlations between Krkonose and
the Apennines [104,105].

4.4. Recorded Cycles in Beech Tree Rings

In terms of radial growth, our results in Figures 5 and 6 show 9- to 12-year cycles
most frequently, recorded for each research plot in at least one of the time periods. These
periods are associated with solar activity, which has 8- to 12-year cycles. These cycles
have been recorded in the radial growth of various tree species, e.g., in Europe [103],
Russia [55], South America [106] and Asia [57]. Furthermore, 4- to 7-year cycles have been
reported for radial growth, which can be classified as the “Schwabe cycle”, the second
harmonic cycle of the sun associated with the aforementioned cosmic rays [107]. The
high-frequency oscillations for about three years might be associated with the frequent
changing in global temperatures [108,109]. In addition, Figure 4 shows a minor share of
4- to 7-year cycles in a cross-periodogram with temperatures and precipitation, where,
e.g., 8-year cycles have been recorded in Germany as being most synchronous with the
vegetation phenology of beech [110]. Short (3- to 4-year) cycles can also be found in the
cross-periodogram of radial growth and precipitation, and again, they may be linked
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to the NAO [49]. Longer (17- to 35-year) cycles could be assigned to the 22-year Hale
cycle, which repeats through meteorological indicators such as temperature and ozone
concentration [40] or precipitation [49]. This 22-year cycle has even been found in tree rings
in Tibet [57] and northwestern Russia [55]. Our results also partly include the occurrence
of 33- to 36-year cycles, which might indicate the dynamics of droughts [108]. Multi-year
cycles in the cross-periodogram are among the influences of the Gleissberg cycle, which
takes 80-90 years [40]; this cycle is linked to global temperature changes [97].

5. Conclusions

Solar cycles were recorded in the tree rings of European beech both in Krkonose and
in the southern Apennines. A higher number of negative significant years, characterized by
extremely low radial increments, were recorded in southern compared to central Europe,
while a lower number of NPY was found at nutrient-poorer sites. The frequency of NPY
also increased over time with increasing frequency of extreme climatic events in response
to climate change, especially droughts in vegetation periods. Radial growth on individual
research plots correlated differently within each time period. The most significant values
were recorded for the sunspot number (compared to temperature and precipitation), which
correlated profoundly with the radial growth of beech. Each research plot correlated at
least once with the sunspot number. Research plots in Krkonose responded positively
to the sunspot number, seasonal temperatures and annual precipitation totals, while the
research plots in the southern Apennines correlated in exactly the opposite way than those
research areas in central Europe. In the first time period (1900-1969), there were positive
correlations with the sunspot number on all research plots. In the second time period
(1970-1985), there was a decrease in radial growth both in the Apennines and Krkonoge. In
the last, third period, time period (1986-2019), there were the most significant correlations
between the radial growth of beech and the sunspot number, while precipitation and
temperature correlated less significantly. In total, 4- to 7-year, 9- to 12-year and 17- to 35-
year cycles were found in the radial growth of beech. Cross-periodograms of beech radial
growth confirmed mainly 11-year cycles of solar activity and 30-year cycles for annual
precipitation totals. This research demonstrates that solar cycles manifest differently in
central and southern Europe. Research of the intensity and repetition of solar cycles can
be helpful in uncovering new and unexplored processes that affect radial growth across
Europe. Our findings could help in understanding the adaptation of forest management
to climate change. Moreover, the solar cycles might be observed in radial growth even
without radiocarbon analysis. This study should improve the forestry and climatological
research understanding of natural cycles and their effect on the radial growth of European
beech during global climate change.
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5.1.5. Otisky sluneénich a klimatickych cykla v letokruzich buku lesniho

Tento védecky clanek se zabyva dendrochronologii buku lesniho na lokalit¢ Broumovské
stény. Buk v této lokalité prochazi stadiem poc¢ate¢niho rozpadu porostu a sklada se ze dvou
etazi, kdy v tomto ¢lanku je hodnocena reakce hlavni etaze v Grovni a nad turovni. Tento ¢lanek
posuzuje radialni ptirtist buku lesniho vici klimatickym faktorim jako jsou srazky, teploty
vzduchu a vliv slune¢niho cyklu, ale také je radialni pfirGst porovnan s imisnim znecisténim
SOz. Tento ¢lanek doklada z velké miry cyklické vykyvy v radialnim rstu buku lesniho. Pro
analyzu vysledki bylo pouzito korelacnich a hlavné spektralnich analyz, které popisuji
statistickou vyznamnost jednotlivych cykll a faktorii ve sledovanych datech v§ech zkoumanych
faktord.

Vysledky ¢lanku ukazuji, ze nejvyssi korelacni koeficient byl zaznamenan mezi radialnim
priristem buku lesniho a ¢islem slune¢nich skvrn, poté to byly teploty ve vegetacnim obdobi a
nejmensi korelace byla zaznamenana vici Uhrnu srdzek. Nejvyssi negativni korelace byla
zaznamenana hlavné ve vztahu radidlniho ristu a imisi SO». Radialni pfirtst, thrn srazek a
teploty ve vegetatnim obdobi byly zpracovany spektrdlni analyzou pro zhodnoceni
periodickych cyklid. V radidlnim rstu buku se nachazi 7,5 az 11lety cyklus, ktery je kombinaci
mezi periodami slune¢nich cyklii a mezi periodou teplot ve vegetaénim obdobi. Studie pfiristu
buku lesniho v dob¢ klimatické zmény tak pfindsi nové poznatky, které mohou byt vyuzity jako
podklad pro tvorbu pfirod¢ blizkého a udrzitelného lesniho hospodafstvi na exaktnich
zékladech (Siminek et al. 2021a).
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Abstract: The present study is focused on European beech (Fagus sylvatica L.) growth in eastern Bohemia in the Brou-
movské stény National Nature Reserve, Czech Republic. The objective of this research was to develop an evaluation
of European beech radial growth in relation to solar activity (number of sunspots), air temperature in the growing
season, annual precipitation and air pollution (SO, depositions). The highest positive significant correlation coefficient
was found between radial growth of European beech and number of sunspots, followed by the correlation with air
temperature in the growing season. The radial growth showed a negative significant correlation with SO, depositions.
The correlation of the radial growth indicates that precipitation and sunspots have a lower correlation coefficient with
beech growth than seasonal temperature during an air pollution disaster in the 21% solar cycle. Radial growth, precipi-
tation total and air temperature in the growing season were processed by spectral analysis for the evaluation of periodic
cycles. The 7.5- to 11-year cycles were observed in air temperature and in sunspot cycles. Precipitation and air tempe-
rature in the growing season indicate a higher frequency at 3.7-year cycles. The long-term periodicity of radial growth

was influenced by both solar activity and fluctuations of growing-season air temperature.

Keywords: sunspot area; solar activity; cyclicity; radial growth; Central Europe; air pollution load

European beech (Fagus sylvatica L.) is the most
widespread deciduous tree species in Central
Europe (Pretzsch et al. 2013; Sharma et al. 2016;
Stefan¢ik et al. 2018b). This tree species is very
important, both from an economic point of view
and for ecological aspects (Podrdzsky et al. 2014;
Bulusek et al. 2016; Stefancik et al. 2018a). In ad-
dition, the importance of European beech is in-
creasing as a replacement for Norway spruce due
to the ongoing climate change (Vacek et al. 2019a),
as there are large-scale declines and disturbanc-
es of sensitive spruce stands (Toth et al. 2020).
The growth of European beech forests can be in-
fluenced by several factors, such as temperature
and precipitation (Reme$ et al. 2015; Gallo et al.

2017; Vacek et al. 2019b), air pollution (Breckle,
Kahle 1992; Kralicek et al. 2017), game damage
(Slanaf et al. 2017; Vacek 2017), habitat conditions
(Dittmar et al. 2003; Vacek et al. 2015b; Hajek et al.
2020) including weed competition in the initial
stage of growth (Gallo et al. 2018a, b), silvicultur-
al interventions (Sharma et al. 2019; Vacek et al.
2020a) and previous land use (Rozas 2003; Cu-
kor et al. 2017). One of the important factors affect-
ing radial growth of European beech is also solar
activity and its cycles (Komitov, Kaftan 2019).
Eleven-year solar cycles are defined by the sun-
spot area on the Sun’s surface. Many indicators
of solar activity (Hathaway 2015) are associated
with these solar cycles that are part of natural
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variability of the Earth’s climate (Kadonaga et al.
1999). In the past, it was proved that solar cycles
influence the water cycle of the planet Earth (Al-
Tameemi, Chukin 2016). Solar cycles also influ-
ence the atmospheric circulation in higher parts
of the atmosphere of the northern hemisphere,
which is manifested in so called North Atlantic at-
mospheric circulation (Brugnara et al. 2013). With
increasing altitude above sea level, the influence
of solar cycles on the air temperature is increas-
ing (from 1 500 to 8 000 m) (Kumar et al. 2018).
There are also studies showing that the solar ac-
tivity has a long-term impact on the temperature
of the Earth’s atmosphere, which is accompa-
nied by the occurrence of colder winter seasons
(Lockwood et al. 2017). Other research works have
proved that the effect of solar activity also influences
precipitation and temperature (Mauas et al. 2016;
Baker et al. 2018). The solar activity even impacts
on the properties and formation of clouds in the at-
mosphere, which is caused by cosmic-ray ionization
that reflects 11-year cycles of solar activity in a re-
verse way (Jayaraman et al. 1998; Haywood, Boucher
2000; Maghrabi, Kudela 2019). Consequently, fluc-
tuations in the Earth’s surface irradiance occur. Re-
searches in the field of dendrochronology document
the effect of solar cycles on tree ring radial growth,
which was described by studies conducted in north-
western Russia (Shumilov et al. 2011; Kasatkina et al.
2019), Tibetan Plateau (Wang, Zhang 2011) or Chile
(Rigozo et al. 2002).

The growth dynamics of European beech is re-
sponding to 11-year solar cycles in the Krkonose
Mountains (Simfinek et al. 2021). The solar cycles
were found also in the radial growth of other tree
species across Europe (Dorotovic et al. 2014) and
Russia (Shumilov et al. 2011). Scientific studies also
documented that the main commercial tree spe-
cies (European beech, Norway spruce, Scots pine,
European larch and sycamore maple) in the stud-
ied Sudetes mountain range respond very well
to seasonal temperature and subsequently to pre-
cipitation (Vacek et al. 2017; Putalova et al. 2019;
Cukor et al. 2019, 2020). The action of the above-
mentioned climate factors is cyclical in various in-
tervals, and therefore more detailed research may
be very useful for the forestry sector. Another ex-
ample of beech’s growth being influenced by cycli-
cal events is for example the natural regeneration
of beech stands regenerating after fire in 5-12 years
(Maringer et al. 2020). The productivity cycle of Eu-
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ropean beech is repeated within 2—-20 years (Miiller-
Haubold et al. 2015). The productivity of European
beech stands was found to be associated with pre-
cipitation and temperature factors at a given site
(Drobyshev et al. 2010; Bogdziewicz et al. 2019).
These facts suggest a conclusion that the cyclical
growth of European beech stands is related with
cycles of mast years (Drobyshev et al. 2010).

The present study demonstrates the theoretical
cyclicity of radial growth by means of a spectral
analysis of European beech in eastern Bohemia
(Broumovské stény National Nature Reservation)
in relation to air temperature, precipitation and
solar activity. The main objective was to determine
the cyclic nature of European beech radial growth
by a dendrochronological analysis. The study eval-
uates correlations and spectral analysis of radial
growth, sunspot number, air pollution (SO, deposi-
tions), air temperature and precipitation. The out-
comes of this study could be used as background
material for a more exact definition of the cyclicity
of natural influences on European beech growth
under the conditions of climate change.

MATERIAL AND METHODS

Study site. The study site is located near the town
of Broumov in the Broumovské stény National
Nature Reserve (NNR) within the Broumovsko
Protected Landscape Area in the eastern part
of the Czech Republic (Figure 1). The NNR was
established in 1956 due to a unique pseudokarst
relief in Upper Cretaceous block sandstones occur-
ring in the form of extensive rock walls and is made
up by acidophilic and herb-rich European beech
forests and scree forests. The study area is situat-
ed at an altitude of 610-640 m a.s.l. on the slope
with eastern aspect and gradient of 28—-43° on GPS
50°34'31.7"N 16°15'42.2"E. Modal Cambisol and
Cambic Rankers are the prevailing soil types. Aver-
age annual air temperature was 7.3 °C and average
precipitation total was 744 mm in 1961-2018.

Studied stands have been left to spontaneous de-
velopment in this area and are in the initial break-up
stage according to Korpel (1995). The stand struc-
ture is mostly composed of two storeys: an old-
growth European beech forest (150-210 vyears
of age) is in the overstorey and predominantly Eu-
ropean beech undergrowth (5-30 years of age) is in
the lower storey. Stand volume on average reaches
550 m3ha~! with mean stocking of 0.7, tree height
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Figure 1. Localization of studied European beech forest stands in the Broumovské stény National Nature Reserve
in the Broumovsko Protected Landscape Area (left) and a demonstration of temperatures, precipitation and SO, con-

centrations (right)

of 36 m and diameter at breast height of 53 cm
(Vacek et al. 2015a). European beech (Fagus syl-
vatica L.) is the main overstorey species in the for-
est stands with the admixture of Norway spruce
(Picea abies /L./ Karst.), sycamore maple (Acer
pseudoplatanus L.) and rowan (Sorbus aucuparia
L.). From the point of view of typology, research
plots are classified as 5A, i.e. Acereto-Fagetum lapi-
dosum (enriched stony sycamore-beech stands)
(Viewegh et al. 2003). Information on the stand
structure was computed from the field measure-
ment of dendrometry variables using the Field-
Map technology (IFER-Monitoring and Mapping
solutions Ltd., Czech Republic). More detailed
characteristics of the area of interest and perma-
nent research plots were published by Vacek et al.
(2015a). The vegetation season lasts for 150 days,
which corresponds to the period from May to Sep-
tember (Simdnek et al. 2019, 2021). The vegetation
season was considered to be the mean from May
to September for air temperature (Simtnek et al.
2020). The precipitation was used as the annual
sum of precipitation. We decided to use annual pre-
cipitation on the basis of a study from the nearby
Krkonos$e Mts., where the main significant correla-
tion between monthly precipitation and tree ring
growth was revealed by the Dendroclim software

(2002) outside the growing season (from January
to March) (Simtinek et al. 2019).

Data collection. Dendrochronological samples
were taken with a Pressler borer in a perpendicu-
lar direction to the centre of the tree trunk. Thir-
ty samples (one bore per tree) were taken from
codominant and dominant trees at breast height
of 1.3 m above the ground according to Kraft (1884).
The collected dendrochronological cores were mea-
sured with an Olympus microscope using a LINTAB
measurement table (Rinntech 2010). The cross-
dating of the increment cores was performed with
the Cdendro software (Cybis Elektronik & Data AB,
Version 7.7, 2020) so that the cross-correlation in-
dex (CC) was > 25 for each sample.

Data on precipitation and temperature were
used from the Trutnov meteorological station
of the Czech Hydrometeorological Institute.
The weather station located in the town of Trut-
nov was used for this study. This meteorological
station is 24 km from the studied area with an al-
titude of 460 m a.s.l. (50°34'10.9"N, 15°54'42.0"E).
The analysed period was intentionally chosen
as the years from 1961 to 2018 because of the avail-
ability of climate data (precipitation, temperature).
Data on maximum SO, depositions were repre-
sented by the arithmetic mean of data from 5 mea-
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suring stations (Hony, Sous, Jizerka, Bedftichov,
Serlich) situated in the Sudetes Mountains nearby.
Data sets of SO, maximum of each included sta-
tion were incomplete due to short periods of re-
cording. The stations were located 1 (the closest
station Hony) to 68 km from the research plot and
in an altitudinal range of 510—905 m. The station
Hony recorded SO, measurements during the pe-
riod 1970-2012. Solar activity data used originated
from the World Data Center SILSO (WDC-SILSO
2020), Royal Observatory of Belgium, Brussels.

Data analysis. All data were processed by the R soft-
ware (Version 3.6.0,2019) using dpIR (Zangetal. 2018),
signal (Ligges et al. 2015) and waweslim packages
(Whitcher 2020). Two steps in detrending were used.
Detrending of samples was calculated by the negative
exponential function in the first step. In the second
step of detrending a spline evaluated as 2/3 of the age
for each tree sample was used. The spline for the sec-
ond step of detrending was evaluated for each tree
individually based on the age of the sample and
the values of the spline ranged from 113.3 to 140.0.
The mean dendrochronological curve was calcu-
lated as the mean from each detrended tree sample.
The used detrending maintained low-frequency vari-
ability and removed the age trend at the same time
(Shumilov et al. 2011). Detrended tree-ring series
of individual trees were averaged. The 8-year spline
was calculated from the mean detrended data curve
to remove yearly short-time fluctuations. Detrend-
ed data series were used for the spectral analysis
by the “redfit” function or Schulz’s REDFIT (version
3.8e, 2002) program when this function estimates
the red-noise spectrum of a time series (Schulz,
Mudelsee 2002) with an optimum testing spectrum
against the red-noise background using the analy-
sis of Monte Carlo simulations. This computation
was done following the instructions for R according
to Bunn and Korpela (2018b).

Basic dendrochronological indicators were com-
puted according to the procedure for dpIR (Bunn,
Korpela 2018a). For detrended tree ring growth
data the basic dendrochronological indicators were
computed like the expressed population signal

https://doi.org/10.17221/94/2020-JES

(EPS). The EPS is a confidence of dendrochrono-
logical data in relation to testing reliability against
climate data. The inter-series correlations (R-bar)
were computed. The R-bar is a correlation between
dendrochronological series/samples (Fritts 1976).
These indicators were computed for the used pe-
riod 1961-2018. The EPS in our study is larger than
0.85, which is a significant level for the climate cal-
culations (Wigley et al. 1984).

Correlations between radial growth, air tempera-
ture, precipitation, sunspots and maximum SO,
depositions were computed in Statistica 13 soft-
ware (Version 13.5.0.17, 2018). A situation map was
made in ArcGIS 10 software (Version 10.8, 2020).

Since 1961 there have been five sunspot cycles
on the Sun’s surface that are chronologically num-
bered as solar cycles 20 to 24. All used data series
were divided according to the time span of solar cy-
cles into five sections. Each solar cycle was divided
according to the years determined from the World
Data Center SILSO (WDC-SILSO 2020). The sun-
spot cycles in this study are defined by the sunspot
number and year window which are as follows: cy-
cle 20 in 1964-1976; 21 in 1976-1986; 22 in 1986—
1996; 23 in 1996—-2008; 24 in 2008—-2018.

RESULTS

The basic dendrochronological description of Eu-
ropean beech chronology indicates that the EPS in-
dicator (0.91) is sufficiently significant for a climate
analysis (Table 1). The mean tree-ring width of Eu-
ropean beech in Broumovské stény NNR reached
1.87 mm with growth variability (standard devia-
tion) 0.7 mm. The inter-correlation (R-bar) value,
describing the similarity of tree samples to each
other, was 0.26.

Figure 2 documents that the solar cycles impact
on radial growth of European beech. The influence
of solar cycles on European beech growth is evident
almost in every solar cycle. Radial growth of Euro-
pean beech in Figure 2 copies rises and falls of so-
lar activity but there are also exceptions when this
phenomenon was dispelled. This phenomenon

Table 1. Overview of the basic research plot characteristics and dendrochronological description

Plot name Exposure Altitude Tree height Diameter Forest Stan.d Age No. of Mean tree- o 4oy Rebar EPS
(m) (m) (cm)  type stocking range samples ring (mm)
Broumov East 620 36 53 5A2 0.8 150-210 30 1.87 0.7 026 091

St. dev — standard deviation; R-bar — inter-correlation; EPS — expression population signal
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Figure 2. Tree-ring width index of European beech growth and annual number of sunspots in the period from 1961 to 2018

spl8 — eight-year spline; RW1I — tree-ring width index; numbers 20, 21, 22, 23 and 24 — solar cycle numbers

was dispelled by the impact of air-pollution load
(high SO, concentration) lasting from 1970 to 1987
and by heavy spring frosts in 2011. Since 2000,
the impacts of global climate change that disturbs
the parallelism of European beech radial growth
to solar cycles have been increasing. Figure 2 illus-
trates a long-term effect of solar activity on Euro-
pean beech radial growth, which is well described
by eight-year splines where short-term fluctuations
in studied data have been removed. The splines
demonstrate the parallelism of radial growth and
solar activity. Three solar cycles 20, 22 and 23 are
almost clearly reflected in European beech radial
growth by a higher increment during solar maxi-
mum (Figure 2).

Figure 3 illustrates the correlation coefficients
of radial growth with annual precipitation and with
growing-season temperatures (May—September).
Figure 3A documents that the correlations of solar
activity, seasonal temperatures and annual precipi-
tation vary during each solar cycle. The air pollution
disaster had a negative impact on European beech
radial growth in the 70s to the 80s of the 20" cen-
tury, i.e. during solar cycle 21, but the increment
response to precipitation was negative during that
cycle (Figure 3). However, the correlation of SO,
with radial growth during solar cycle 21 is not sig-
nificant and it even shows positive values. This pos-
itive correlation can be caused by the short-term
synchronization of data before the culmination

A B
1.0 +* 04
2 2 *
g 0.5 g *
g g 02
! v : ., =
z 00 = 00
S NG S
g -05 g -02
S 5
O O
-1.0 04
20 2 22 23 24 Whole time period (1961-2018)
Sunspot cycle
=8 Sunspot —#— Season temperature W Sunspot B Season temperature
Precipitation SO, max Precipitation SO, max

Figure 3. Correlation coefficients (r) of the tree-ring width index with precipitation, seasonal air temperature in the veg-
etation period, sunspot number and maximum SO, concentration; (A) correlation coefficients of the evaluated factors
in individual solar cycles; (B) correlation coeflicients for the entire time period 1961-2018; the sunspot cycles are defined
by the number and year window: 20, 1964—-1976; 21, 1976—1986; 22, 1986—1996; 23, 1996—2008; 24, 2008—2018 (statisti-
cally significant values are marked with asterisk for A at P < 0.05 and for B at P < 0.20)
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of SO, air pollution in 1987, and even at the same
time the correlation with temperatures increased.
The correlations of solar activity with radial growth
indicate the culmination of coefficients in solar
cycle 22. The total correlations demonstrate that
the solar activity has the highest correlation coeffi-
cient (Figure 3B), but these results indicate a statis-
tically significant result at P < 0.20. Our results also
confirm the high significant correlation of the SO,
air pollution load with beech radial growth. The ev-
idence of negative correlation between tree growth
and SO, concentrations was recorded in Figure 2
(in the years from 1970 to 1987) and Figure 3B,
where we recorded the highest negative significant
correlation (r = —0.2386; P < 0.20) with the maxi-
mum SO, values during the entire time period.
Our results also show significant correlations with
the maximum values of SO, concentrations in Fig-
ure 3 during solar cycle 20 and 23. Additionally,
we found a significant correlation (» = 0.315) of ra-
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dial growth with maximum values of SO, and there
was even the significant cross-correlation, where
Lag reaches up to -2 years.

The spectral analysis of data (Figure 4) from 1961
to 2018 indicates that every investigated factor re-
peats statistically significant cycles. Tree-ring width
index in Figure 4A contains 3.7- and 7.5-11-year
cycles. The results also describe the influence of 11-
year and 22-year solar cycles in the data for the num-
ber of sunspots (Figure 4B) while the periods from
9- to 13-years are also statistically significant. The sea-
sonal temperature (Figure 4C) contains 3.2- and 6-8-
year cycles. Precipitation total in the growing season
(from May to September) in Figure 4D repeats cycles
after 2.3 and 3.3 years. At the same time, the tree-ring
width index of European beech shows a cyclical inter-
relation between temperatures and solar cycles. Pre-
cipitation total in the growing season does not have
a directly significant period consistent with the tree-
ring width index of European beech.
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Figure 4. Spectral analysis of data sets in the time period 1961-2018; (A) tree-ring width index of European beech; (B)
annual number of sunspots; (C) average seasonal temperature; (D) seasonal precipitation

The lower parabolic line — significant at 90%; the middle line — significant at 95%; the upper line — significant at 99%; inf. — infinity
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DISCUSSION

Solar cycles are associated to climate change and
temperature differences on the planet Earth’s sur-
face. Solar cycles are assumed to influence temper-
atures and precipitation indirectly (Simtnek et al.
2020, 2021). Some studies describe a possible as-
sociation of low sunspot activity with climatically
cold periods on the Earth (Easterbrook, 2016;
Lockwood et al. 2017). Other studies even show
the link between climate, cosmic rays and solar
cycles (Kniveton 2004; Hathaway 2015; Ormes
2018). The influence of solar cycles on European
beech radial growth is recorded in 3 of the 5 cy-
cles (20, 22 and 23) (Figure 2), when the tree ring
increment rises or falls together with the sunspot
number during the approximately 11-year period,
which is the sunspot cycle (Hathaway 2015). Our
results indicate (Figure 3b) that there is a positive
correlation of temperatures and sunspot number
with radial growth. Nevertheless, the solar activity
need not always be directly contained in tree ring
analyses because other natural conditions disturb
the parallelism of radial growth to solar cycles.

Radial growth in the period from 1970 to 1987
was influenced by an air-pollution load described
by many authors from the Sudetes mountain range
(Krdl et al. 2015; Putalova et al. 2019; Vacek et al.
2019b). The large influence of the SO, air pollution
load is also evident from Figure 2 (in the years from
1970 to 1987) and Figure 3B, where we recorded
the highest negative correlation (r = -0.2386) with
the maximum SO, values. Our results recorded sig-
nificant correlations with the maximum annual val-
ues of SO, concentrations in Figure 3 during solar
cycle 20 and 23. This period of extremely high mean
SO, concentrations was characterized by values
reaching 57.4 pg-m~3 (maximum daily concentration
1 000 pg-m=3) (Vacek et al. 2020b), while the limit
of vegetation damage according to the Czech Air Pro-
tection Act is 20 pg-m=. Similarly, in the study area
of Broumovsko PLA, diameter increment of Scots
pine (Pinus sylvestris L.) was significantly negatively
correlated with SO, concentrations in the grow-
ing season, especially in June-August and on more
exposed sites in the 1980s and 1990s (Vacek et al.
2017). In general, it was proved that in the Orlické
hory Mts. not far from here there was a decrease
in European beech radial growth during the air-pol-
lution load (Krali¢ek et al. 2017). This paper showed
a significant negative effect of maximum daily SO,

concentration on radial growth of European beech,
especially in the growing season.

Late frosts, which are a significant issue in culti-
vating forests all over Central Europe, are anoth-
er important factor that disturbs the parallelism
of the tree ring curve to solar activity (Gallo et al.
2014). Late frosts can reduce radial growth of Eu-
ropean beech by more than 90% and the frequency
of frost-related growth minima increases with alti-
tude (Dittmar et al. 2003). The effect of low tempera-
tures at the beginning of the growing season in 2011
was documented (Simiinek et al. 2019, 2021).
The research from European beech forests in Ger-
many also documented the strong negative effects
of a severe late spring frost event in early May 2011,
following after warm April (Principe et al. 2017).

Another significant element diminishing the cor-
relations between solar cycles (Figure 3A) and
European beech radial growth in the last two so-
lar cycles (23 and 24) may be the increasing CO,
concentration in atmosphere that causes an in-
crease in European beech radial growth, which
was proved in southern and Central Europe
(Rezaie et al. 2018). Simultaneously, global tem-
perature was affected due to increasing CO,, which
disturbed the natural process of solar cycles in re-
lation to climate (Kristoufek 2017). A decreasing
correlation could be linked to the effect of solar
activity on climate change, where both factors are
associated with the changes in the North Atlan-
tic Oscillation (NAO) (Liidecke et al. 2020). Many
studies have also described that the effect of solar
activity has an impact on precipitation and tem-
perature (Mauas et al. 2016; Baker et al. 2018).
Temperatures on the European continent correlate
with NAO mainly during the winter and spring
seasons (Liidecke et al. 2020). Even the wind cur-
rents in the highest parts of the atmosphere (jet
streams) are linked with solar cycles, where these
wind currents are blocked during solar minimum
(Adolphi et al. 2014; Gray et al. 2016), which leads
to colder winter seasons (Ma et al. 2018).

However, the total correlation (Figure 3B) with
radial growth documents that solar activity has
the highest positive significant (P < 0.20) correla-
tion coeflicient. Our results of positive correlations
are supported by the latest research on the beech
radial growth from the Krkonose Mountains,
where a high significant correlation with solar cy-
cles was revealed (Simiinek et al. 2020). This cur-
rent research is also supported by the results from
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southern Italy that also reported the high correla-
tion levels with solar cycle; however, this effect was
significantly negative on radial growth in that area
(Simtinek et al. 2021). A long-term influence of solar
cycles on the radial growth of Scots pine was inves-
tigated in the East European Plain (Matveev et al.
2017) or northwestern Russia, where the sunspot
cycles may be imprinted through the spectral com-
position of solar radiation along with other factors
such as cosmic rays or aa index (aa index — sum-
mary of the geomagnetic field variations) (Kasat-
kina et al. 2019).

The spectral analyses of results (Figure 4B) indi-
cate the best known 11-year cycle of solar activity
when also the 22-year solar magnetic cycle is impor-
tant (Livingston, Penn 2009). The spectral analyses
of this study suggest similar conclusions like those
from northwestern Russia, where the 11-year influ-
ence of solar cycles on tree-ring increment of Scots
pine was proved (Shumilov et al. 2011; Kasatki-
na et al. 2019). Our results document that 3.7-year
periods are reflected in diameter increment of Eu-
ropean beech. Air temperature in the growing sea-
son has a higher correlation with the radial growth
of European beech (Figure 3) than precipitation to-
tal. The prevailing significant positive effect of tem-
peratures from April to August in mountainous
areas was confirmed by other studies from the Czech
Republic (Simtnek et al. 2019), Germany (Dulam-
suren et al. 2017) or Italy (Skomarkova et al. 2006).
A study from Sweden demonstrated a 2- to 3-year
delay of seed production behind radial growth and
documented a great influence of seasonal tempera-
tures on the seed production of European beech
(Drobyshev et al. 2010), which may evoke a theoreti-
cal question whether 3-year sunspot cycles are asso-
ciated with the seed production cycles of European
beech. At the same time, the radial growth of Euro-
pean beech (Figure 4) shows a cyclical interrelation
between temperature and solar cycles.

CONCLUSION

The analysis of dendrochronological time se-
ries from the Broumovské stény National Nature
Reserve indicates an association between radial
growth of European beech and sunspot number.
Among the studied factors influencing European
beech radial growth the highest positive significant
total correlation was found out for sunspot number
and then for seasonal air temperature. The maxi-
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mal SO, depositions indicate the higher negative
correlation coefficient than sunspot number during
the entire time period in 1961-2018. Individually
correlated solar cycles respond to precipitation to-
tal, growing-season air temperatures and sunspot
number in a different way. The spectral analysis
demonstrates that the radial growth of European
beech shows 3.7-year and 7.5- to 11-year cycles
when the 7.5-11-year period reflects the inter-
relation between the cycles of seasonal tempera-
tures and solar activity. In conclusion, this study
confirms that radial growth is influenced by solar
activity and growing-season temperatures. More
studies from different localities are needed to gen-
eralize the results. Studies of this type can help
forest managers better understand cyclical regu-
larities of forest tree species growth.
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5.2. Tematicky okruh 2: Lesnicky management pod vlivem klimatickych

vliva

5.2.1. Sluneéni cykly v nahodilé t&zbé: Data z Ceské republiky potvrzuji statisticky

vyznamnou korelaci

Probihajici kalamita urychluje proces zmény druhové skladby a tim se i posouva lesnicky
management do péstovani listnatych dievin, ze kterych je témét polovina slozena buku lesniho.
Tento ¢lanek popisuje pribéh nahodilych a celkovych tézeb v celé Ceské republice. Pro
porovnani lesnického managementu a klimatickych faktori byla pouzita data o tézbé drivi
z Ceské republiky a klimatické faktory zastupovala data o teplotach vzduchu, srazkach a roéni
plose slune¢nich skvrn nebo dokonce i kosmickém zareni. Pro zpracovani dat byly pouzity
linearni regresni analyzy, korelaéni analyzy, 3D modely a spektralni analyzy vSech

zkoumanych faktort.

Vysledky ukazuji signifikantni vliv primérnych ro¢nich teplot na celkové a nahodilé tézby
v CR po celou dobu sledovani od roku 1961. Signifikantni reakce je zaznamenéana u nahodilych
tézeb vic¢i ploSe slunecnich skvrn a kosmickému zareni. Reakce nahodilych tézeb viici
slune¢nim skvrnam a kosmickému zateni podporuje spektralni analyza, kdy od roku 1973
dochdzi k signifikantnimu 11lletému cyklu. Pti spektralni analyze se ukazuje, ze hlavné
v poslednich letech dochazi k nejvétsimu otisku sluneéniho cyklu do tézeb dfivi v Ceské
republice. Vysledky z této studie jsou zameéfeny i1 na ostatni vlivy cyklickych udalosti jako
napiiklad teplot a srazek, které se ale do nahodilych tézeb cyklicky neprojevily. Studie ukazuje,
Pro nahodilé t&zby se nejvyznamnéj$im faktorem jevi slunecni cyklus, ktery vykazuje nejvyssi
signifikantni vysledky (Simtnek et al. 2020b).
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Abstract: Forest ecosystems in Europe undergo cyclic fluctuations with alternating periods of forest
prosperity and disturbances. Forest disturbances are caused by large-scale calamities (climate-induced
and unforeseen events) resulting in an increased volume of salvage logging. In recent decades,
climate change (warming, long-term droughts, more frequent storms, bark beetle outbreaks) has
contributed to an increased frequency of salvage logging. However, until now, it has not been revealed
what triggers national-scale forest calamities. All of the above-mentioned natural disturbances are
connected to solar activity, which is the driver of climate change. This research relates the total
volume of harvested timber and salvage logging to the climate and cosmic factors in the Czech
Republic, Central Europe. Data of total and salvage logging are compared with air temperatures,
precipitation, extreme climatic events, sunspot areas, and cosmic ray intensities. The results document
a significant effect of average annual temperatures on the total and salvage logging for the entire
period of observations since 1961. A significant correlation of salvage logging to the sunspot area and
cosmic ray intensity was observed. The link between salvage logging and sunspots and cosmic ray
intensity is supported by spectral analysis in which a significant 11-year cycle was observed since 1973.
The results also show an increasing significant effect of sunspots and cosmic ray intensity on logging
in recent years in connection with synergism of extreme climate events and the subsequent bark
beetle outbreaks. Space and cosmic effects are factors that substantially influence forest ecosystems.
Therefore, this paper provides new knowledge about, and possible predictions of, the forest response
under climate change.

Keywords: solar cosmic rays; sunspot area; climate change; disturbance cyclicity; Central Europe

1. Introduction

Forest ecosystems play a crucial role in climate stabilization and in the mitigation of global climate
changes on the earth [1-3]. Better comprehension of how and to what extent different cultural practices
in forests can affect their ecological stability under ongoing global climate change will lead to mitigation
of climate change [4,5]. Climate change increasingly influences the capacity of forests to provide
ecosystem services essential for humans, such as biomass production, regulation of the air quality,
and the water regime in the catchment [6,7]. Particularly important effects include so-called indirect
impacts of climate change that may increase the frequency of abiotic disturbances (e.g., windstorms,
drought, floods, forest fires) and the occurrence and population dynamics of insect pests and fungal
diseases [8,9]. Forest disturbances caused by climate changes are progressing over time [10-12].
In the period 1950-2000 in Europe, 35 million m® of timber per year was damaged and subsequently
harvested, accounting for ca. 8% of total logging [13]. In the Czech Republic during the same period,
harvesting of damaged timber accounted for 37% [14], and in the period 2007-2018, because of forest
disturbances (salvage logging), 8.9 million m? of timber were harvested per year on average, i.e., 51%
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of total logging [15]. In 2019, salvage logging reached 92% (25.5 million m?) of total harvested timber
and the losses in the forestry sector were around EUR 1.12 billion in the Czech Republic [16].

Active silvicultural practices can mitigate the impact of climate change [17,18]. The so-called
mitigation measures include an increase in the amount of carbon accumulated in the forest (including
the soil), an increase in the carbon amount bound in products made from wood, and biomass production
for energy purposes, which can be used to partly replace fossil fuels [19-22]. By contrast, adaptation
measures contribute to changes in management that alleviate the adverse impacts of climate change
and utilize them in a positive way [6,13,23]. The key instruments are a change in the tree species
composition, including the introduction of new tree species, an increase in biodiversity, a reduction in
the rotation period of less tolerant tree species, and the use of uneven-aged forest management [24-26].

In Europe, climate change has the greatest impact on the forest sector in relation to the silviculture
of coniferous tree species that have recently suffered damage by periodically recurring drought.
This is most obvious in the widespread Norway spruce (Picea abies (L.) Karst) [27-30]. Norway spruce,
as the dominant tree species (50.5%) in Czech forests, experienced large-scale damage in recent years
due to climate change [15]. The poor condition of spruce stands is also accompanied by mass outbreaks
of bark beetles that occur in parallel with dry years and increase the forests” disintegration [31,32].
Spruce stands in the Czech Republic have been stressed by fluctuations caused by changes in climatic
conditions over the last two to three decades [33]. These climatic fluctuations harm coniferous tree
species, therefore, more resistant deciduous tree species are promoted more by forest management [34].
The negative stress factors causing the decline of spruce forests are reflected in large-scale salvage
logging [35], which leads to the adjustment of silviculture procedures in forest management to favor
the ecological stability of forest stands [36,37].

Solar cycles affect the earth’s climatic conditions at approximately eleven-year intervals. In addition,
the influence of CO; has also increased recently, exacerbated by global climate change [38,39].
An important role of the sun’s influence on climate change is exerted by the solar radiation in
the invisible part of the spectrum that distinctly and strongly fluctuates within periodic changes
of the sun [40,41]. Direct physical effects of high-energy solar radiation, particularly during solar
flares, have a global impact on the planet’s climate [42—44]. Climate change is associated with the
activity of sunspots, darker regions on the surface of the sun that have a lower temperature than
the surrounding regions (less than 5000 K) [45,46]. The activity of sunspot formation influences the
electromagnetic activity of the sun [47,48], which also impacts the natural variability of the planet’s
climate [49]. Sunspots affect the temperature of the earth’s surface both in the northern and southern
hemisphere [50]. In the southern hemisphere, sunspots influence the water cycle through the El Nifio
impact [51,52]. In the northern hemisphere, it has been proven that solar cycles can initiate pronounced
long-term temperature fluctuations on the surface of the planet [40,53]. Solar cycles were found to
manifest their activity in the air temperature at altitudes of 1.5 to 8 km. [54]. Drought periods are also
characteristic of climate change when precipitation is lower. This phenomenon is influenced by solar
activity, e.g., in the forests of the Rocky Mts. in Montana and in Canada [55]. Furthermore, the activity
of sunspots can be linked to the occurrence of forest fires, volcanic eruptions, and earthquakes [56-58].

Air circulation at around 1000 m from the lower part of the troposphere is linked with the sunspot
cycle above the northern hemisphere of the Atlantic Ocean, and this effect influences Europe [59].
The cyclic formation of sunspots is also obvious in the cycle of cosmic rays [60,61]. Sunspots reflect
cosmic rays due to their magnetic activity, and the larger the sunspot area, the smaller the impact
of cosmic rays on the planet’s atmosphere [47]. Through ionization, cosmic rays influence the
formation of aerosols that change properties of the cloud cover in the atmosphere, affecting their
formation processes [62]. Subsequently, the solar radiation impinging on the planet’s surface is altered.
Atmospheric aerosols belong to the most variable factors influencing climate models [63,64]. Cosmic
rays are also associated with the periodicity of winds, storms events, and rainy seasons [65,66], and thus
form an integral part of the formation of the water cycle [67].
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In this paper, unique climate factors, particularly sunspots, cosmic rays, air temperatures,
and precipitation, are evaluated in relation to the development of salvage logging and total harvested
timber in the Czech Republic. The total and salvage logging volumes are interrelated in the Czech
Republic because the volume of planned logging and that of salvage logging make up the total volume
of harvested timber. In this relationship, the volume of planned logging might be reduced in the
case of a greater volume of salvage logging caused by negative climate fluctuations such as drought,
air pollution, or damage by windstorms to forest stands. Thus, if salvage logging is higher, it is caused
particularly by extreme climate fluctuations. Therefore, it is very important to know whether and
how climate changes influence the growth and development of forest stands and whether different
scenarios of forest management can increase their ecological stability and reduce the amount of salvage
logging [68,69].

No study on solar cycles and their possible impact on forestry has been published yet.
There is a large number of factors that affect salvage and total logging, and this work is mainly
focused on the simplifying of the issue to clarify the natural cyclical phenomena that affect logging
in the Czech Republic. Precipitation, air temperatures, sunspot area, and cosmic ray intensity were
selected as the main climatic effects in this study. The main purpose of our study is to determine
whether there is a relationship between salvage and total logging to the sunspot area, cosmic ray
intensity, and climatic factors (precipitation, air temperatures, extreme climatic events). This work
evaluates the aforementioned natural and climatic factors in relation to salvage and total logging in the
Czech Republic. Particular time periods during the historical development of salvage and total logging
are also evaluated. Our study deals with the important issues of forestry in Central Europe, and its
unusual approach might contribute to the understanding of climate change and its impact on forestry.

2. Materials and Methods

2.1. Study Area

The area of interest covers the whole territory of the Czech Republic, which has a forest cover of
34.1% (2.67 million ha). The area of forests has been steadily increasing since the 1950s. Coniferous
forests account for 71.6% and deciduous for 27.2% of the tree species composition. The main tree
species is Norway spruce with a share of 50.0% (Figure 1a), while it comprised only 11.2% in the
original tree species composition. Commercial forests make up 74.3% of forests. The majority of
forest is owned by the state (56.0%), followed by private owners (19.2%), and municipalities and
cities (17.1%). The predominant form of forest management in the Czech Republic is the clear-felling
method, followed by the shelterwood and the selection felling methods. Artificial forest regeneration
dominates (81.7%) over natural regeneration (18.3%). In terms of the age structure of forests, there
is a higher proportion of over-mature stands to normal-aged stands (Figure 1b). The mean age of
forest stands increased by 9.0 years (from 52 to 61 years) and the mean rotation age by 11.7 years
(from 101.2 to 112.9 years) in 1960-2018 (Figure 2a). The total stand volume of timber in the Czech
Republic reached 703 million m® in 2018. The mean stand volume per 1 ha of forest land is 269 m?>.
The total stand volume is constantly increasing. Compared to 1960, the total stand volume has more
than doubled. Similarly, there is an increase in the mean annual timber increment, which currently
reaches 4.9 m> ha™! year‘1 (Figure 2b) [15].

The climate in the Czech Republic is mild, characterized by continental influences. According to
Koppen’s climate classification, most of the territory of the Czech Republic belongs to the Dfb climatic
region—a humid continental climate, characterized by hot summers and cold winters. Annual air
temperature ranges from +9.5 to —0.4 °C (mean 7.9 °C) and the annual sum of precipitation from 410
to 1705 mm (mean 650 mm) in relation to the altitude (115-1603 m a.s.l.). The average altitude of
the Czech Republic is 430 m a.s.]. The lowest mean temperature in January is —2.0 °C, the highest
in July 17.8 °C. Similarly, the precipitation minimum is in January (40 mm) and maximum in July
(85 mm). The average number of days with snow cover in most areas (depending on altitude) is



Forests 2020, 11, 973 4 of 22

40-100 days. The average wind speed is in the range of 10-18 km h™!. The average time of sunshine is
1200-1720 h year™! [70].
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Figure 1. Current status (2018) of (a) tree species composition and (b) proportion of age classes to
normality in the Czech Republic.
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Figure 2. Development of (a) mean stand age and mean rotation age of forests and (b) mean annual
timber increment and total stand volume in the Czech Republic.

2.2. Data Source and Collection

The data on the total volume of harvested timber and on groups of salvage logging (elemental
disturbances, air pollution, insects), differentiated by particular tree species and their groups were taken
(unchanged) from the Forest Management Institute (UHUL) in Brandys nad Labem, Czech Republic
and the Czech Statistical Office (CSU) in Prague, Czech Republic. These logging data cover the
whole territory of the Czech Republic for the period 1961-2018. The total logging (total harvested
timber) is the volume of large timber (logging residues are not included) and include self-production.
Large timber is the timber volume of the aboveground part of a tree with a minimum diameter of 7 cm
over bark. The timber from logging or silvicultural operations is counted including the salvage logging.
Salvage logging includes the data for all kinds of salvage logging and calamities caused by abiotic and
biotic factors. It includes also dead standing trees, isolated breaks, uprootings, all of the volume of trap
trees felled for trapping bark beetles, and individual trees in which harmful insects (bark beetles, etc.)
spend winter. Salvage logging (processed) comprises the volume of timber processed within salvage
logging [71].
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The annual air temperature, annual sum of precipitation, and storm event data were taken directly
without changes from the Czech Hydrometeorological Institute (CHMU) in Prague and cover the whole
state area. The values of territorial temperatures and precipitation were recalculated for the whole
period from 1961 to 2018 to obtain a time series calculated by a uniform interpolation method [70].

The data on the sunspot area were acquired from the National Oceanic Atmospheric Administration
(NOAA, Silver Spring, MD, USA) [72]. The data on the sunspot area were expressed as arithmetic
means from the average monthly data from NOAA. The data on cosmic rays were obtained from the
Lomnicky $tit measuring station in Slovakia affiliated to the Institute of Experimental Physics SAS [73].
Data on cosmic rays were corrected for pressure when the year 1969 was added as the arithmetic mean
between the previous and the next year.

2.3. Data Processing

Using the R software, an eight-year spline was fitted to all data to remove short-time influences.
The computations of Pearson’s correlations and 3D charts were performed in the Statistica 13 software
(Statsoft, Tulsa, OK, USA) to analyze salvage logging, air temperature, precipitation, cosmic ray
intensity, and sunspot area. The computation of spectral analysis was done as a Fourier transform in
the R software [74], when the redfit function or Schulz’s REDFIT (version 3.8¢c) was used; this function
estimates the red-noise spectrum of a time series [75] with an optimum test spectrum against the
red-noise background using a Monte Carlo simulation. This computation was conducted according to
the instructions for R according to Bunn and Miko [76].

Overall, annual data on the total and salvage logging throughout the Czech Republic were
compared with average annual temperatures, total annual precipitation, average annual sunspot
areas, and average annual cosmic ray intensity. In addition, the volume of logging was compared
with the ten driest years (lowest annual precipitation), the warmest years (years with the highest
average annual temperature), and the years with the strongest occurrence of storm events in the
period 1961-2018. Storm events were sorted and selected according to the WEI index Storm (Weather
Extremity Index) [77]. Logging volumes were also compared with large outbreaks of pests (bark
beetle, larch tortrix) and the periods of air pollution (high SO, concentrations). Salvage logging was
further divided into elemental disturbance (drought, storm, fire, etc.) logging, insect logging, and air
pollution logging.

3. Results

3.1. Development of Timber Harvest in the Czech Republic and Studied Factors

In the period 1961-1969, the mean total amount of logging was around 8.9 million m? of timber,
with salvage logging accounting for 24% on average (Figure 3). In 1970-1989, when clear-felling
systems were mostly used, and exterior and interior spatial forest planning was rather neglected,
the total average annual logging was around 12.7 million m® and salvage logging 5.0 million m?
(i.e., 39% of total logging). In 1976, after the Cappela windstorm, 5.6 million m? had to be logged. In the
second half of this period, the air pollution load culminated, being characterized by high concentrations
of SO, (3x larger concentrations than the limit value). In 1990-2005, when transformation and renewal
of close-to-nature forest management were gradually introduced, the total average annual logging
was around 13.3 million m? and salvage logging amounted to 5.7 million m3 (i.e., 43% of salvage
logging). In 1990, windstorms Vivian and Wiebke caused salvage logging in the amount of 8.7 million
m3. The years 2006-2014 experienced frequent severe windstorms, when total average annual logging
was around 16.5 million m® and salvage logging 9.0 million m (i.e., 55% of salvage logging). After the
historically largest windstorm Kyrill in 2007 (in which the wind speed exceeded 40 m s!), salvage
logging reached 80% and, in the following year of 2008, total logging reached the maximum volume to
date—19.19 million m3. Pronounced climate changes with serious drought periods in the growing
season were typical of the years 2015-2018, when the total average annual logging was around
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19.7 million m® and salvage logging amounted to 13.1 million m? (i.e., 66% of salvage logging). The last
two years were the most critical, with a total annual harvest of around 27.0 million m® and salvage
logging of 23.0 million m? (i.e., 90% of salvage logging) in 2018, and 95% of salvage logging in 2019
(30.9 million m?).
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Figure 3. Dynamics of total timber harvest and salvage logging (elemental disturbance logging, insect
logging, air pollution logging) in relation to extreme events in the Czech Republic.

During the observed period (1961-2018), extreme storm events most often reappeared in cycles
of 8-11 years (Figure 3). These wind calamities were frequently followed by bark beetle outbreaks,
especially of the spruce bark beetle (Ips typographus), because the amounts of windthrown timber were
too large to allow timely processing. The first significant bark beetle outbreak occurred in 1983-1988
(5.8 million m® of timber), and others followed in 1993-1996 (8.2 million m3), 2003-2004 (2.6 million m?),
2007-2010 (8.3 million m3), and 2015-2018 (23.3 million m3). The largest amount of salvage logging in
2018 was caused by a single year in which there was a synergism of the effects of the storm Friederike,
extreme drought (22% less precipitation), above-average warm weather (historically warmest year:
9.6 °C, average 7.8 °C), and the associated outbreak of bark beetle. There was no cyclicity in extremely
dry years, unlike in the case of extreme storm events. Extremely warm years occurred only in the
second half of the observed period, i.e., during the last 5 years. Overall, the largest share of salvage
logging was found in the occurrence of extreme storm events, followed by an extremely warm year,
and the smallest effect was found in an extremely dry year.

Correlations between the studied factors are clearly summarized in a simple table of correlation
coefficients (Table 1). The table shows that the correlations of all studied factors with salvage logging
and total timber harvested in the Czech Republic significantly increased in a shorter time period.
Thus, in the latter period (2000-2018), the correlation of salvage logging with sunspot area and cosmic
ray intensity was strong. Another important result is a significant correlation between average annual
temperatures and the volume of salvage logging in all periods. Table 1 also shows that the correlations
between temperature and precipitation in relation to sunspot area and cosmic ray intensity are not
statistically significant.
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Table 1. Correlation coefficients of salvage logging and total volume of harvested timber with sunspot
area, cosmic ray intensity, average air temperatures, and average precipitation total; data are divided
into time periods; significant results at p < 0.05 are in bold.

Time Period 1961-2018 Time Period 1973-2018 Time Period 2000-2018

Sunspot area

Salvage logging —-0.0932 —0.3263 —0.7800
Total timber harvest —0.2045 -0.2224 —0.6550
Cosmic ray
Salvage logging -0.1221 0.3620 0.7575
Total timber harvest 0.0608 0.1519 0.6307
Temperature
Salvage logging 0.5269 0.0994 0.4374
Total timber harvest 0.3122 0.3650 0.5080
Sunspot area 0.0610 0.0005 0.1048
Cosmic ray -0.1895 -0.0263 0.2399
Precipitation
Salvage logging 0.1099 0.1541 —0.3885
Total timber harvest 0.0135 —0.0434 —0.4438
Sunspot area —0.1450 —0.1549 0.1315
Cosmic ray —0.0240 0.0395 —-0.2816

3.2. Effect of Annual Precipitation and Annual Air Temperatures on Development of Timber Harvest

Measurements of the annual sum of precipitation and average annual air temperatures have
previously been compared with the development of forest stands in the Czech Republic. Therefore,
these two climate factors should be mentioned in this study. The combination of these two factors
creates a clearer picture of the relationship of the salvage and total logging to the climate in the Czech
Republic, which is illustrated in Figure 4a,b. When annual precipitation decreases, a water balance
deficit occurs which, in combination with higher average temperatures, leads to an increase in salvage
logging and, at the same time, a reduction in planned logging, which is reflected in the total volume
of timber harvested. These relations are evident in Figure 4a, e.g., in the period from 2011 to 2018,
but the situation might differ in other periods. For example, in 1982-1989 salvage logging increased
with an increase in total precipitation according to Figure 4a, while this period was characterized by
high air pollution, particularly of SO,. In Figure 4b, where an eight-year spline is fitted to the data,
precipitation does not obviously correlate with the data on salvage or total logging. On the contrary,
average temperatures are rising in line with total and salvage logging when the maturation of forest
stands should be taken into account, which is caused by forest aging in the Czech Republic.

A scatter plot (Figure 5) illustrates the relationship between the data on the volume of harvested
timber and the climate data (average annual temperatures and annual sum of precipitation). Ata glance
it can be noted that average annual temperatures in Figure 5a,b show a positive relationship with
harvested timber, whereas they have a negative relationship with the annual precipitation total
Figure 5¢,d. It should also be accentuated that the correlation with R? has increased in the recent
years, evidenced by an increase in R? in the time period 2000-2018 (Figure 5b,d). It is also true that
temperatures show a higher R? than precipitation, and so they are in closer correlation with salvage
and total logging. A comparison of salvage and total logging indicates that the R? of salvage logging
with temperatures and precipitation is higher in most cases (Figure 5b—d), suggesting that salvage
logging better reflects climate fluctuations.



Forests 2020, 11, 973

N
)]

Temperature (°C)

0

Amount of timber (mill. m3) and &

== Salvage logging

O
N
[¢)]

Amount of timber (mill. m3) and ~—

N
o

=
4]

10

5

Temperature (°C)

0

Total timber harvest

= === Temperature

1961 1966 1971 1976 1981 1986 1991 1996 2001 2006 2011 2016

S

Emmm Salvage logging spl8

== == Temperature spl8

S e S, -

Total timber harvest spl8
Precipitation spl8

900
800
700
600
500
400
300
200
100

0
Year

Precitipitation

900
800
700
600
500
400
300
200
100
0

1961 1966 1971 1976 1981 1986 1991 1996 2001 2006 2011 2016 Year

Precipitation (mm)

Precipitation (mm)

8 of 22

Figure 4. Average annual air temperatures and annual precipitation total in relation to the volume

of timber harvested in the Czech Republic: (a) The trend of total timber harvest and salvage logging;

(b) an eight-year spline (spl8) fitted to harvested timber and climate data.
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3.3. Sunspots as an Inversion Factor to Total Harvested Timber and Salvage Logging

The sunspot area shows interesting results in relation to salvage and total logging in the Czech
Republic. During the solar minimum, salvage logging increased as shown in Figure 6a,b. This implies
that during the solar minimum, when minimum sunspot areas occur on the Sun, there is an increase
in salvage logging. Higher volumes of salvage logging occur in approx. ten-year intervals from the
particular calamities that coincide with the solar minima, which is illustrated in Figure 6b.
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Figure 6. The average annual area of sunspots in relation to the volume of timber harvested in the
Czech Republic: (a) The trend of total harvested timber and salvage logging according to their causes
in relation to the sunspot area; (b) an eight-year spline (spl8) fitted to harvested timber and sunspot
area; MH—millionths of a hemisphere; mill. m3—million cubic meters of harvested timber.

The scatter plot in Figure 7a,b illustrates a negative correlation between the sunspot area and
the volume of salvage logging and total harvested timber. It also documents that R? was higher in
the time period 2000-2018 (Figure 7b) than in the period 1973-2018 (Figure 7a), suggesting a closer
correlation between these factors. Another important factor is that the data on the sunspot area in
relation to salvage logging document a much higher coefficient R? than in precipitation in Figure 5¢,d
or in temperatures in Figure 5a,b. The overall relationship between harvested timber and sunspot
area is negative, which means if the sunspot area is small, the totals of harvested timber and salvage
logging are higher.
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Figure 7. Scatter plot: Average annual sunspot area in relation to salvage logging and the total volume
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notes: Lin.—linear regression model; MH—millionths of a hemisphere; mill. m3—million cubic meters
of harvested timber.

3.4. Cosmic Ray Intensity and Its Pronounced Effect on Timber Harvested

The relationship of cosmic rays to salvage logging and the total timber harvested in the Czech
Republic can be described by parallel curves, mainly in the case of salvage logging, that were almost
identical since 1982, as presented in Figure 8a,b. Since 1982, the values of cosmic ray intensity have
increased and decreased in line with salvage logging, as documented in Figure 8a. Salvage logging
and cosmic ray intensities developed almost simultaneously in recent years, which is confirmed by the
high significant value (r = 0.3620) for the period 1973-2018. The data confirm that with an increasing
cosmic ray intensity, there is also an increase in salvage logging. The total logging corresponds to the
cosmic ray intensity to a smaller extent due to the efforts of forest managers to balance the volume
of loggings during disturbances, which was obvious in the period 2006-2018. The data on cosmic
ray intensity and salvage logging fitted with a spline show higher similarity without the short-term
fluctuations that can be seen in Figure 8b.
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Figure 8. Average annual data on cosmic ray intensity in relation to the volume of timber harvested in
the Czech Republic; (a) The trend of total and salvage logging according to their causes in relation to
cosmic ray intensity; (b) an eight-year spline (spl8) fitted to harvested timber and cosmic ray intensity;
imp/min—impulses/minute; mill. m3—million cubic meters of harvested timber.
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The scatter plot in Figure 9a,b documents the highest values of R? of all four factors studied in this
research, especially in relation to salvage logging in the time period 1973-2018, which is illustrated in
Figure 9a. The graphs in Figure 9a,b also show that with an increase in cosmic ray intensity impinging
on the atmosphere, the volume of salvage logging increased while the growth of values was almost
linear in all cases. These scatter plots show that there is a strong linear relationship between logging
and cosmic ray intensity, which is useful information for the future.

a) b)
s 20 - :
E RE=00172 a2 4 R? = 0.5267 ab*™
= 15 R ‘“‘.‘.“ .““"" lﬂ“”‘ ..... L..x-: ----------- “:‘ « ‘.“ N
_g_ ........... X L up o
5 10 A &
0
E 5
+— 2 -
- . R*=0.2239 Rz = 0.4752
c
a 1350 14_50 _ _ 155_)0 _ 1650 1400 1500 1600
g Cosmic ray intensity (imp/min) Cosmic ray intensity
4 Total timber harvest Salvage logging [im /min}
--------- Lin. total timber harvest Lin. salvage logging P

Figure 9. Scatter plot; average annual data on the cosmic ray intensity in relation to salvage logging
and the total timber harvested in the Czech Republic in the periods (a) 1973-2018 and (b) 2000-2018;
explanatory notes: Lin.—linear regression model; imp/min—impulses/minute; mill. m3—million cubic
meters of harvested timber.

3.5. Studied Factors in 3D Charts and Spectral Analysis

Three-dimensional line charts of salvage logging (Figure 10) document the relationships between
relevant variants of all of the data used. Based on the correlation table (Table 1), four variants were
created that work with the most significant options. The response of sunspot area (Figure 10a,b)
to salvage logging is lower than that to cosmic ray intensity (Figure 10c,d). Nevertheless, the data on
salvage logging and cosmic ray intensity are opposite to each other, but the correlation (Table 1) in the
period 1973-2018 allows us to state that the response of the volume of harvested timber is negative and
larger for cosmic ray intensity than for the positive response of sunspots. This is also confirmed by
a visual difference between the sunspot area and the cosmic ray intensity, when the cosmic ray intensity
creates a greater inclination of the 3D line chart than the sunspots. This is evident from the scale of
3D line charts when the sunspots are in the range from four to seven and the cosmic ray intensity is
from 1 to 12. Furthermore, a greater inclination of the 3D chart is caused by temperatures than by
precipitation when temperatures positively correlate with salvage logging while the correlation with
precipitation is negative. In general, the most distinctive variant is the cosmic ray intensity in relation
to average temperatures, which is well illustrated in Figure 10b. Cosmic rays are the most distinctive
in all represented results (Figures 8-10). Average annual temperatures also correlate well across all
time periods, which can be seen in Figure 4a and in Table 1.
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Figure 10. Three-dimensional line chart of salvage logging in relation to the particular factors in the
period 1973-2018; (a) salvage logging in relation to average annual air temperatures and average annual
sunspot area; (b) salvage logging in relation to the sum of precipitation and sunspot area; (c) salvage
logging in relation to average annual air temperatures and average cosmic ray intensity; (d) salvage
logging in relation to the sum of precipitation and average cosmic ray intensity; explanatory notes:

mill. m3—million cubic meters of harvested timber; imp/min—impulses/minute; MH—millionths of
a hemisphere.

Spectral analyses in Figure 11 illustrate the periodic behavior of the data. This type of analysis
accurately demonstrates the occurrence of periodic events in the used data series. Average precipitation
in the Czech Republic Figure 11a was significant (at a level of 90%) in 4-year periodic cycles
Average annual temperatures Figure 11b show significant (at 95%) results in a cycle once per 8 years
Cosmic rays and sunspot areas Figure 11c,d show significant (at 99%) results in an 11-year cycle.
Salvage logging in the period 1961-2018 Figure 11e had significant results in the recurrence of 4-year
cycles (at 99%) and 11-year cycles (at 90%) but if the data series is reduced to the period from 1973 to

2018, only 11-year cycles are significant. Hence salvage logging is significantly consistent with the
11-year periodic recurrence of sunspot area and cosmic ray intensity.
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Figure 11. Spectral analyses of the used data in the period 1961-2018: (a) Annual precipitation
total; (b) average annual temperatures; (c) cosmic ray intensity; (d) sunspot area; (e) salvage logging;
(f) salvage logging in the period 1973-2018. Explanatory notes: the data used are represented by the
black curve (dat); the lower, medium and upper parabolic line is significant at a level of 90% (CI90),
95% (CI95) and 99% (CI99), respectively; the period (year) shown on the upper x-axis ranges from 2
years to infinity (Inf).

4. Discussion

4.1. Anthropic Impacts and Climate Fluctuations Influencing Salvage Logging

Forest stands are influenced by a higher occurrence of extreme weather events during climate
change. Such fluctuations include, e.g., severe storms, wind, drought, floods, or forest fires [13,78-80].
The greatest negative effects on the volume of salvage logging and also of timber harvested in the
Czech Republic are imposed by wind, bark beetle, and air pollution disturbances [81-85]. In the
Czech Republic, most prominent negative anthropic impacts on the environment resulting in salvage
logging occurred during the air pollution calamity from the late 1970s to the late 1980s (see Figure 1)
when, on average, 6.2 million m® of timber were annually harvested. As a consequence of the air
pollution calamity, 47,300 m3 of timber, i.e., 2% of the forest area, was harvested in the mountain areas
of the Czech Republic, mainly in the Krusné hory Mts. and in the mountain ranges of the Sudetes
system (Luzické hory, Jizerské hory, Krkono$e and Orlické hory Mts.) [14]. When the air pollution
calamity culminated, average annual SO, concentrations in these mountain areas were in the range of
60-210 pg m~3 and maximum daily SO, concentrations reached 2500 g m~3 [14]. In the course of the
air pollution calamity, the declining spruce forests were often attacked by bark beetles, particularly by
the eight-toothed spruce bark beetle [86-89].
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In Europe, the Norway spruce decline was observed during climate change, e.g., in Germany [90],
Austria [91], Poland [92], the Czech Republic, and Slovakia [15,93]. These forests are vulnerable to
a number of secondary diseases and pests, and they are particularly sensitive to the warmer and
drier climate [94,95]. Our data indicate that temperatures have a significant effect on the trend of
salvage logging during the entire period 1961-2018, which is documented in Table 1, where r = 0.5269.
The precipitation deficit is not significant in any variant in Table 1, but Figure 5b clearly shows that
the precipitation deficit reduces the Norway spruce ability to resist bark beetle outbreaks, which was
confirmed in previous research [96,97].

Such situations are well illustrated by typical examples of drought in 2003, when the precipitation
total decreased to a below-average 504 mm, or in 2018, with only 522 mm of precipitation (Figure 1).
A typical drought-induced outbreak of Ips typographus occurs when healthy trees are attacked [98,99]
and there appear extensive foci of infested trees that fail to be cut in time [100]. In addition, the situation
is made more complicated by mandatory tenders for logging operations performed by timber processing
companies in the forest sector. The tenders considerably delay salvage logging, which contributes to
the gradation of secondary pests. In 2019 the volume of salvage logging was 30.9 million m? (i.e., 95%
of the total volume of harvested timber), mainly as a consequence of the enormous spread of bark
beetles in Moravia and the Czech-Moravian Highlands [15].

4.2. Salvage Logging Versus Solar and Cosmic Factors

Forest disturbances in the Czech Republic are triggered by windstorms that initiate outbreaks of
bark beetles. They subsequently start to destroy coniferous stands during the drought years [32,82].
This happened, e.g., in January 2007, when the windstorm Kyrill caused substantial damage to forest
stands [101], triggering a domino effect of forest stand destruction, resulting in an increase in salvage
logging of up to 15 million m?® as shown in Figure 1, Figure 3, and Figure 5. The aforementioned
drought periods belong to extreme weather fluctuations, again associated with the sunspot cycle.
This was confirmed, e.g., in Kuwait [102] and China, where the solar cycles are associated not only
with drought but also with floods [103]. An increase in the amount of precipitation is linked with
the occurrence of high winds that also coincide with the occurrence of solar cycles, documented,
e.g., in Spain [80]. Our data confirm that in the course of severe storms there is an increase in salvage
logging (Figure 1), which occurred at the beginning of 2018 when, in the aftermath of the storm
Friederike (with winds of up to 205 km h~1), salvage logging increased to 23.01 million m3. Impacts of
11-year solar cycles on the climate pattern in Europe have been proven for the last 250 years while the
sunspot effect on climate increased during the 19th century [59]. This is also confirmed by our data in
Table 1, which illustrate that salvage logging was higher during the solar minimum in recent years.
Salvage logging amounted to 15 million m? of timber in 2007, but increased to almost 23 million m3
2018, which also coincided with the solar minimum, i.e., the small or nearly zero sunspot area (Figure 6).

in

In 2010-2012 (during the solar minimum) the occurrence of subcortical insects was successfully reduced
in spruce monocultures to the level of the years 2004-2006 (Figure 1), which resulted in a decrease in
salvage logging (on average 5.2 million m? salvage logging timber).

Salvage loggings are caused by climatic triggers. Furthermore, there are significant correlations
with the sunspot area, which is evident from our significant correlations, e.g., in the period 2000-2018
(Table 1). Solar cycles can be linked with salvage logging through the North Atlantic Oscillation (NAO),
which is closely associated, e.g., with the precipitation occurrence in Europe while precipitation is linked
with the solar cycle [104]. However, our data (Table 1) did not show a significant correlation of sunspot
numbers and solar cosmic ray intensity in relation to precipitation and temperature. An important fact
completing our research is that the quantity of cosmic rays impinging on the Earth’s atmosphere is
influenced by the solar cycle, which also impacts the water cycle [105,106]. An inversion relationship
between the sunspot area and cosmic ray intensity has been studied previously [47,107], and is also
evident from Figures 6-9, when the response of salvage logging to cosmic ray intensity is the highest
(Table 1). The relationship between salvage logging, sunspot area, and cosmic ray intensity is seen
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in Figure 11, which shows that an 11-year solar cycle is projected in salvage logging and cosmic ray
intensity. Cosmic rays are influenced by solar magnetism [108,109] but until now this effect has not
been identified in relation with their real impacts on the forest environment and forest sector.

Our data illustrate a substantial effect of cosmic rays on the volume of salvage logging as shown
in Table 1 and Figure 8 when the correlation with the time period 1973-2018 is significant. This fact
is related with the formation of aerosols that are the basic component of cloud formation [63,65].
The solar cycle also influences radial increment of trees, which was suggested by dendrochronological
researches in Siberia [110,111], Portugal [112], and China [113].

4.3. Relevant Context and Potencials

It is important to mention that logging operations in the course of salvage logging damage trees
(log depots, abrasions, subsequent rot), disturb the soil (erosion), etc. [89]. Negative events and
disturbances appear to show an increasing long-term trend which, in the future, will lead to a change
in the species composition of forests in the Czech Republic, depending on the response of forest
management. Proper management might reduce the impact of disturbance on forests [114,115].

Salvage logging largely comprises Norway spruce, which is negatively affected by disturbances
such as higher temperatures and dry summers [35], and the coinciding influence of wind storms [11]
places forest management under strong pressure (Figure 3—e.g., year 2018). The forestry sector must
process a large amount of timber in a short period of time and this leads to financial losses. Timber
loses value and is sold below cost [15]. The overall logical conclusion is that the fluctuations in the
price of timber follow the fluctuations in total logging, and our study confirms that there is a significant
correlation (Table 1) of logging with the solar 11-year cycle (Figure 11).

It is also worth noting that the highest significant correlation between sunspot number and total
logging (Table 1) was recorded in the 21st century, and is associated with higher maturation of the
forest stands to rotation age in the Czech Republic (Figure 2); therefore, total logging is undergoing
an increasing trend. In contrast, solar activity significantly decreased in the 21st century, which is
evident in the highest negative significant correlation against the increasing trend of total logging.
Moreover, forest stands in the rotation age are more sensitive to negative climatic fluctuations [116],
which is also connected with salvage logging. In the long run, salvage logging has not risen as
significantly as total logging because in recent years there has been an increase in protected areas in
which salvage logging is generally not carried out due to ecological concerns [117,118]. In addition,
the economic factor affects salvage logging because it is not worthwhile to carry out salvage logging
due to cheap timber prices, which in many cases leads to leaving the timber in the forest without
rather than logging [119]. In recent years, there has been a significant relative decrease in the amount
of salvage logging due to environmental and economic decisions [15,120], which is the reason for the
reduction in the correlation between solar activity and salvage logging in the 21st century.

Carbon sequestration by forest ecosystems can be smoother if forest management succeeds
in reducing salvage logging [121]. A study of the carbon stock in Europe also shows that forest
disturbances in relation to salvage logging are part of the carbon cycle [122].

This study could provide forest management with a new concept of origin related to disturbances
in salvage and total logging in forestry due to solar activity. The predictability of the solar cycles is
associated with an 11-year solar period [123] and our results confirm that the 11-year period occurs
even during salvage logging (Figure 11e,f). The next important note is that the next 11-year solar
cycle can be lower or equal to the previous cycle in terms of solar activity [124]. Thus, the interesting
observation of solar activity in parallel with the development of salvage logging can be beneficial for
foresters. The total solar irradiance index (TSI), which includes climatic and solar effects [125,126],
can also be used for future research of solar activity and its impact on forestry. This may lead to
further in-depth research into the impact of the sun and climate change on forestry. Numerous factors
influence forests and forest management, but salvage logging is a complex indicator of climate change
which substantially restricts forest management.
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5. Conclusions

Salvage logging and the total volume of harvested timber indicate the overall condition of
the forest sector. These two factors respond to climatic, anthropic, and political impacts. Salvage
logging and the total volume of harvested timber are in significant correlation with average annual
temperatures, storm events, cosmic ray intensity, and sunspot area. The annual precipitation total
does not significantly correlate with timber harvested. Among all of the studied variants, the response
of salvage logging to cosmic ray intensity and average annual temperatures is the most evident.
The response of salvage logging to the sunspot area is also highly distinct. Furthermore, there has
been an increasing projection of the 11-year solar cycle in the volume of salvage logging, mostly in
the last two decades in relation to the synergism of climatic extreme events. Salvage logging also
significantly responded to average annual temperatures during the studied period. The results of this
research are an important initiator of understanding particular natural fluctuations influencing the
forest sector during climate change. However, further in-depth research is needed and should provide
a link to a greater number of factors influencing salvage logging that play a role in forest silviculture
and management (tree species composition, stand structure, etc.). This research should contribute to
a profound knowledge and possible predictions of not only theoretical forest science but also practical
principles of modern forestry.
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5.2.2. Vztahy tézby listnatych a jehlicnatych drevin dle slune¢nich cykli

Tento ptispévek na mezinarodni konferenci doplituje popis vztahu klimatickych faktort viici
celkovym a nahodilym t&zbam v Ceské republice. Tato prace také rozviji znalosti o vztahu
listnatych a jehli¢natych tézeb, které navzajem také probihaji v cyklech dle velkych
celorepublikovych kalamit. Tento pfispévek pracuje s celkovymi tézbami listnatych a
jehli¢natych dievin, s tézbou celkovou a nahodilou, s primérnymi ro¢nimi teplotami vzduchu,
S pramérnymi ro¢nimi thrny srazek a s ¢islem sluneénich skvrn. Pro statistickou analyzu byla

pouzita korela¢ni tabulka a spektralni analyzy vSech zkoumanych datovych kiivek.

Vysledky této prace ukazuji, ze nahodilé a listnaté tézby probihaji v 11letych cyklech dle
aktivity slunecnich cykli. Také procentudlni stfidani jehlicnaté a listnaté tézby probiha v
11letych cyklech. Ro¢ni teploty vzduchu nejlépe koreluji s celkovymi a jehliénatymi téZbami
(Simtinek et al. 2021b).
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HARVESTING FLUCTUATIONS OF DECIDUOUS AND
CONIFEROUS TREE SPECIES
ACCORDING TO SOLAR CYCLES
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dol, Ceska republika

ABSTRACT

This study deals with statistical data of timber harvest in the Czech Republic and
compares them with climatic data and solar cycles. The total, salvage, deciduous
and coniferous logging are used. The timber harvest of mentioned types is compa-
red with annual temperatures, annual precipitation and the sunspot number. The
sunspot number characterizes solar cycles and their intensity. The results of this
study show that the salvage and deciduous logging taking place in 11-year cycles
according to solar activity. The alternation of coniferous and deciduous logging
is carried out in 11-year cycles. This work should help forestry to understand the
cyclical relationships that take place in conjunction with cycles of solar activity.

Keywords: salvage logging, timber harvest, sunspot cycles

ABSTRAKT

Tato studie se zabyva statistickymi tidaji o tézbdach v Ceské republice a porovndvd je
s klimatickymi udaji a slunecnimi cykly. V této studii jsou pouzity celkové, nahodilé,
listnaté a jehlicnaté tézby, které jsou porovndny s roc¢nimi teplotami, roc¢nim vihr-
nem srazek a s cislem slunecnich skvrn, které charakterizuji slunecni cykly a jejich
intenzitu. Vysledky této studie ukazuji, ze nahodilé a listnaté tezby probihaji v 11le-
tych cyklech dle slunecni aktivity. Také stridani jehlicnaté a listnaté tezby probiha
v lletych cyklech. Tato prace by méla pomoci lesnimu hospodarstvi v pochopeni
cyklickych vztahu, a to zejména cyklii slunecni aktivity.

Klicova slova: nahodilé tézby, tézba dreva, cykly slunecnich skvrn

Uvop

V lesnictvi Ceské republiky dochazi k cyklickym kalamitam, které vyrazné
a kratkodob¢ zvysuji mnozstvi nahodilych tézeb (MZE 2020). Velké kalami-
ty jsou spoustény bofivymi vétry, nedostatkem srazek a vysSimi teplotami, coz
vede pravé k pfemnozeni sekundarnich skudci, ktefi prohlubuji lesnické kata-
strofy (HLASNY, TURCANI 2013). Sucho tvoii podminky pro velké kalamity pte-
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vazné v porostech jehlicnatych dievin, kde jsou nejvice zasazeny smrkové mono-
kultury, které v CR zaujimaji 49,5 % (MZe 2020). Pravé vysoké teploty a suchd
obdobi v poslednich letech vedou k vyssi citlivosti smrkovych [Picea abies (L.)
Karsten] porostti na negativni klimatické udalosti (CERMAK et al. 2019). Smrkové
monokultury jsou nachylné k fadé sekundarnich chorob, skidct a jsou obzvlaste
citlivé na teplejsi a sussi klima (SEIDL et al. 2014). Vyssi teploty proto ¢asto vedou
ke zvysovani nahodilych a celkovych tézeb, coz se pfimo projevuje na snizovani
ceny diivi (REMES et al. 2020; ToTH et al. 2020). Navic velké odlesnéné plochy po
tézbach jsou dalsi zvysenou nakladovou polozkou z hlediska zalesnéni a zajisténi
kultur (MZe 2020).

Lesnictvi je tedy pfimo provazané s klimatickymi a ekonomickymi aspekty na-
sledkti velkych kalamit. V poslednich letech byla nalezena mozna spojitost mezi
vyraznymi celostatnimi kalamitami a slune¢nimi cykly, které probihaji soubézné
s cykly nahodilych tézeb (SIMONEK et al. 2020). Za zminku stoji nap¥iklad obdo-
bi nahodilych tézeb 20062011, které kulminovalo v roce 2007, kde doslo k tézbe
15,4 mil. m?® d¥ivi. Souéasti lesnich kalamit v CR jsou vétrné boufte, které vedou
k pfemnozeni klrovece a ten nasledné zacne likvidovat jehlicnaté porosty béhem
suchych let (HLASNY, TURCANI 2013; NOVAKOVA, EDWARDS-JONASOVA 2015). Pra-
veé v lednu roku 2007 vznikly velké skody na lesnich porostech, které zptisobil or-
kan Kyrill, ktery vyrazné zvysil destrukci lesnich porostti, a tim i nahodilé tézby.

V podminkéach Ceské republiky bylo také zjisténo, ze sluneéni cyklus ma vztah
k radidlnimu ristu buku lesniho (Fagus sylvatica L.) a 1 buciny v jizni Italii jsou
ovlivnény solarnimi cykly (SIMONEK et al. 2021). Dali dievinou, ktera je ovliv-
néna slunecnimi cykly je i borovice lesni (Pinus sylvestris L.) v zépadnim Rusku
(MATVEEV et al. 2017; KASATKINA et al. 2019). Vliv slune¢nich cykli je provazan
s teplotami, srazkami a dokonce i se zménou klimatu (EASTERBROOK 2016).

Cilem této studie je porovnani klimatickych faktort s riznymi typy tézeb po roce
1986, kdy jiz nebyl vyrazny vliv imisni kalamity na lesni hospodaftstvi. Tézby
nahodilé, celkové, listnaté, jehli¢naté a procentualni stiidani listnaté a jehli¢naté
tézby jsou porovnany mezi sebou navzajem, ale také jsou k analyze pouzity pri-
meérné rocni teploty, roéni uhrny srazek a slunecni cykly zastoupené Cislem slu-
nec¢nich skvrn. Tato prace popisuje cyklické vykyvy v tézbach listnatych a jehli¢-
natych dievin. TéZby listnatych dfevin jsou zastoupeny ve vyrazné mens$i mife
nez jehli¢naté, a proto blizsi analyza sttidani téchto tézeb by mohla lépe vysvétlit
jejich proménlivé trendy. Vysledky jsou popsany korelacemi a spektralni analy-
zou vSech datovych fad.

MATERIAL A METODIKA

Data o celkovych, nahodilych, listnatych nebo jehli¢natych tézbach byla ziskana
od Ustavu hospodaiské pravy lesti v Brandyse nad Labem a Ceského statistické-
ho uradu v Praze. Data o priumérnych ro¢nich teplotach a roénim Ghrnu srazek pro
celou Ceskou republiku pochazi z Ceského hydrometeorologického tistavu v Pra-
ze (CHMU 2020). Data o ro¢nim relativnim sluneénim &isle (sunspot number)
byla pouzita z Royal Observatory of Belgium, Brussels (WDC-SILSO 2020).
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Vsechna data byla pro ndzornost doplnéna osmiletym kubickym splinem pro od-
stranéni kratkodobych vlivii pomoci softwaru R (TEam R Corg 2018) a plati, Ze
vypoctené spliny nevstupuji do zadnych analyz ani vypoétd. Vypocty korela-
ci a spektralni analyzy byly vytvofeny softwarem Statistica 13 (Statsoft, Tulsa).
Vypocet spektralni analyzy byl proveden k datovym fadam pro ¢islo slune¢nich
skvrn, primérné rocni teploty, roéni uhrn srazek, celkové tézby, nahodilé tézby,
listnaté te€zby, jehlicnaté tézby a pro procentualni stiidani listnaté a jehli¢naté téz-
by. Spektralni analyza byla provedena funkci ,,Single Furier (Spectral) Analysis®,
pricemz byl pouzit vystup ,,Periodogram® plot by ,,Period®.

Datovy zaklad jehlicnatych a listnatych tézeb byl rozsifen o procentualni podil
z celkovych tézeb. Symbol (%) pfedstavuje procenta tézeb, kdy plati, Ze soucet
listnatych a jehli¢natych tézeb se rovna 100 %, tj. celkovym tézbam jednoho roku.
Procentualni zastoupeni listnatych a jehli¢natych tézeb (%) bylo vypocteno pro
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Obr. 1: Vyvoj ¢&isla slune¢nich skvrn a a) vysi téZeb v Ceské republice a b) procentualni-
ho zastoupeni listnatych tézeb; (%) datovy zaklad jehli¢natych a listnatych tézeb
vypocitan jako procentudlni podil z celkovych tézeb; spl8 predstavuje osmilety
spline

Fig. 1: Dynamics of sunspot number and a) the volume of timber harvested in the Czech
Republic and b) percentage of deciduous logging; (%) deciduous logging data
base was calculated as a percentage from total timber harvest; spl8 represents an
eight-year spline
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roky 1986—2019. Na Obr . 1 jsou zobrazena vSechna pouzita data t€Zeb v této stu-
dii. Nahodilé t&zby v CR piedstavuji tézebni zasahy zpiisobené suchem, vétrem
nebo ostatnimi $kodlivymi €initeli (Obr. la). Naproti tomu celkova tézba dieva
(Obr. 1a) predstavuje veskeré téZebni zasahy v lesnim hospodafstvi a vyjadiuje se
jako suma vsech nahodilych a umyslnych tézeb.

VYSLEDKY

V posledni dobé piehlizenou soucasti téZzeb jsou listnaté tézby, které jsou za-
stoupeny v pruméru 13,8 % z celkové tézby od roku 1986 (Obr. 1b) a zbyvaji-
cich 86,2 % jsou tézby jehli¢naté. Trend celkovych tézeb (Obr. 1a) je vzestupny,
coz logicky potvrzuje vysoka signifikantni korelace (r = 0,99) jehli¢natych tézeb
k celkovym tézbam (Tab. 1). Nase vysledky v Tab. 1 ukazuji signifikantni kore-
lace prumérnych teplot k celkovym, jehli¢natym a nahodilym tézbam (r = 0,52,
0,51 a 0,44). Postupné zvySovani jehlicnatych a celkovych tézeb je doloZeno na
Obr. la. Extrémnim obdobim nahodilych tézeb jsou naptiklad roky 2016-2019,
kdy bylo nahodilymi tézbami vytézeno 30,95 mil. m®.

Tab. 1: Korela¢ni koeficienty mezi tézbami a klimatem od 1986 do 2019; statisticky vy-
znamné vysledky (p < 0,05) jsou oznaceny tucné; (%) datovy zéaklad jehli¢natych
a listnatych tézeb vypocitan jako procentudlni podil z celkovych tézeb

Table 1: Correlation coefficients between logging and climate from 1986 to 2019; signifi-
cant results (p < 0.05) are marked in bold; (%) data source of coniferous and de-
ciduous logging calculated as a percentage of total logging

Korelace tézeb s klimatem Vzajemna korelace
Correlation of logging with climate tézeb
Mutual logging
correlations
Cislo Primérnd  Rocni | Celkovda Nahodild
slune¢nich ro¢ni uhrn tézba tézba
skvrn teplota srazek
Sunspot Annual Annual Total  Salvage lo-
number tempera-  precipi- | timber gging
ture tation harvest
Nahodild té7ba -0.49 0.44 028 | 085 1.00
Salvage logging
Celkova tézba
Total timber harvest -0.47 0.52 -0.14 1.00 0.85
Tezba jehlicnatého dfivi g 46 0.51 013 | 099 0.88
Coniferous logging
Tezba listnatého divi 0.07 0.14 009 | 017 0.13
Deciduous logging
Tézba jehli¢natého diivi
Coniferous logging (%) -0.28 0.19 0.05 0.38 0.57
Tézba listnatého drivi
Deciduous logging (%) 0.28 -0.19 -0.05 -0.38 -0.57
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Z hlediska vztahu tézeb a slune¢nich cyklli, nahodilé tézby vykazuji maximal-
ni hodnoty zrcadlové pfevracené k ¢islim slunecnich skvrn. Béhem slune¢niho
minima dochazi ke zvy$ovani nahodilych tézeb, coz probéhlo v obdobich 1994—
1997, 20062011 a 2016-2019. Stridani cyklt tézeb a slunec¢nich cykla charak-
terizuje Obr. la Tab. 1, ktera udava nejvyssi signifikantni korelaci nahodilych
tézeb s Cislem slune¢nich skvrn (r = -0,49) a poté s roénimi teplotami (r = 0,44).
Naproti tomu stiidani tézby listnatych dievin (%) probiha spole¢né se slune¢nimi
cykly, coz ukazuje Obr. 1b a ¢iselné potvrzuje Tab. 1 kladnou korelaci (r = 0,28).
Zaroven dochazi u sttidani tézby listnatych dievin (%) k 11,3letému cyklu ve
spektralni analyze. Nicméné realna tézba listnatych dievin (v mil. m?) je napros-
to potlacena tézbou jehlicnatou, coz potvrzuji i nizké korelace té€zby listnatych
dfevin v Tab. 1.

Cisle sluneénich skvm/Sunspat number Roéni (hrn sraZek/Annual precitipitation Primémé roéni teplota/Annual temperature
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Obr. 2: Spektralni analyzy tézeb a klimatickych ukazateld od 1986 do 2019; (%) datovy
zaklad jehli¢natych a listnatych tézeb vypocitan jako procentualni podil z celko-
vych tézeb

Fig. 2: Spectral analysis of logging and climate from 1986 to 2019; (%) data source of co-
niferous and deciduous logging calculated like a percentage of total logging
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Z hlediska spektralni analyzy na Obr. 2 se 11lety cyklus vyskytuje v nasich da-
tech u ¢isla slunecnich skvrn, u nahodilych tézeb, u procentualniho sttidani jeh-
liénatych a listnatych tézeb (%), u listnatych tézeb a casteéné také u ro¢nich hr-
nd srazek. Dale se v nasich datech objevuji 4-5leté a 9leté cykly u primérnych
teplot, kdy je nutné také zminit mensi i krat$i méné vyrazny 6lety cyklus u na-
hodilych.

DISKUSE

Priibéh nahodilych téZeb spoleéné se sluneénimi cykly byl jiz v CR popsan (Sim0-
NEK et al. 2020), ale i letokruhové zaznamy potvrzuji vliv sluneénich cykli na rist
lesnich dfevin napti¢ v Evropou (SHUMILOV et al. 2011; SIMONEK et al. 2021). Nase
vysledky v Tab. 1 ukazuji, Ze korelace tézeb a rocnich tthrni srazek nejsou statis-
ticky signifikantni. Nicmén¢ slune¢ni cykly mohou byt propojeny s cyklem tézeb
pres North Atlantic Oscilation (NAO), které uzce souvisi napfiklad s cyklickym
vyskytem srazek v Evropé. Srazkové tihrny jsou provazané se slune¢nim cyklem
hlavné béhem unora a biezna (LAURENZ et al. 2019), coz ¢astecné potvrzuji i vy-
sledky zachycené ve spektralni analyze, kde jsou 11,3leté cykly u ro¢nich srazek.
Vyznamnéj$im faktorem pro tézby dfivi jsou vyssi teploty nez srazky, coz potvr-
zuji nase korelaéni koeficienty uvedené v Tab. 1. Teploty jsou na nasem uzemi ko-
relovany se slune¢nim cyklem v inoru, bfeznu a srpnu (LUDECKE et al. 2020) a dle
naseho nazoru, mize hrat roli sluneéni cyklus v prodluzovani doby ziru kirovei
(MARINT et al. 2017). Kratsi 6lety cyklus v nasi spektralni analyze pfirovnavame
k efektu botivych vétra, které jsou hlavnim ptivodcem lesnich kalamit v Evropé
za poslednich nekolik let (SEIDL et al. 2014).

Sluneéni 11lety cyklus slune¢nich skvrn je spojen s elektro-magnetickou aktivitou
slunce (HATHAWAY 2015). Vysvétlenim vlivu slune¢niho cyklu na klima miize byt
spojeno s kosmickymi paprsky (kosmickym zatenim) dopadajicimi do atmosféry
zem¢, coz vede k vyvolani tvorby aerosolt, které jsou zakladem tvorby mrakové-
ho pokryvu (HAywoop a BoucHER 2000; MAGHRABI a KuDELA 2019), ¢imz je
ovlivitovano klima planety od teplot po vodni cyklus (TINSLEY 2012; AL-TAMEEMI
AND CHUKIN 2016; LAURENZ et al. 2019; LUDECKE et al. 2020)

ZAVER

Tézby v Ceské republice jsou ovlivnény mnoha faktory antropogennimi, ale i p¥i-
rodnimi, které se projevuji na vysledném mnozstvi tézeb drivi. Celkova tézba je
nejvice slozena z jehli¢natych tézeb, které nejlépe koreluji s primérnymi ro¢nimi
teplotami. Spektralni analyza nepotvrdila 11leté cykly u primérnych roc¢nich tep-
lot. Nahodila tézba dfivi nejvice koreluje se slunecnimi cykly. Spektralni analy-
zy dat ukazuji, ze slune¢ni 11lety cyklus se nejvice projevuje u nahodilych a list-
natych tézeb, nicméné se také projevuje i u procentudlniho stiidani jehlicnatych
a listnatych tézeb.
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6. Diskuse

6.1. Reakce bukovych porosti na klimatické podminky srazek a teplot

Z vysledki vsech studii buku lesniho této disertacni prace vyplyva, ze teploty maji pozitivni
vliv na rist buku lesniho ve studovanych oblastech Krkono$ a na Broumovsku. V ojedin€lych
piipadech dochazi k extrémnim pozdnim jarnim mrazim jako napiiklad v letech 1996, 2011
nebo 2016. Negativni vliv jarnich mrazt na buk lesni byl zaznamenan i jinymi autory naptiklad
v Krkonosich (Vacek & Hejcman 2012) nebo i v nedalekych Orlickych horach (Kralicek et al.
2017), ale celkovy trend teplot vzduchu a radialniho rust buku je pozitivni. Negativni korelace
teplot a radidlniho riistu byla zaznamenana naSimi vysledky v Itdlii, kde miize dochazet
K vyznamnym problémim se suchem v horskych polohach a tim muze byt vliv teplot na rtst
buku negativni. V budoucnu lze tak ptepokladat, Ze s postupujici klimatickou zménou a
mensimi thrny srazek maze dojit k expanzi buku lesniho do vyssich horskych poloh (Vacek et
al. 2015c, Dulamsuren et al. 2017).

Celkov¢ je tieba zminit, Ze thrn srazek mize vykazovat negativni nebo az nulové korelace
s radialnim pfirastem v Krkonosich nebo na Broumovsku, kdy podobné negativni reakce vici
srazkam potvrzuji i jini autofi (Krali¢ek et al. 2017, Putalova et al. 2019). U buku lesniho
v Krkonosich také plati, Ze s vy$s$i nadmoiskou vyskou hraji teploty vétsi roli vici radidlnimu
piirastu (Dulamsuren et al. 2017), coz také potvrzuji i nase vysledky (Simatnek et al. 2020a).
V poslednich letech se navic zvySuje natlak sucha na bukové porosty (Muffler et al. 2020), ale
V horskych polohach Krkono§ jsou vyznamnéj$i negativni vlivy jarnich mrazi nez sucha
(Simtinek et al. 2019b).

Bukové porosty v Krkonosich patii do citlivéjsi provenience buku lesniho na sucho, coz
jsou vice odolné vic¢i suchu a opadavaji pozdéji (Robson et al. 2013). Porosty buku lesniho
Vv centralni Evrop€ maji navic méné vegetacnich dni nez bukové lesy v mediteranu, coZ se
projevuje i na velikosti primérného letokruhového piirastu, kdy vyzkumné plochy
v Krkonosich piirtistaji fadové méné néz vyzkumné plochy v jiznich Apeninach (Simtinek et
al. 2021c). Bukové lesy v mediteranu jsou také ovlivnény suchem a jarnimi mrazy, coZ bylo
doloZeno naptiklad v Pyrenejich (Gazol et al. 2019) nebo v Apeninach (Nol¢ et al. 2018), ale
sucho je limitujicim faktorem rdstu buku lesniho v Apeninach (Tognetti et al. 2019). Bukové
porosty Vv jiznich Apeninach jsou negativné korelované s teplotami a pozitivné korelované se
srazkami, coz tvoii presny opak k vysledkiim z vyzkumnych ploch v Krkonosich (Simtinek et
al. 2021c). Korelaéni vztahy ke srazkam a teplotam vuci pfirastu buku v Apeninach mohou byt
zpusobeny zimni akumulaci srazek do pidy (Piovesan & Schirone 2000). Negativni korelace
ptirGstu buku k teplotdm na plochéach v jizni Italii by mohly byt pravé vysvétleny vlivem
vyssich teplot na sucha obdobi (Ferrara et al. 2019).
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6.1.2. Struktura bukovych porosti a jejich reakce na srazky a teploty

Vysledky z naSich studii popisuji, Ze variabilita struktury bukovych porosti ma vliv na
dendrochronologické charakteristiky (Matisons et al. 2017). Rozdilna variabilita ve struktufe
bukovych porosti miize byt zpisobena mnoha faktory jako napftiklad: rozdilnym sklonem,
nadmoftskou vyskou, stafim porostu, vyvojem porostu a kvalitou stanovisté. Bukové porosty na
Rychorach se vyznacuji strukturni slozitosti a diverzitou, coZ bylo prokazano jiz v minulosti
(Vacek et al. 2010c, Vacek et al. 2015b). Heterogenni porosty buku lesniho jsou stabiln&jsi vaci
klimatickym vykyvim (Molder & Leuschner 2014). Nase vysledky tento fakt podporuji a 1ze
to vidét i na vysSich korelacich homogennich porosti buku s pravidelné se opakujicim
slune¢nim cyklem, ale heterogenni porosty buku lesniho 1épe reaguji se zkoumanymi faktory
teplot nebo srazek (Siminek et al. 2019a). Také je tfeba zminit, Ze struktura porostii buku
lesniho hraje roli v reakci na klima, kdy heterogenni porosty buku indikuji i mensi vykyvy
v radidlnim réistu buku (Simtinek et al. 2019a, Simanek et al. 2020a). Tento fakt by mohl také
ptispét k lepsi adaptabilité lesnich porostli na klimatickou zménu, kdy smiSené a rozriznéné
porosty reaguji méné na klimatické vykyvy (Vacek et al. 2021). Ptikladem tohoto tvrzeni muze
byt i fakt, Ze heterogenni porosty buku na Rychorach v roce 2011 zaznamenaly mensi vykyv
viiéi jarnim mrazam (Siminek et al. 2019a, Simének et al. 2020a).

6.2. Slunecni cyklus Vv radialnim ristu buku lesniho

Slunecni cykly hraji roli v piirtistu buku lesniho v Krkonosich, coz popisuji i publikace v této
disertacni préci. NaSe vysledky potvrzuji, ze nejen Rychory, ale i severni ¢ast Krkono$ jsou
spojeny pozitivnimi korelacemi se sluneénim cyklem (Simtinek et al. 2020a, Siminek et al.
2021c). Sluneéni cyklus byl také nalezen v radialnim rtstu buku lesniho i na vyzkumné plose
na Broumovsku (Siminek et al. 2021a). Dokonce i vyzkumné plochy z jizni Itilie zaznamenaly
vliv slune¢niho cyklu na radialni riist, nicméné korelace byly zrcadlové zaporné (Simiinek et
al. 2021c). Teoreticky Ize rozdélit vliv slune¢nich cyklt na pozitivni a negativni vzhledem k
radidlnimu ristu buku lesniho. Naptiklad pozitivni vztah ptirtistu borovice lesni byl také
nalezen v severozapadnim Rusku (Shumilov et al. 2011) i v Bulharsku (Komitov 2021).
Naproti tomu v mediteranu v Portugalsku byl potvrzen negativni vztah ptirdstu kiry dubu
korkového vici sluneénimu cyklu (Surovy et al. 2008), kde napfiiklad i borovice piimotska

vykazuje negativni vztah rustu ke slunec¢nimu cyklu v severnim Portugalsku (Dorotovi¢ et al.
2014).

Riznou reakci slunec¢niho cyklu Ize vy¢ist z kros-korelaci v této disertacni praci (kapitola
5.1.3.), kde jsou zobrazeny rizné korelace pfirustu a sluneénich cykl s posunem let v case
(Simtinek et al. 2021c). Efekt kros-korelaci se slune¢nimi cykly Ize ptitadit pravé vlivu NAO,
pficemz 1 u buku lesniho v Italii byl potvrzen vliv NAO na pfirdst buku lesniho (Piovesan &
Schirone 2000). Ke zménam v pfirGstu buku lesniho v Italii mohlo dojit diky vlivim

proménlivého NAO nad Evropou, coZ mohly zpusobit rozdilné reakce kros korelaci mezi
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Krkonosemi a Apeninami (Wibig & Piotrowski 2018, Kotsias et al. 2020). Zajimavosti je, Ze
beéhem 80. let minulého stoleti doSlo k imisni kalamité, kterd snizila radidlni pfirtst buku
lesniho (Spulak & Soucek 2010, Vacek et al. 2013b, Simtnek et al. 2019b) a zaroveii vyzkumné
plochy v Italii zaznamenaly také pokles radialniho rdstu s Casovym odstupem i kdyz v jizni
Italii imisni kalamita nebyla. Lze tedy vznést teoretickou hypotézu, ze imisni kalamita mohla
byt navic ovlivnéna negativnimi vlivy v soub&hu se slune¢nim cyklem (Vacek & Matejka 2010,
Vacek et al. 2013a), ktery se odrazi ve vykyvech radialniho rustu buku lesniho b&éhem
slune¢niho minima (Simiinek et al. 2021c).

6.2.1. Slunecni aktivita a jeji klimaticka vazba na buk

Slunec¢ni aktivita ovliviiuje klima na nasi planeté¢ (Le Mouél et al. 2019), coz se také
projevuje na severoatlantickém proudéni (NOA) (Brugnara et al. 2013, Laurenz et al. 2019). V
mnoha dalSich vyzkumech bylo téz prokazano, ze efekt sluneéni aktivity ma téz vliv na srazky
I teploty (Mauas et al. 2016, Baker et al. 2018). Teploty na evropském kontinentu koreluji
s NAO pievazné béhem zimniho a jarniho obdobi (Liidecke et al. 2020). Uhrny srazek jsou také
propojeny se slunecni aktivitou, ale je dilezité zminit, Ze srazky jsou V pritbéhu roku ovlivnény
sluneéni aktivitou b&hem &ervence v Italii a v Ceské republice béhem mésict kvétna, ¢ervna a
cervence (Laurenz et al. 2019).

Vétrné proudy vysoko v atmosféte tzv. ,Jet streamy* jsou spojeny se solarnimi cykly, kdy
dochazi béhem slune¢niho minima k blokaci téchto vétrnych proudd (Adolphi et al. 2014, Gray
et al. 2016), coz vede i k chladnéj$im zimnim obdobim (Ma et al. 2018). Naproti tomu slune¢ni
maximum vede ke zrychleni vétrnych proudt (Kodera & Kuroda 2002), kter¢ pies ,,Ferrel cells*
(Bronnimann et al. 2006) zvySuji tlak vétrii plisobicich na evropsky kontinent. Toto miize
potvrdit i vyzkum ve Spanélsku, kde bylo zjisténo, Ze sluneéni cyklus je spojen se srazkami
a vétrnymi anomaliemi (Lopez-Bustins et al. 2007). Pravé i vétrné boufe mohou zpusobit
vyznamné §kody na porostech buku lesniho, ale stale je to v menSim méfitku nez u smrkovych
porostil (Schiitz et al. 2006). Vétrné boufe tedy patfi k hlavnim ¢initelim, které poskozuji
bukové porosty a to se projevuje i V nahodilych tézbach buku lesniho (Priewasser et al. 2013).

Slune¢ni cykly jsou spojeny s klimatickou zménou a teplotnimi rozdily na povrchu planety
a existuje i studie, ktera popisuje mozné spojeni nizké aktivity slune¢nich skvrn s klimaticky
chladnymi obdobimi na nasi planeté¢ (Lockwood et al. 2017). Slune¢ni cykly ve spojeni
s kosmickym zafenim (Hathaway 2015) jsou spojené i s formovanim obla¢nosti, ktera ovliviiuje
mnozstvi svétla dopadajiciho na povrch planety. Mala slunecni aktivita tak vede k vys$simu
mnozstvi kosmického zatreni, coz vytvori veétsi mnozstvi oblacnosti a tim se planeta ochlazuje
(Easterbrook 2016, Ormes 2018). Dokonce i celkova ozatenost zemského povrchu kolisa dle
slune¢niho cyklu zhruba o0 0,1 % béhem 11 letého cyklu a prave i slune¢ni zafeni je vyssi béhem
slunecniho maxima. Celé svételné spektrum také vykazuje silné spojeni s vinovou délkou

slune¢niho zateni béhem slune¢niho cyklu (Tsiropoula 2003). S vysledky této disertacni prace
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mize také souviset i fakt, ze aktivita slunenich cyklid v poslednich letech klesa (Singh &
Bhargawa 2019) a s tim soubézné dochazi od roku 1990 v KrkonoSich k niz§imu radialnimu

rastu. V jiznich Apeninach se také snizuje radialni rist buku od roku 2010 (Simanek et al.
2021c).

6.3. Prirozené cykly radialniho ristu buku lesniho

Ve vysledcich spektralnich analyz radialniho rstu buku lesniho Vv této disertaci se nachazi
nejcastéji 9 az 12leté cykly, které jsou zaznamenané u kazdé vyzkumné plochy nebo alespoii je
tento cyklus obsazen minimalné v jedné z Gasovych period riistu buku lesniho (Simtinek et al.
2021c). Slune¢ni cyklus dokonce osciluje v 9 az 14leté periodé, kterdA ma riznou intenzitu
velikosti slune¢nich skvrn (Hathaway 2015). Nékteré faktory vSak mohou naruSovat radialni
prirdst buku lesniho v prubéhu slune¢niho cyklu. Naptiklad vliv nizkych teplot na zacatku
vegetatniho obdobi v roce 2011 muze zplsobit vyrazné poskozeni raSiciho asimila¢niho
aparatu buku lesniho (Simtnek et al. 2019b).

Vysledky dokonce zaznamenaly dalsi rozptyleni slune¢niho cyklu radialniho ptirdstu buku,
které probihalo béhem imisni kalamity od roku 1970 az do 1987 (Vacek et al. 2015b, Vacek et
al. 2019a). V této dobé doslo ke kratkodobému zvyseni radialniho pftirtstu, které probéhlo od
roku 1982 az do 1983, kdy doslo k ukon¢ovani slunecniho maxima. Lze tedy teoreticky zminit,
ze imisni kalamitu v 70. letech (Hlasny & Sitkova 2010) mohl prohloubit pravé i nami
sledovany slune¢ni cyklus. Dal$im vyznamnym elementem, ktery snizuje korelace mezi
sluneénimi cykly a pfirastem buku lesniho v poslednich letech, mize byt i zvySujici se
koncentrace CO», ktera zpusobuje celkové zvySeni prirastu buku lesniho, coZ bylo dokazano
napiiklad v jizni a stiedni Evropé (Rezaie et al. 2018).

Nicméné i pres rozptylujici faktory je celkova korelace radialniho pfirtistu buku lesniho ve
sttedni Evropé se slune¢ni aktivitou nejvyssi (Simiinek et al. 2020a, Simiinek et al. 2021c,
Simiinek et al. 2021a). Vliv slune¢nich cyklti na pfiriist borovice lesni byl zkouman
Vv severozapadnim Rusku, kde dle autortt mohlo také dojit i ke zménam spektralniho slozeni
zafeni Slunce spole¢né s dal§imi vlivy jako jsou cosmic rays nebo index aa (Kasatkina et al.
2019) a prave i slune¢ni zateni osciluje béhem slune¢niho cyklu (Wu et al. 2018).

V naSich datech jsou také nalezeny i kratkodobé 2 nebo 3leté cykly radialniho ristu buku
lesniho, které souvisi i s opakovanim tthrnii srazek nebo se zménami teplot vzduchu (Simiinek
et al. 2020a, Siminek et al. 2021a). Tyto kratkodobé cykly by mohly byt v radialnim ristu buku
lesniho spojené i se semennou produkei, ktera se dle studie ze Svédska projevuje v 2 az 3letém
opozdéni semenné produkce od pfirastu. Tento vliv na semennou produkci buku lesniho by
mohl byt spojen pravé se sezonnimi teplotami (Drobyshev et al. 2010), coz muize vést k otazce,
zda tyto cykly nejsou spojeny s produkci semennych cyklt buku. Navic také tyto kratsi cykly
mohou byt spojeny i s cirkulaci NAO (Laurenz et al. 2019)
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Vysledky spektralnich analyz naptiklad z Broumovskych stén ukazuji, ze buk lesni cyklicky
prochazi kombinaci 7 az 11letych cykla. Tyto cykly jsou spojeny se 7letymi teplotnimi cykly a
11 letymi slunednimi cykly (Simtnek et al. 2021a), které se projevuji v radialnim riistu buku
lesniho. Tyto informace dopliluje naptiklad i némeckd studie zabyvajici se fenologii buku
lesniho ze satelitnich snimkt ve vztahu K teplotam, ktera uvadi, ze 8leté cykly teplot jsou
obsazeny V rytmu rustu buku lesniho (Carl et al. 2013). Delsi 17 az 35leté cykly bychom mohli
prifadit k Hale cyklu (22lety cyklus), ktery se opakuje skrz meteorologické ukazatele jako je
teplota nebo koncentrace ozonu (Tsiropoula 2003). Praveé i 22 lety cyklus mize byt nalezen
dokonce i v letokruzich strom v Tibetu (Wang & Zhang 2011b) nebo v severozapadnim Rusku
(Shumilov et al. 2011).

6.4. Klimatické vykyvy a zména druhové skladby ve prospéch buku?

Vsechny lesni porosty jsou ovliviiovany vétSim vyskytem extrémnich vlivii pocasi béhem
klimatické zmény. Tyto extrémni vykyvy jsou napiiklad silné boute, vitr, sucho, zaplavy nebo
lesni pozary (Lopez-Bustins et al. 2007, Lindner et al. 2010, Young et al. 2017, Whitman et al.
2019). Klimatické vykyvy se daji v Ceské republice shrnout Vv lesnickém managementu pod
nahodilé tezby, které jsou zptisobeny nejriznéj$imi Skodlivymi Ciniteli jako naptiklad vétrnymi
boufemi, kiirovcem, imisnimi disturbancemi, suchem atd. (Hlasny & Turcani 2013, Mitchell
2013, Vacek et al. 2013c, Hlasny et al. 2014). Navic v roce 2019 byl podil téZeb jehli¢natého
diivi na celkovych tézbach 96 %. Celkova tézba diivi v Ceské republice je nyni slozena hlavné
z jehli¢natého dfivi, coz je dano piedevsim zpracovanim nahodilych tézeb. Pti nynéjsim tempu
zmény druhové skladby dochazi k rapidnimu nartstu podilu listnatych dievin, kdy od roku
2000 do 2019 doslo k narustu skladby listnatych difevin o 5,5 % , pficemz buk lesni za toto
obdobi tvofil téméf polovinu, tedy 2,8 % (MZe 2020).

Celkové zaznamenaly jehli¢naté difeviny v Evropé vyrazny pokles, ktery nejlépe
charakterizuje odumirdni smrku ztepilého béhem klimatické zmény, coz bylo zaznamenano
v Némecku (Siefermann-Harms et al. 2004), v Rakousku (Tomiczek 1995), v Polsku (Grodzki
2010), v Ceské republice a na Slovensku (Hlasny & Sitkova 2010, MZe 2020). Tyto lesy jsou
nachylné k fadé sekundarnich chorob a skiidcii a jsou obzvlaste citlivé na teplejsi a sussi klima
(Seidl et al. 2008). Naproti tomu buk lesni Iépe odolava vykyvam nedostatku srazek, 1épe snasi
1 vétrné boute néz smrk ztepily (Schiitz et al. 2006, Kacalek et al. 2017). Nejen, Ze tato dfevina
dobte odolava klimatickym vykyvim, ale také navic tvoti buk agresivnéjsi pfirozenou obnovu
nez smrk ztepily (Slanaf et al. 2017). Buk lesni se také jevi jako nejlepsi varianta za smrk diky
svym podobnym ristovym naroklim a dokonce i ve smési ma tato dievina velmi pozitivni vliv
na smrkové porosty (Kacalek et al. 2017, Vacek et al. 2021).

Z nasich vysledkt vyplyva, Ze teploty vzduchu maji signifikantni vliv na vyvoj bukovych
porostl, ale i nahodilych tézeb od roku 1961 do roku 2018, ale thrn srdzek jiz korelaci na
nahodilé t&7by statisticky vyznamnou nema (Simtinek et al. 2019b, Siminek et al. 2020b).
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Vysoké ro¢ni teploty ¢asto vedou i k suchym obdobim, které ovliviwji prave i celkové tézby
dtivi, coz je ptiklad roku 2003, kdy se také snizil i thrn srazek na podprumérnych 504 mm nebo
obdobi roku 2018, kdy spadlo pouze 522 mm za ptedpokladu, Ze v priméru spadne 620 mm
(CHMU 2020). Béhem sucha dochazi k pfemnozeni mnoha $kidcti jako napiiklad Ips
typographus, ktery napada i stromy zdravé, coz ma dopad na lesnicky management (Schroeder
& Lindelow 2002, Turé¢ani & Hlasny 2007). Sucho a vétrné orkany napiiklad v roce 2018 vedly
ke zvyseni nahodilych téZeb, kdy bylo vytéZeno témét 23,0 mil. m® (j. 90 % celkovych téZeb)
a to zejména Vv disledku enormniho §ifeni kiirovce na Moravé a na Ceskomoravské vrchoving
(MZe 2020). Pii tstupu jehlicnatych lesit dochazi pravé ke zminénému prosazovani buku
lesniho (Fagus sylvatica L.) a ostatnich listnatych dievin pfi obnov¢ lesa, coz se jevi jako lepsi
varianta k adaptaci na klimatické vykyvy nez smrk ztepily (Kolaf et al. 2017, Vacek et al.
20193, Vacek et al. 2021).

6.3.1. Dopad nahodilych téZeb na management péstovani listnatych dievin v soubéhu se

slune¢nim cyklem

Lesni kalamity v Ceské republice vétsinou zadinaji vétrnymi boufemi, které vedou
Kk oslabeni stromt, coz nasledné piejde v pfemnozeni kirovce, ktery poté za¢ne likvidovat
jehli¢naté porosty béhem suchych let (Hlasny & Turc¢ani 2013, Novakova & Edwards-Jonasova
2015).Tento scénaf se stal naptiklad v lednu roku 2007, kdy velké skody na lesnich porostech
zpusobil orkan Kirill (Ludwig et al. 2015), ktery spustil dominovy efekt destrukce lesnich
porostdl a tim se v lesnim hospodafstvi zvysily nahodilé tézby az na 15 mil. m® (MZe 2020).
Sucha obdobi mohou souviset na nékterych mistech na planeté i s cyklem slune¢nich skvrn, coz
popisuje studie z Kuvajtu (Almedeij 2016) nebo z Ciny, kde dokonce stiidani sucha a zaplav
probiha se slune¢nim cyklem (Li et al. 2015). Na zvySeni mnozstvi spadlych srazek také
navazuje i vyskyt vét§iho mnozstvi abnormalnich vétra, které doprovazi opét vyskyt slune¢nich
cykli, coz bylo popsano napiiklad ve Spanélsku (Lopez-Bustins et al. 2007).

Nase vysledky ukazuji, Ze nahodilé tézby kulminuji v soubéhu se slunecnim cyklem, ktery
se V poslednich letech projevuje v t€Zbach diivi ¢im dal intenzivnéji. Nase vysledky dokladaji,
ze v prubéhu poslednich let dochazi k vyssim nahodilym tézbam béhem slune¢niho minima.
Takovym ptikladem mutzze byt rok 2007 nebo rok 2018, kdy doslo ke kulminacim nahodilych
tézeb béhem slune¢niho minima. Naopak v obdobi let 2010 az 2012 nebo v obdobi let 2004 az
2006 se podatilo nahodilé t&zby sniZit pravé béhem sluneéniho maxima (Simtinek et al. 2020b).
Ptirodni podminky a rozloZeni thrnt sraZek béhem ro¢niho obdobi nejsou rovnomérné v ramci
jednoho roku a také se miize ménit i jejich intenzita S nadmotskou vyskou (Brazdil et al. 2021).
Slune¢ni cykly byly detekovany dokonce i v primérnych teplotich vzduchu ve vysce 2 km
avyse (Kumar et al. 2018). Dalsi studie popisuje, Ze dokonce Slune¢ni cykly signifikantné
ovliviiuji srazky v Evropé béhem mésice unora (Laurenz et al. 2019), coz dokonce

zaregistrovaly naSe analyzy ze softwaru Dendroclim, které ukazuji signifikantni korelaci
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radialniho ristu buku na Rychorach v mésicich lednu a tmoru (Simiinek et al. 2019b). Dokonce
i teploty vzduchu v Evropé jsou ovliviiovany slune¢nim cyklem spole¢né s cirkulaci NAO, kdy
je tento efekt odliSny v ramci ro¢niho obdobi (Liidecke et al. 2020). Slune¢ni cykly mohou byt
propojeny s nahodilymi t€Zbami praveé pres NAO.

Dtlezitym faktem, ktery dopliluje vyzkum vlivu klimatickych faktord na lesnicky
management této disertace je, Ze béhem slunecniho cyklu dochazi k fluktuacim mnoZzstvi
kosmickych paprski dopadajicich do atmosféry Zemé, ¢imz muze byt ovliviiovan vodni cyklus
(Tinsley 2012, Al-Tameemi & Chukin 2016). Inverzni vztah mezi plochou slune¢nich skvrn
a kosmickym zafenim je znamym faktem (Hathaway 2015). Mozny vztah mezi nahodilymi
tézbami, slune¢nim cyklem a kosmickym zafenim byl popsan nasimi korelacemi. Z naSich dat
také vyplyva, ze kosmické paprsky maji vysoké korelace s mnozstvim nahodilych tézeb
v ¢asové periodé 1973-2018 (Simuinek et al. 2020b). Tento fakt miize byt spojen s tvorbou
aerosolt, které tvofi zakladni slozku pfi tvorbé mrakového pokryvu (Haywood & Boucher
2000, Maghrabi & Kudela 2019) a dokonce by tento tikaz mohla doplnit i funkéni hypotéza
pracujici s teorii blokovani vétrnych proud béhem slune¢niho minima (Tinsley 2012). Vykyvy
slune¢niho cyklu vedou i k variabilité slunecniho zafeni, které osciluje o 0,1% v 1lcti letém
cyklu a prave slunecni zareni je vyssi béhem slune¢niho maxima a svételné spektrum vykazuje

silné spojeni s vinovou délkou sluneéniho zateni béhem slune¢niho cyklu (Tsiropoula 2003).

Korelace slune¢niho cyklu s cyklem nahodilych tézeb by mohla pomoci lesnikiim Iépe
reagovat na klimatické vykyvy a tim Iépe pfipravovat zdroje pro likvidaci kalamit. Cyklické
fluktuace nahodilych tézeb navic vytvaii ekonomicky tlak na lesnicky sektor, ktery je nucen
prodavat vysoké objemy diivi v kratkém case, coz vede k fluktuacim cen diivi na trhu (Jandl
2020, Hlasny et al. 2021).

Vsechny typy tézeb také vykazuji i ve spektralni analyze 11 lety cyklus, ktery je nejvice
patrny na nahodilych tézbach, a pravé nahodilé t€Zzby probihaji soubézné se soldrnim cyklem
(Simiinek et al. 2020b), na coz navazuji i fluktuace mezi tézbou jehli¢natych a listnatych dfevin
(Simiinek et al. 2021b). Celkové t&zby diivi navic probihaji i v dlouhodobgjsim 60letém cyklu,
ktery prochazi pfirozenymi cyklickymi disturbancemi (Mikol et al. 2020, Vacek et al. 2021).
Podobné cyklické vysledky na dievinach byly zaznamenany i v radialnim ristu borovice lesni
v zapadni ruské stepi, kde byly zaznamenané 10-12leté, 22leté, 32—36leté cykly a dokonce zde
byly i 70-90leté fluktuace dle stfidani rezimu vlhkosti (Matveev et al. 2017). Procentualni
sttidani listnatych a jehlicnatych tézeb prochazi také 11letym cyklem, coZ je zpisobeno hlavné
vétsim mnozstvim jehli¢natych téZeb, které jsou siln€ cyklicky zvySovany nahodilymi téZbami
(MZe 2020, Simiinek et al. 2021b). Jehli¢naté porosty maji horsi zdravotni stav a dokonce tyto
porosty i hiife regeneruji nez listnaté a proto listnaté porosty 1épe odolavaji klimatickym
vykyvim (MZe 2020).

146



Slunec¢ni aktivita, kterd je spjatd i s vétrnym proudénim ,,Jet streams* se miiZze podilet i na
tvorbé silnych vétra, které jsou béhem slune¢niho minima blokovany (Hall et al. 2015, Ma et
al. 2018). Naproti tomu slune¢ni maximum vede ke zrychleni vétrnych prouda (Kodera &
Kuroda 2002), které nejsou blokovany (Bronnimann et al. 2006). Proménlivé vétrné proudéni
muze ovlivnit 1 po€asi béhem zimniho obdobi a tim naptiklad mize dojit i ke kratkodobym
zménam srazkového rezimu (Laurenz et al. 2019, Ahmed et al. 2020), coz zaznamenaly i nase
vysledky z dendrochronologickych analyz buku lesniho, ktery snizil sviyj radialni pfirtist béhem
sluneéniho minima diky niz$im teplotdm vzduchu (Simiinek et al. 2020a). V opaéném piipadé
bylo dokonce popsano v Turecku, ze pravé neptiznivé vétrné proudéni ,,Jet streami* muze byt
zodpovédné i za tvorbu podminek a $ifeni velkych lesnich pozara (Ugur & Feriha 2017, Jain &
Flannigan 2021).

Vyzkum tohoto tématu solarnich cykla v radidlnim pfirGstu mnoha druhii lesnich dievin je
sice znam (Shumilov et al. 2011, Wang & Zhang 2011b, Dorotovi¢ et al. 2014, Simtnek et al.
2020a), ale v lesnictvi stale chybi uceleny pohled na solarni cykly a jejich vliv na evropsky
lesnicky management. Cyklicky efekt stiidani listnatych a jehli¢natych tézeb by také mohl 1épe
doplnit fakt, ze migrace buku lesniho probiha i do severskych oblasti v ramci Evropy (Kramer
et al. 2010), kdy jehli¢naté dieviny ustupuji klimatické zméné a uvolnény prostor misto nich je
nahrazovan listnatymi dfevinami (Hahn & Fanta 2001, Priewasser et al. 2013), které u nas
zaujima hlavné buk lesni (MZe 2020).
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7. Zavér a doporuceni pro praxi

Disertani prace se zabyva bukem lesnim ve vychodnich KrkonoSich ve vztahu ke
klimatickym podminkam srazek a teplot. Hodnocena je také struktura bukovych porosti, vliv
imisni zatéze a soub&h radialniho rustu buku se slune¢nim cyklem. Tato prace obsahuje studie
Z Broumovskych stén a z jizni Italie a porovnava ristové podminky s vychodnimi KrkonoSemi.
Vyuzité poznatky z vyzkumu bukovych porosti byly pouzity pro zjisténi vlivu klimatickych
zmén na lesnicky management, ktery je zastoupen V podob¢ ro¢nich objemii celkové, nahodilé,
listnaté nebo jehli¢naté t&zby diivi v Ceské republice.

Bukové porosty ve vychodnich Krkonosich patii ke stabilnim klimaxovym porosttim, které
dokazou reagovat na nepfiznivé klimatické podminky, ale zarovenn se dobie adaptuji na
antropogenni vlivy ¢lovéka v podob¢ imisni zatéze. Vyzkum v Krkonosich doklada, ze bukové
porosty lépe reaguji na klimatické vykyvy, pokud maji rozriznénou a nepravidelnou
heterogenni strukturu porostii. Naproti tomu homogenni bukové porosty reaguji na vykyvy
klimatickych podminek vyraznéji. Bu€iny na Rychorach nejvice reaguji na teploty a nasledné
na thrny srazek. Ze zkoumanych faktorti v poslednich letech buciny nejvice reaguji na slune¢ni
cyklus. V nasich vysledcich jsme také zaznamenali vliv imisni zatéze (SO2, NOx a Os3) na
radialni rust buku lesniho v letech 1975-1989. Také jsme dolozili vyrazné poskozeni
asimila¢niho aparatu mrazem v roce 2011.

Radialni rist buku lesniho reaguje vyznamné na 11lety slunecni cyklus, ktery byl nalezen
Vv letokruzich na vyzkumnych plochach v KrkonoSich, na Broumovskych sténach, ale i v jizni
Italii. Homogenni porosty buku lesniho vice reagovaly na slune¢ni cyklus neZ heterogenni
porosty. Vyzkumné plochy v KrkonoS$ich reaguji pozitivné na slune¢ni cyklus, sezonni teploty
a ro¢ni uhrny srazek, naproti tomu vyzkumné plochy v jiZni Italii koreluji ptesné obracené nez
vyzkumné plochy v centralni Evropé. Z hlediska spektralnich analyz jsou letokruhy buku
lesniho kombinaci teplot a slune¢niho cyklu, kdy byly nalezeny 4 az 7leté dale 9 az 12leté a 17
az 35leté cykly, pticemz 7,5 az 11leté cykly let tvoii prinik mezi cykly sezonnich teplot a

slune¢ni aktivity.

Z hlediska reakce lesnického managementu na klimatické podminky jsou hodnoceny
nahodilé t&zby, celkové tézby, listnaté téZzby a jehlicnaté t€zby diivi, kdy se predpoklada, ze
tyto t€Zby vyjadiuji celkovy stav lesniho hospodarstvi. T¢zba diivi reaguje na klimaticke,
antropogenni a politické vlivy. Celkova téZba se nejvice skladd z jehlicnatych tézeb, které
nejlépe koreluji s primérnymi ro¢nimi teplotami a naproti tomu nahodilé té¢Zby nejvice koreluji
se sluneénimi cykly. Zaroven v poslednich letech dochazi k zesilujicimu efektu 11letého
slune¢niho cyklu na rozsah nahodilych téZeb hlavné v poslednich dvou desetiletich. Nahodilé

tézby také signifikantné reaguji na primeérné ro¢ni teploty béhem celého sledovaného obdobi.
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Spektralni analyzy dat ukazuji, Ze slunec¢ni 11lety cyklus se nejvice projevuje u nahodilych
tézeb i listnatych té€Zeb a tento cyklicky jev se projevuje i u procentualniho sttidani jehli¢natych

a listnatych tézeb.

Lesnicky management by prakticky mohl vyuzit poznatky z této disertacni prace v péstovani
lesa a v planovani lesniho hospodarstvi. Na nepfiznivych stanovistich nachylnéjsich ke
klimatickym vykyvim by homogenni bukové porosty mély byt vice prosvétlovany za tic¢elem
podrostniho hospodateni s vétsi porostni diferenciaci. Zaroven by pii tomto prosvétlovani doslo
ke zlepseni rezistence bukovych porostti vic¢i klimatickym vykyvim. Bukové porosty jsou
nejvice vyznamné ovlivnéné 7letym az 11letym ristovym cyklem, a proto doporucujeme tuto
vlastnost vyuzit v semenaistvi, kdy by tyto poznatky mohly byt v budoucnu vyuzity napiiklad
pii sbéru osiva beéhem semennych let. Také by tyto znalosti mohly lesnikiim pomoci
Vv podrostnim hospodateni, tak aby dokazali vypozorovat blizici se oslabeni bukovych porostl
a pritom teoreticky odvodit vyskyt semenného roku. Nicméné poznatky v kombinaci se

semennymi roky jsou tfeba vice provétit budoucim vyzkumem.

Samotny lesnicky management by mohl vyuzit poznatky z naSich vysledkd, kde je popsana
kauzalita mezi 11letym slune¢nim cyklem a cyklem nahodilych tézeb. Znalosti této kauzality
by mohly lesnickému managementu pomoci v adaptaci na klimatické vykyvy, které kratkodob¢
trapi prebytky nebo nedostatky riznych sluzeb, diivi i sadebniho materialu. Znalost opakovani
negativnich udalosti v pravidelnych cyklech by mohla pomoci véas vytvofit rezervy pro
zvladani nahlych kalamit. Poznatky z této diserta¢ni prace mohou byt interpretovany mnoha
zpisoby, ale pro budouci vyuziti do praktického lesnického managementu bude nezbytny dalsi
vyzkum. Do pouzitych analyz vstupuje i velké mnozstvi dalSich faktort, které by mohly nékteré
souvislosti detailngji popsat. Nicméné, cyklické jevy zminéné v této disertaci mohou pomoci
v pochopeni dlouhodobéjsich klimatickych vykyvi, které se promitaji ve vSech sférach

lesnického managementu.

Tato disertacni prace tvofi prvni krok k ucelenéjSimu pochopeni cyklickych vztahii
Vv bukovych porostech a v lesnickém managementu. Novou lesnickou filozofii budoucnosti by
mélo byt predani znalosti cyklickych udalosti, které se vraceji v riznych intervalech a
intenzitach. Pokud by lesnicky sektor dokédzal do svého planovani zanést potencidlni extrémni
budouci udalosti, tak by bylo mozné 1épe se pfipravit na klimatické vykyvy. Tyto znalosti by
tak mohly zlepsit trvalou udrzitelnost lesnické vyroby a zaroven by mohly snizit dopady
v disledku klimatickych zmén.
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