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Abstrakt:

Disertacni prace je zaméfena na rozbor péstebnich moznosti a limitd borovice lesni (Pinus
sylvestris L.), v kontextu globalni klimatické zmény a meénicich se pozadavkd na lesni
hospodafstvi. Mezi hlavni cile pfedlozené disertacni prace patii: detailni reSerSe informaci
0 daném taxonu; zjisténi vlivu strukturujicich péstebnich zasahii na iniciaci a dimenze pfirozené
obnovy pod matefskym porostem; popis produkce a struktury heterogennich borovych porosti;

posouzeni vlivu vybranych abiotickych a biotickych faktord na vitalitu borovych porost.

Vyzkum byl provadén v lesnich komplexech Evropy s vyznamnym zastoupenim borovice
lesni. Méfeni struktury dospélych porostii probihalo v heterogennich borovych porostech,
se zajmovou plochou 0,125-0,50 ha, kde prob¢hl také sbér dendrochronologickych vzorkd.
Pfirozena obnova borovice lesni byla inventarizovdna na experimentdlni plose s riznymi
variantami hustoty matefského porostu a piipravy pidy. Hodnoceni vlivu loupani zvéfti
probéhlo v probirkovych porostech borovice lesni. Ziskana data o struktufe a produkci lesnich
porosti byla dale analyzovana prostfednictvim béznych softwara (R, STATISTICA 13,
CANOCO 5, SIBYLA Triquetra 10, PointPro 2.1), dendrochronologické vzorky byly
vyhodnoceny skrze software TSAP Win, klimaticka data pak byla porovnavana

S letokruhovymi sériemi v programu DendroClim 2002.

Stézejnimi vysledky disertacni prace jsou konkrétni doporuceni pro uplatnéni clonnych
postupil na vybranych stanovistich; z dendroklimatologickych dat napti¢ Evropou vyplyva,
ze radialni rtst borovice lesni postupné ztraci piirozenou cyklicitu, kdy jsou klimatické extrémy
s radidlnim pfiriistem stale vice korelovany. Bylo potvrzeno, Ze pfirlst borovice lesni je vice
ovlivnén teplotou nez dostupnosti srazek. Ve stiednich polohach byly smiSené porosty borovice
lesni a smrku ztepilého (Picea abies L. Karst) z hlediska stability i produkce vyhodnoceny jako
vhodnéjsi ve srovnani s nesmiSenymi porosty obou dievin. Byla potvrzena nutnost adaptace
(zména stavajicich péstebnich postuptt) borového hospodaistvi na nové klimatické podminky,
jejimiz hlavnimi principy jsou strukturalizace borovych porostii a podpora porostnich smési,

kde to stanovistni podminky umoznuji.

Klicova slova:

borovice lesni; klimatickd zména; strukturni diferenciace; podrostni hospodateni



Abstract:

The dissertation is focused on the analysis of the growing possibilities and limits of Scots
pine (Pinus sylvestris L.), in the context of global climate change and changing requirements
for forest management. The main goals of the submitted dissertation include: detailed research
of information about the given taxon; determination of the effect of structuring treatments
interventions on the initiation and dimensions of natural regeneration under the mature stand;
description of the production and structure of heterogeneous pine stands; assessment of the

influence of selected abiotic and biotic factors on the vitality of pine stands.

The research was carried out in forest complexes of Europe with a significant presence of
Scots pine. The measurement of the structure of mature stands took place in heterogeneous pine
stands, with an area of interest of 0.125-0.50 ha, where dendrochronological samples were also
collected. The natural regeneration of Scots pine was inventoried on an experimental plot with
different variants of the density of the parent stand and soil preparation. The evaluation of the
effect of bark stripping took place in thinning stands of Scots pine. The obtained data on the
structure and production of forest stands were further analyzed using standard software (R,
STATISTICA 13, CANOCO 5, SIBYLA Triquetra 10, PointPro 2.1), dendrochronological
samples were evaluated using the TSAP Win software, and the climatic data were then

compared with the tree-ring series in the program DendroClim 2002.

The main results of the dissertation are specific recommendations for the application of
aperture procedures at selected sites; dendroclimatological data across Europe show that the
radial growth of Scots pine is gradually losing its natural cyclicity, when climatic extremes are
increasingly correlated with radial growth. Scots pine growth has been confirmed to be more
influenced by temperature than rainfall availability. In the middle locations, mixed stands of
Scots pine and Norway spruce (Picea abies L. Karst) were evaluated as more suitable in terms
of stability and production compared to mixed stands of both tree species. The necessity of
adaptation (change of existing silviculture methods) of Scots pine management to new climatic
conditions was confirmed, the main principles of which are the structuring of pine stands and

the support of stand mixtures where the habitat conditions allow.

Key words:

Scots pine; climate change; structural differentiation; shelterwood management
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1. UVOD

Stiedoevropské lesni hospodarstvi aktudlné¢ prochdzi tfadou technologickych, ale také
ideologickych promén. Nejen v mnoha oblastech Ceské republiky jsme tak jiz druhé desetileti
svédky castého kolapsu lesnich porostl, které se projevuje lokaln€ na urovni lesniho porostu
i viadech celych lesnich hospodaiskych celkt. Jedna se tak zejména o porosty smrkové
a borové, kdy jejich predcasny rozpad miizeme mimo jiné ptisuzovat zptisobu jejich zalozeni.
Uspé&sné zalozené jehli¢naté porosty se tak dnes v odlisnych klimatickych podminkach jevi jako
labilni viéi celé fadé prirodnich faktord. Neuspokojivy stav lest a predikce klimatu pro stiedné
az dlouhodoby c¢asovy horizont lesniky nuti pfehodnocovat a mnohdy vyrazné¢ ménit vzité
péstebni a hospodarské postupy. K postupné adaptaci lesnich ekosystémil ndm jisté chybi jesté
mnoho praktickych informaci, minimaln¢ se vSak na zakladé zkusSenosti z nékolika poslednich

dekad o adaptaci a zachovani lesni krajiny miizeme pokusit.

Velkou vyzvou pro stiedoevropské lesniky je mimo jiné adaptace lesnich porostii na
stanovistich, kde ¢asto ani neni mozna nahrada stavajici dievinné skladby. Typickym ptikladem
takovych stanovist’ jsou piirozena borova stanovisté, kterym dominuje borovice lesni (Pinus
sylvestris L.). Borovice lesni je na tizemi Ceské republiky tradiéni dievinou, je zde dokonce ve
vétsi mife dokladana jiz od preborealu (HORSAK & CHYTRY 2010). Nelze opomenout ani
zasadni hospodarsky vyznam borovice lesni, nejen pro jeji rychly rist a kvalitni dfevni hmotu,
ale pfedné diky schopnosti prosperovat na Siroké Skale stanovist. DalSim hospodaiskym
pozitivem této dieviny je také jeji vyrazna ekologicka amplituda. Areal borovice lesni se tak
rovnomérné rozprostira po celé plose tizemi CR, velmi dilleZitou roli tato dfevina plni zejména
na mistech, kde jiné taxony nejsou schopny odristat. Na chudych suchem ohrozenych
az extrémnich stanoviStich je péstovani borovice Casto jedinou moznosti pro vytvaieni
ucelenych lesnich porostd, a to 1 vramci adaptace na zmény klimatu. Ackoli je borovice
aktudlné¢ na tad¢ lokalit velmi negativné ovliviiovana suchem, stale patii mezi nejvice
zastoupené dieviny v nasi krajiné, to samé plati také pro jeji rozSifeni v métitku celé Evropy
a Asie. Ve svétle klimatickych zmén je tedy tieba zvysit povédomi o alternativnich péstebnich
postupech v borovych porostech, a to nejen na tizemi CR. Néaro¢nym, ale o to dilezit&jsim
ukolem bude také ptipravit noveé zaloZené lesni porosty na klimatické podminky, které se béhem
jejich existence budou pravdépodobné vyrazné¢ meénit. Moznosti, jak zvysit adaptabilitu

a stabilitu borovych porostl jsou rizné, stale Cast&ji se tak jedna o postupné odklanéni se od
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holose¢ného  zptisobu  hospodafeni, nybrz smérem k podrostnimu  hospodateni
az k vyuzivani vybérnych principt. Jako aktudlni se dnes jiz nejevi ani péstovani homogennich
borovych porostii, a to jak s ohledem na prostorovou, vékovou, tak druhovou diverzitu. Mnoho
literarnich pramenti ze soucasnosti se v tomto kontextu shoduje ve vysokém potencialu
vyuzivani ¢i napodobovani prirozenych procest. Alternativni obnovni postupy péestovani
borovych porosti jsou vsak jiz zndmé a bézné vyuzivané, a to ve Skandinavskych zemich
(LuNDGVIST et al. 2019; HYPPONEN et al. 2013), v Némecku (DROSSLER et al. 2017; SPATHELF
et al. 2015), Polsku (BIELAK et al. 2014; ALEKSANDROWICZ-TRZCINSKA et al. 2017) i v Ceské

republice (BiLEK et al. 2017).

V soucasné dobé iz neplati pausalni spojovani borovice vylu¢né s holou seci. I pies vyrazné
naroky borovice na slune¢ni zateni (SLAVIKOVA 1986; LINDER 1997; MusIL 2003; VACEK et

al. 2007; HEIKE 2008; HORSAK a CHYTRY 2010), ji dnes miZzeme péstovat nékolika zpusoby.

Ptredlozena disertacni prace je souborem 7 publikovanych odbornych ¢lankt, které jsou
Vv celém svém rozsahu soucasti kapitoly 5. Vysledky. Diserta¢ni prace rovnéz obsahuje popis
cili a rozbor problematiky ve formé literarni reSerSe (kapitoly 2 a 3), jednotici popis
metodologie vyzkumu uvedenych praci (kapitola 4), obsaZenych v této praci. Soucasti

disertacni prace jsou také souhrnna diskuse, zavér a seznam pouzité literatury (kapitoly 6 az 7).
Oborné publikace, které jsou soucasti vysledkové kapitoly, jsou nasledujici:

1. VACEK, S.; VACEK, Z.; BILEK, L.; REMES, J.; HONOVA, |.; BULUSEK, D.; KRAL, J.;
BRICHTA, J. (2019). Stand dynamics in natural Scots pine forests as a model for adaptation

management? Dendrobiology, 82, 24-42.

2. BRICHTA, J., BIiLEK, L., LINDA, R., & VirAmMvaAs, J. (2020). Does shelterwood
regeneration on natural Scots pine sites under changing environmental conditions represent
a viable alternative to traditional clear-cut management? Central European Forestry Journal,

66(2), 104-115.

3. CUKOR, J., VACEK, Z., LINDA, R., VACEK, S., SIMUNEK, V., MACHACEK, Z., BRICHTA, J.,
PROKUPKOVA, A. (2022). Scots pine (Pinus sylvestris L.) demonstrates a high resistance against

bark stripping damage. Forest Ecology and Management, 513, 120182.
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4. BRICHTA, J., VACEK, S., VACEK, Z., CUKOR, J., MIKESKA, M., BiLEK, L., SIMUNEK, V.,
BRABEC, P. (2023). Importance and potential of Scots pine (L.) in 21 century. Central European
Forestry Journal, 69(1), 3-20.

5. SLEGLOVA, K., BRICHTA, J., BiLEK, L., & SUROVY, P. (2023). Measuring the Canopy
Architecture of Young Vegetation Using the Fastrak Polhemus 3D Digitizer. Sensors, 24(1),
100.

6. BRABEC, P., BRICHTA, J., VACEK, Z., VACEK, S., SIMUNEK, V., & HAJEK, V. (2023).
Potential of mixed Picea abies (L.) Karst. and Pinus sylvestris L. forests in lowland areas of
Central Bohemia. Journal of Forest Science, 69(11), 470-484.

7. BRICHTA, J., SIMUNEK, V., BiLEK, L., VACEK, Z., GALLO, J., DROZDOWSKI, S., BRAVO-
FERNANDEZ, J.A., MASON, B., ROIG GOMEZ, S., HAJEK, V., VACEK, S., STiCHA, V., BRABEC, P.,
FUCHS, Z. (2024). Effects of Climate Change on Scots Pine (Pinus sylvestris L.) Growth across
Europe: Decrease of Tree-Ring Fluctuation and Amplification of Climate Stress. Forests, 15(1),
91.
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2. CILE PRACE

PiedloZena disertacni prace byla vypracovana v souladu s pfedem stanovenym zadanim.
Cile predlozené prace byly sestaveny na zaklad¢ potieby prohloubit znalosti o reakci borovice
lesni na ménici se klimatické podminky, vymezit moznosti strukturalizace a clonnych postupti

borovych porostu jako jednoho z nastroji adaptace. Vycet konkrétnich cilt prace je nasledujici:

* na zaklad¢ literarni reSerSe popsat soucasny stav poznani ohledné zptisob péstovani

borovych porostii a moznosti adaptace borového hospodarstvi na klimatickou zménu,

* stanovit pfirastovy a produkéni potencial borovice lesni v zavislosti na péstebnim zasahu,

smiSeni, stanovisti, véku, ptipadné parametrech jednotlivych strom,

* odvodit pfirtist strukturné diferencovanych porostl a jeho srovnani s vybranymi

klimatickymi charakteristikami,

* odvodit vztah mezi strukturujicimi péstebnimi zasahy a uspésnosti pfirozené obnovy

borovice lesni,

* posoudit vliv poskozeni zvéfi na zdravotni stav a stabilitu lesnich porostii a jednotlivych

stromu.

Pfinosem zpracovani diserta¢ni prace by mélo byt vytvofeni souhrnného materialu
o borovici lesni (Pinus sylvestris L.), pfedné pro potieby studia dané¢ho taxonu, ale také
S ohledem na aktualizaci jiz znamych informaci v kontextu klimatické zmény. Prakticky piinos
realizace disertani prace spociva v hospodaiskych doporucenich pro alternativni obnovni
postupy na ruznych stanovistich, za vyuziti clony matetského porostu ¢i smiSeni s jinymi

dfevinami.
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3. LITERARNI RESERSE

Nasledujici kapitola je syntézou poznatkii o borovici lesni (Pinus sylvestris L.) a jejich
vybranych péstebnich charakteristikach. Syntéza dané¢ho je rovnéz uvedena ve 4. publikaci

(Brichta et al. 2023), jez je soucasti kapitoly 5. Vysledky.

3.1 Popis ekologickych naroku, geograficky vyvej taxonu a soucasny vyznam

Borovice lesni (Pinus sylvestris L.) je dievinou s velmi Sirokym klimatickym a edafickym
arealem (KELLY & CONNOLLY 2000; URADNICEK et al. 2001; DURRANT et al. 2016; VACEK et al.
2016). Vzhledem k tomu, Ze nesnasi vyrazné zastinéni, je borovice lesni vytlacovana
z zivinové bohatSich stanovist’ klimaxovymi dfevinami (PRUSA 2001; MIKESKA et al. 2008).
Rozsahlé lesni porosty borovice lesni se typicky vyskytuji na suchych a chudych piscitych
pudach, v oblastech s piskovcovym podlozim a na extrémnich stanovistich s omezenou
hloubkou pudy, jakoz 1 na raseliniStich (KUCERA 1999; VACEK et al. 2017, 2021a; SOFLETEA
et al. 2020). V Evrop¢ se borovice lesni vyskytuje v nadmotskych vySkach od nizin po hory,
a to v ruznych ekotypech (BILEK et al. 2017; HEBDA et al. 2017; LABISZAK et al. 2017; VACEK
et al. 2022). Ekotypy borovice lesni vychazeji z populaci, které se dochovaly z pozdni doby
ledové ve formé izolovanych refugii ve stfedni Evropé (JANKOVSKA & POKORNY 2008;
MIKESKA et al. 2008; TOTH et al. 2017). Nejstarsi borové lesy v Ceské republice rostou na
skalnich vychozech, ve skalnich utvarech, na hadcovych a mineralné chudych a suchych
piscich. Z hlediska vyvoje jsou borové lesy na raselinistich mladsi (PLivA 1971; MIKESKA et al.
2008; POLENO et al. 2009). Pfirozenym prostiedim borovych porostl mohou byt nicméné
oligotrofni stanovi$te, stejné jako porosty bohaté na bylinnou vegetaci (QYEN et al. 2006;
MIKESKA et al. 2008; VACEK et al. 2022). Nutné je také dodat, Ze podle prostiedi, kde se borovice

dale vyvijela, vznikla cela fada pionyrskych i klimaxovych populaci (KANAK 1999).

Historicky nejstar§i akrofosilni diikazy a sedimentarni zaznamy dokazuji piitomnost
borovice lesni mezi 70 000 BP v Karpatské panvi a 20 000 BP v Mad’arské nizin€ (MAGYARI
2011; TOTH et al. 2017). Soucasné autochtonni bory a borové doubravy vSak vznikly evoluci
vegetace prevazné beéhem 10 000 let postglacialu. Borovice lesni a bfiza b&lokora (Betula
pendula Roth.) byly nejc¢astéjsimi stromovymi taxony ranného postglacialu. Soucasny vyskyt

borovice lesni lze proto povazovat za pozlstatek jejiho ptvodniho aredlu, tedy pozistatek
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ranného postglacialu, zejména na takovych stanovistich, které nebyly z edafickych davodi
vhodné pro jiné dieviny (STASZKIEWICZ 1968; JANKOVSKA & POKORNY 2008). | navzdory
tomu, Ze se tato azonalni spolecenstva od preboredlu postupné vyvijela, zachovala se pouze na
extrémnich stanovistich s omezenou konkurenci jinych druht dfevin. Prvni porosty borovice
S bifizou se na tehdejSim uzemi stiedni Evropy objevily v obdobi star§iho holocénu
— v preborealu (HUSOVA 1999; MIKESKA et al. 2008). V borealu se na uvedeném uzemi zacaly
objevovat svétlé borové lesy s primési lisky obecné (Corylus avellana L.). V obdobi atlantiku,
tedy klimatického optima, pievladaly smiSené listnaté lesy s ptevahou dubu (Quercus spp.),
ale zaroven se v chladnéjsich a vlh¢ich oblastech rychle rozsitil také smrk ztepily (Picea abies
[L.] Karst.). Ptiblizné pted 6 200 az 4 000 lety se zacal sifit buk lesni (Fagus sylvatica L.)
a jedle bélokora (Abies alba Mill.), zejména ve stfednich polohach (BOLTE et al. 2007; MIKESKA
et al. 2008). Vsechny tyto dfeviny postupné vytlacily borovici na mista, kde ji nemohly
konkurovat. V epiatlantiku byla vytvofena pfirozena zonace klimaxové vegetace,
a borovice tak ustoupila do stanovist’ extrémniho a azondlniho charakteru (chudé pisky, skaly,
raSelinis$te). Na extrémnich stanovistich, které byly neptistupné pro jiz aktivni antropogenni
¢innost, se nakonec vytvorila spolecenstva podobna tém soucasnym (HUSOVA 1999; POLENO et
al. 2007; MIKESKA et al. 2008). Otazkou vsak zustava, jaka je role borovice lesni ve 21. stoleti,
kdy zména klimatu méni zastoupeni lesnich dfevin a jejich ristové optimum (FALK

& HEMPELMANN 2013; DYDERSKI et al. 2018; KLOPCIC et al. 2022)?

V soucasné dobé borovice lesni disponuje nejvétsim arealem ze vSech popsanych borovic.
Rozsiteni borovice lesni zahrnuje predevsim mirné a chladnéjsi pasy velké ¢asti Evropy a Asie
(tato oblast je jinak zndmad jako Eurasie). V Evropé se borové porosty objevuji od severniho
Portugalska a Skotska po Dalny vychod mezi 37°-70,5° severni §ifky. Centrem rozsifeni tohoto
taxonu je pak Sibif. Méné se borovice lesni vyskytuje Vokoli Stfedozemniho mofe.
Nejseverng&jsi vyskyt tohoto druhu v Evropé je v Laponsku (URADNICEK et al. 2001; MusIL
& HAMERNIK 2007; DURRANT et al. 2016). Borovice lesni je typicka jak pro oblasti Skandinavie,
severozapadni Sibife, celé stiedni a vychodni Evropy, ale vyskytuje se také v oblasti Kavkazu
a Zakavkazska. Objevuije se také v severnim Mongolsku, SV Ciné a JV Sibiti (BUSINSKY 2008).
V oblasti severni Evropy a Asie dosahuje az polarni hranice lesa (OLEKSYN et al. 2002). Mimo
svij hlavni euroasijsky aredl se vSak borovice lesni druhotné rozsifila i v Severni Americe,

kde se péstuje predeviim na plantaZich (POLENO 1990; URADNICEK et al. 2001; MusIL
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& HAMERNIK 2007; SCHILDLER et al. 2010). V Polsku je borovice lesni dokonce hlavni
hospodaiskou dfevinou, ktera pokryva 58 % lesni plochy (DGLP 2021). V Ceské republice
zaujima borovice lesni 16,0 % lesni plochy (MZE 2022).

3.2 Zakladni principy prirodé blizkého hospodai‘eni v lesich

Zakladnim aspektem efektivity udrzitelného, ptirodé€ blizkého hospodaieni s lesem je snaha
o pochopeni pfirodnich procesi a vazeb mezi uritymi dfevinami a jejich prostiedim
(WozIwoDA et al. 2018). Jemnéjsi hospodafeni v lesich dnes nachazi mnoho pojmenovani
a mnoho rozdilnych zplsobt ¢i pojeti. Jedna se napiiklad o: ekologické lesnictvi (SEYMOUR
& HUNTER 1999; EVANS 2006; FRANKLIN et al. 2007; MITCHELL et al. 2009), konzervacni
lesnictvi (MINCKLER 1974), ekosystémovy management (CLARK et al. 1991), ekologicky
zalozené lesnictvi (KOTAR 1997) ¢i jiz zminéné piirodé blizké lesni hospodaieni (VACEK
& PODRAZSKY 2006; O'HARA 2015). Pfirodé blizké lesnictvi (PBL) je zptisob hospodaieni
s lesem, ktery z praktického hlediska odmita jakakoli schémata ¢i dogmata (prfedevsim ve fazi
stadia obnovy lesa), a vyuziva tak biologickych sil lesniho ekosystému pifi uplatiovani
védeckych poznatkd i praktickych zkuSenosti (VACEK & PODRAZSKY 2006). Hovorime-li
o ptirod¢ blizkém lesnictvi, je nutné také dodat, ze se jedna o hospodareni, o proces Setrného
vyuzivani lesa za i€elem vytvareni dievni suroviny (FSC 2011). Nejedna se tedy o ponechavani
lesnich porosti zcela piirozenému vyvoji, kdy dfevni surovina neni vyuzivana pro hospodarské
ucely. Piirodé blizké hospodaieni je tak Casto ekologizovano ve stav maximalniho mozného
a ucelného vyuzivani ptirodnich sil a biologické automatizace pro dosazeni stanovenych

hospodafskych cilii, mimo jiné i Gspory piidanych vkladii do lesni vyroby (CAPEK 1994).

Jelikoz lesni ekosystémy aktudlné Celi vyraznym klimatickym extrémim (IPCC 2023),
ukolem lesnich hospodaii tedy zpravidla neni zachovani téchto porosti v pivodni podobg,
nybrz jejich pretvareni vedouci k vyssi adaptabilité na rychle se ménici klimatické podminky
(O'HARA et al. 2015). Souvislosti zde nachazime také ve spojeni s druhovou (PRETZSCH et al.
2015; NOoVAK et al. 2021; BRABEC et al. 2023), horizontalni ¢i vertikalni diferenciaci porostu
(Obr. 1; ScHUTZ 2002; VACEK et al. 2018), kdy heterogenni porost mize byt nastrojem,
a zarovenl efektem ptirod¢ blizkého péstovani lesid. DalSim dilezitym aspektem PBL je

udrzovani jejich polyfunkénosti (SISAK et al. 2013; BiLEK et al. 2017). Principy p¥irodé blizkého
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hospodateni nejcastéji vedou k maloplo$nému obhospodatrovani lesi (KERN et al. 2017,
KRISTEK et al. 2018), které¢ je charakteristické zejména pro stin snasejici dieviny. Takovému
hospodateni se svétlomilnymi dievinami, jako je dub a borovice, je nicméné doposud vénovano

jen malo pozornosti.

Obr. 1 Prirodé blizky strukturné diferencovany borovy porost, Trebon 2019. Foto: Jakub Brichta

3.3 Strukturni diferenciace lesnich porosti

Struktura lesa je soucasné vysledkem i nastrojem péstovani lest, kvantifikovana predevsim
hustotou porostu, jeho =zasobou, vertikalni strukturou, kruhovou zdkladnou porostu,
horizontdlnim rozloZenim stroml v porostu, heterogenitou prostorového uspotadani stromd,
objemem mrtvého dfeva nebo kategorizaci jedinct v tloustkovych tfidach (POMMERING 2002;
PUETTMANN et al. 2008; SILVER et al. 2013). V obecné rovin¢é strukturné diferencovany porost
popisujeme jako takovy lesni porost, ktery je vice ¢i méné heterogenni, a to s ohledem na jeho
prostorovou rozriiznénost ve vodorovném sméru (horizontalné diferencovany), ¢i na jeho
vyskové rozrtiznéni v korunové vrstvé (vertikalné diferencovany) (SCHUTZ 2002). Struktura
porostu vyrazné ovliviiuje vétSinu proménnych v lesnim ekosystému, ale v souvislosti
s obnovou lesa a péstovanim riznych dfevin ovliviiuje zejména vznik, odristani a Kvalitu

ptirozené obnovy, jak u dievin stin snasejicich (GAYER 1886; POLENO et al. 2009; BILEK et al.
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2011; CAVLOVIC et al. 2014), tak i dfevin svétlomilnych (BiLEK et al. 2017; DROSSLER et al.

2017; ALEKSANDROWICZ-TRZCINSKA al. 2017; LUNDQVIST et al. 2019; BRICHTA et al. 2020).

Ackoli od strukturné diferencovanych porostii obecné ocekdvame vyssi stabilitu a lepsi
adaptabilitu na ménici se klimatické podminky (MONTERO et al. 2001; ZURKOWSKI 2006;
GIUGGIOLA et al. 2013; ALEKSANDROWICZ-TRZCINSKA et al. 2017; AMEZTEGUI et al. 2017),
nebyly v minulosti péstebni systémy vedouci ke strukturné diferencovanym borovym porostim
prili$ rozsifeny, a to i ptesto, ze jsou prirode blizsi zptusoby lesniho hospodateni znamy uz od
konce 19. st. (GAYER 1886). O lese tloustkove, vékove a vyskoveé diferencovaném s minimem
péstebnim zasaht, nakonec pojednavala prace MOLLER & MOLLER (1922), ktera takovy les
oznadila jako ,,Dauerwald “ — les trvale tvofitvy. SkuteCnost nevyuzivani dalSich zpusobu
hospodatfeni v borovych porostech lze odiivodnit zejména nedostate¢nou informovanosti
lesnické vetejnosti pro zdanlivou nevhodnost podrostniho hospodaieni s vyrazné svétlomilnou
dfevinou, jakou borovice lesni. Zaroven je vsak nutné dodat, Ze borovici se na holé plose dafi
odristat (SLAVIKOVA 1986; LINDER 1997; MusiL 2003; HEIKE 2008; HORSAK a CHYTRY 2010;
VACEK et al. 2007).

Jako ucinné adaptacni opatfeni proti klimatickym extrémim a dalSim abiotickym
a biotickym Cinitelim, je obecné pfijimana snaha o vékovou rozriiznénost porosti, které Ize
dosahnout predevsim maloplosnymi clonnymi postupy ¢i dokonce piestavbou lesa vékovych
tfid na lesy vybérné. Ackoli je borovice lesni obecné povazovana za dievinu vyrazné
svétlomilnou s minimalni toleranci k zastinéni (MusIL 2003), se v poslednich desetiletich
vedle dnes jiz bézného vystavkového hospodaieni (VACEK & PODRAZSKY 2006; BRICHTA et al.
2019) ve vétsi mife uplatiluje i hospodaistvi podrostni (MONTERO et al. 2001; BARZDAIN
& ZIENTARSKI 2007; GAuDIO et al. 2011; KoJoLA et al. 2012; SPATHELF & AMMER 2015; BILEK
etal. 2017; BRICHTA et al. 2020). Je nutné zminit studie z panstvi Barenthoren (JAWORSKI 1995;
ZAJACZKOWSKI 1996), odkud jsou informace o schopnosti borovice lesni vytvaret viceetazové
porosty jiz dlouho zndmy. Analyzy hospodatfeni v panstvi Bérenthoren definuji zdejsi systém
hospodateni ve strukturné diferencovanych borovych porostech coby management v intencich
30 az 60leté obnovni doby s vyuZzitim pouze maloplosnych sec¢i. Také mladsi prace (EDWARDS
& MAsSON 2004, ZURKOWSKI 2006; BARZDAIN & ZIENTARSKI 2007; ANDRZEJCZYK 2008;
LUNDQVIST et al. 2019) potvrzuji, ze ackoli borovice lesni zpravidla vytvaii vyskove vyrovnané

porosty, je schopna piirozené vytvaret také porosty viceetdzové. Tyto strukturné diferencované
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borové porosty jsou vsak limitovany pouze na podminky pfirozenych borovych stanovist,
kde zpravidla nebyva vysoka konkurence ostatnich dievin (ANDRZEJCZYK 2008). V kontextu
adaptace stavajicich borovych porosti na zmény klimatickych podminek, ale také smérem
ekonomické uspory, muzeme v tomto piipadé strukturni diferenciaci porostu zahajit
prostiednictvim pfirozené obnovy pod matefskym porostem (BELAND et al. 2000; BRICHTA
et al. 2020; HUTH et al. 2022). Snizeni zakmenéni matetského porostu pomoci nékolika
clonnych se¢i (BRICHTA et al. 2020) muze byt dobrym vychozim bodem pro pfeménu
homogenniho borového porostu na porost strukturné diferencovany. Nasledné péstovani
takovych porosti by mélo byt provadéno za udrzovani podprimérné zasoby porostu. V piipadé
prace ANDRZEJCZYK (2008) je hranice zasoby porostu v tomto kontextu stanovena na 150-170
m®/ha, ANDRZEIJCZYK (2008) dale doporu¢uje provadét vychovné zisahy v 10letych

intervalech.

3.4.1 Podrostni hospodarieni a p¥irozend obnova

Pomoci pfirozené obnovy lze borové porosty obnovovat riznymi zpusoby, jednd
se 0 holosecné hospodaieni s rtiznou velikosti a orientaci sece, kotlikovou se¢, velkoplosny
1 maloplosny clonny obnovni zpiisob, az s uplatnénim skupinovitého ¢i jednotlivého vybéru
(BILEK et al. 2017). Ktery ze zminénych postupti pro obnovu borového porostu vyuzit obecné
udavaji terénni podminky a dostupnost lesni mechanizace ¢i pfevazujici funkce lesa, nicméné
také pozadavky dotcenych vlastnikli a spravci lesa na krajinny raz dané lokality. Rozhodujicimi
prvky pro vybér urcité varianty obnovy, které jsou vSak ¢asto opomijeny, jsou podminky
prostiedi (SINDELAR 2004). Jedna se tak o zékladni ekologické charakteristiky stanovisté:
nadmoiskou vysku, dostupnost vlahy, obsah zZivin v pud¢, charakter podlozi, druhové a vékové

sloZzeni okolnich porosti atd.

V nékterych ptipadech je v kombinaci s pfirozenou obnovou jesté stale Gcelné vyuzivat
1 holosecné prvky, kdy pfirozena obnova casto vyrazn€ pfed¢i obnovu umélou (WOLSKI
& RoOBAKOWSKI 2008; SIMONSEN 2013), nicméné zde velmi zalezi na vzdalenosti matetského
porostu. Dojde-li k odlesnéni plochy lesa a pida je vystavena permanentnimu oslunéni, ¢asto
dochazi k jejimu prehiivani a vysychani (BOLIBOK & ANDRzEJCZYK 2008), po realizaci

velkoplos$né ptipravy pidy ¢i dokonce kompletnimu shrnuti nadloZznich humusovych vrstev
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i k uplné degradaci ptidy na daném stanovisti (MAROZAS et al. 2018). Setrn&j$im zptsobem
obnovy borovych porostii tak na zdkladé vySe zminénych faktl, mlze byt podrostni
hospodarfeni (VACEK & PODRAZSKY 2006). Podrostni hospodafeni spociva v pocatecnim
profedéni matefského porostu (na zakmenéni 5; Obr. 2), po GispéSném vzejiti semen a existenci
nové generace lesa se nejcastéji pristupuje k dalsi seci (na zakmenéni 3), diky ¢emuz je nalet
uvolnén ze zastinu matefského porostu (Obr. 3). S ohlédnutim na ekologické naroky borovice
(SLAVIKOVA 1986; LINDER 1997; MusIL 2003; VACEK et al. 2007; HEIKE 2008; HORSAK
a CHyTrYy 2010) se v matefském porostu kontinudlné pfistupuje k dalSim zasahim,
az k ptipadnému dotéZeni vrchni etdze. Na pfirozenych borovych stanovistich je tfeba
respektovat, Ze obnova v prvni fazi vyvoje je schopna zastin tolerovat po dobu nepiesahujici
10-20 let (CoBAN et al. 2016; BiLEK et al. 2018a). PARDOS (2017) ¢i LUNDGVIST et al. (2019)
Vv tomto kontextu uvadi, Ze pro nalet borovice je optimalni mirné oslunéni, nikoli pIné. V nasich
podminkach se tak pravdépodobné jedna o zakmenéni 3-4. Kazdopadné se prakticky
v jakémkoli zastinu matetského porostu zvysuje Stihlostni kvocient jedinct obnovy. Vyska
stromi jiz mytniho véku vzniklych ptirozenou obnovou pod porostem navic bézn¢ nedosahuje
vysky stromil vzniklych na holose¢i (GAUDIO et al. 2011). Dal$im negativnim faktorem muze
byt nevratné poskozeni nasledného porostu pii jednorazovém odtézeni vrchni etaze. BELAND et
al. (2000) proto doporucuje zapocit uvoliiovani naletu tehdy, dosahne-li obnova vysky alespon
0,5 m, dotéZeni matefského porostu je ale dle jejich zavérti vhodné az pi1 6 m vysky spodni

etaze.
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Obr. 2 Mateisky borovy porost uvolnény na zakmenéni 4, Doksy 2019. Foto: Jakub Brichta

Obr. 3 Prirozenda obnova pod materskym porostem uvolnénym na zakmenéni 4, Doksy 2019. Foto: Jakub
Brichta

Stejné jako je ocekdvana dobra az zvySend kvalita borovice pii péstovani smiSenych porostii
(HoLuSA & HoLuSA 2000), ptedpoklada se zvySeni kvality dieva borovice i pii uplatnéni
podrostnich postupt (BELAND et al. 2000). Zvyseni kvality dievni hmoty v tomto kontextu
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reprezentuje zejména pravidelnost tlousték letokruhti a vyssi hustota letniho dieva
(SCHONFELDER et al. 2017; SCHONFELDER et al. 2018), coz poté pozitivné ovliviiuje vyrobu
designovych sortimentii, jakoz i mechanické vlastnosti stavebniho feziva. Z divodu lepsi
stability porostii vzniklych pfirozenou obnovou pod matefskymi jedinci (CHURCHILL et al.
2013; SPATHELF et al. 2015; MERLIN et al. 2015), Ize navic tyto péstebni piistupy hodnotit také
jako u¢inny management rizika, tedy jako opatieni, které zvysuje pravdépodobnost dop&stovani
porostu ¢i alespon jeho ¢asti do mytného véku. Z Cetnych vyzkumi navic vyplyva, Ze ptirozena
obnova borovice lesni pod porostem mize byt nakladové efektivnéjsi nezli uméla obnova na
holé ploSe (SCHERMAN 1991; HYPPONEN et al. 2013; ALEKSANDROWICZ-TRZCINSKA et al. 2017;
DROSSLER et al. 2017; BRICHTA et al. 2020). Existence horni stromové etaze tedy zarucuje
¢asteCnou ochranu proti nepfiznivym abiotickym faktorim, ale také zvySuje biodiverzitu
lesniho prostiedi, zarucuje lepsi hospodaieni s vodou (MONTERO et al. 2001; MATIAS & JUMP
2012) a zlepSuje pudni podminky v porostu (ALEKSANDROWICZ-TRZCINSKA et al. 2017).
Mateiské stromy také brani poskozeni nové vzniklého podrostu mrazem (EEREFUR et al. 2008).
Dle simulaci AMEZTEGUI et al. (2017) porosty borovice lesni se snizenym zakmenénim Iépe
odolavaji negativnim U¢inkim klimatickych extrému. Z riiznych vyzkumut v rozvolnénych
borovych porostech vyplyva, Ze stejné jako prosty smrkové (SOHN et al. 2016), i porosty borové
se ve form¢ snizeného zapoje vyznacuji vétsi rezistenci viaci suchym obdobim (GIUGGIOLA
et al. 2013). Podrostni hospodateni miize byt ndstrojem zachovani borovych porosti v takovém
stavu, aby byly schopné plnit zaroven jejich ekologické funkce. Zejména se jednd o produkci
kysliku, ale také zadrzovani vody v krajiné, které dnes s nedostatkem srazek obecné nabyva na

dulezitosti (del CAMPO et al. 2014; IPCC 2023).

Dal$im vyznamnym aspektem borovych porostll péstovanych podrostnimi zpiisoby je fakt,
ze dojde-li k rozpadu vrchni etaze, at’ uz vlivem abiotického ¢i biotického ¢initele, poduroven
V porostu alespon Castecné zistava, a krajina tak neztraci lesni charakter. N4hl¢ odlesnéni
borového porostu vede Casto ke ztraté zdkladnich plidnich Zivin (uhliku, dusiku, drasliku
¢i fosforu), jejichz optimalni mnozstvi se do lesniho porostu navraci dalsi desitky let (MAROZAS
et al. 2018). Nutné je dodat, Ze ponechana vrchni etaz matetskych borovic mize mit negativni
vliv na objemovy pfirist porostu v podurovni (JAKOBSSON 2005) a je tedy doporucovano
dvougeneracni jedince neptedrzovat v porostu v prili§ velkém poctu. Zaroven je na nékterych

stanoviStich vhodné ponechat staré jedince jako 1utoCist¢ pro rGzné druhy zivocichl
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(DJUPSTROM & WESLIEN 2019), biotop houbovych organismti (STENKERBURG et al. 2019)
¢i coby biologické dédictvi nasledné ve formé mrtvého dieva (FRANKLIN et al. 2007; KjuCukov
et al. 2014; KOMONEN et al. 2000; JONASOVA 2013; SANTANIELLO et al. 2016) nebo alespoii
potézebni zbytky a pafezy jako zasobarnu zivin (NOVAK et al. 2017). Pro esteticky dojem
a krajinny raz je podrostni hospodatfeni, respektive péstovani diferencovanych borovych
porostl vhodné zejména na lokalitach, kde jsou vyzadovany mimoprodukéni funkce lesa ve
vetsi mite. Plni-li zde riznoveéké boroveé porosty tyto dalsi sluzby dostatecné, pfipadné ztraty
na produkci, mohou byt dle AHLSTROM (2016) v ur€ité mife tolerovany. V kontextu péstovani
strukturn¢ diferencovanych porosti borovice lesni se tedy na zaklad¢ dostupnych informaci lze
domnivat, Ze se jedna o vhodnou pocate¢ni fazi vytvareni strukturné diferencovanych borovych

porosti.

3.4.2 Svétlostni pririst jedincit matei'ského porostu

Nejen, ze lze v borovych porostech uplatnit pfirozenou obnovu pomoci vystavkl
€1 s vyuzitim ¢astecné clony matetského porostu, ale ponechani jedinci vrchni etdze mohou
navic na uvolnéni reagovat zvySenym tloustkovym ptirastem (VALINGER 1992; SOUCEK 2006;

SVOBODA et al. 2015; MONTERO et al. 2001; BRICHTA et al. 2019).

Ptes obecny predpoklad minimalni schopnosti dospélych borovic reagovat na uvolnéni
zvysSenim prirtstu (SIMON & VACEK 2008; TESAR 2010) bylo zjisténo, Zze borovice mytniho
veéku na nekterych stanovistich (CHS 19, 23 a 43) na uvolnéni reaguji vyraznym svétlostnim
ptirtstem, a to primérné po dobu 18 let po momentu uvolnéni (BRICHTA et al. 2019). Podobnych
vysledku dosahla studie AHLSTROM (2016), kde je konstatovano zvySeni objemu vybranych
jedincii. Nicméné je pfi vybéru cilovych stromt tieba respektovat fakt, Ze zmény tloustkového
ptirtistu ovliviiuje jak charakter uvolnéni, tak i samotné postaveni jedincti v porostu (SOUCEK
2010). K ocekavanému svétlostnimu ptirdstu po uvolnéni dochédzi zejména diky snizeni
konkurence matefskych jedinci, zlepSeni dostupnosti vody a Zivin v pidé, jakoZ i mnoZstvi
slune¢niho zéfeni (KELLOMAKI 1998). Ackoli je v praxi zazité péstovani borovych porostl
Vv hustém zapoji tak, aby nedochazelo k nadmérné sukatosti kmeni, pfistupuje se dnes stale
Castéji k rozvoliiovani porostl jiz sttedniho véku. Cilem je umoznit dokonaly rozvoj korun

stromll, optimalizovat pfiristové poméry a konecné i zvysit mechanickou stabilitu takto

24



vychovavanych porostti (SPATHELF & AMMER 2015; MONTERO et al. 2001; KoJoLA et al. 2012;
NovAKk et al. 2019; 2021). Stromy s vyvinutou korunou jsou vhodné pro uvolnéni také béhem
obnovni doby. Totéz jako v pripadé vystavka ¢i jedincii matefského porostu uvolnénych
clonnou seci (BRICHTA et al. 2019), Ize oc¢ekavat také u jedinci horni etaze Vv jiz strukturné
diferencovanych porostech, kde zpravidla nedochazi k vysoké korunové konkurenci

matefskych jedinct.

Vedle predpokladu zvyseni ekonomické efektivity péstovani rozvolnénych porosti formou
podrostniho hospodarenti, je dal§im Casto uvadénym pozitivem i zvySeni odolnosti porostu proti
abiotickym i biotickym ¢initeliim (SPATHELF et al. 2015; CHURCHILL et al. 2013; MERLIN et al.
2015). Nekteré zdroje (LINARES et al. 2011; SOHN et al. 2016) navic hovoii o tom, Ze pii
optimalnim uvolnéni porostu a snizenim konkurence, se uvolnény porost stdva odolné&jsim vici
extrémnim vykyvam klimatu i dlouhodobym suchiim. Tento jev je zietelny zejména v oblastech
vylozené nachylnym k suchu (SANCHEZ-MIRANDA et al. 2016). Navzdory vySe zminénym
vyhodam rozvolnénych porostli, mame ale o samotné reakci ponechanych jedincti na uvolnéni
zapoje stale velmi malo informaci (BEBBER et al. 2004), proto Ize zatim celou fadu naSich
mySlenek klasifikovat jako domnénky. Stejné tak skromné a fragmentované jsou zjisténi
o efektu uvolnéni na hustotu dieva borovic, ¢asto i protichiidné (PELTOLA et al. 2007; FILIPESCU
et al. 2014, Donis et al. 2013). SoHN et al. (2016) také upozorfiuje na to, Ze v obdobi sucha po
profedéni porostu nemusi ke kyzenému zvétSeni radialniho piirGstu  dochézet.
Stres z nedostatku vlahy tedy nasledny svétlostni piirtst potlacuje (PRIMICIA et al. 2013),
coz je velmi aktudlni zejména v dob¢ poslednich desetileti, kdy jsou borové porosty citelné
postihovany suchymi obdobimi (SPULAK & CERNY 2023). Spatné na¢asovani uvolnéni porostu

vrwe

zasobé porostu (KOJOLA et al. 2012).

3.4.3 Vliv pFipravy piudy na existenci piirozené obnovy

Vliv lesniho hospodéie pfi iniciaci prirozené obnovy spociva vedle Gpravy porostni hustoty
rovnéz V moznostech tipravy ptidniho povrchu (BiLEK et al. 2018b). Ptirozena obnova borovice
lesni, at’ uz v podminkéach holosece ¢i pod krytem matetského porostu, pro své vzejiti Casto

vyzaduje naruseni alespon vrchniho ptidniho horizontu. Skarifikace pidy je tradi¢ni jiz z doby,
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kdy v lesich probihala pastva dobytka a hrabani steliva pro chov hospodatskych zvifat. Praveé
V porostech ¢astecné zbavenych hrabanky a predné piizemni vegetace, se tak dafilo pfirozené
obnov¢, aniz by se jednalo o péstebni zamér (HILLE & OUDEN 2004). Nékteré studie (PICON-
CocHARD et al. 2006), odkazuji na ekologickou plasticitu borovice a jeji schopnost obnovy i ve
vysoké bufeni, nicméné borovice se vétsinou v husté bufeni v dostatecnych poctech neprosadi
(HYPPONEN et al. 2013). Jako svétlomilna dievina je tak borovice ve srovnani se stin snasejicimi
dievinami daleko vice citliva na kofenovou kompetici (EREFUR et al. 2008). Aby bylo mozné
aplikovat jeji pfirozenou obnovu, je Casto tieba bufen odstranit (VARMOLA et al. 2004;
SAURSAUNET & MATRISEN 2018). Vies obecny (Caluna vulgaris) ¢i brusnice bortivka
(Vacinium myrthylus) skrze kofenovou konkurenci a zastinéni pfirozenou obnovu znaéné
komplikuji (HYPPONEN et al. 2013). Ackoli je pfirozena obnova borovice vnimana jako opatfeni
ekonomické efektivnosti, jeji iniciace Casto vyzaduje naruseni pidniho povrchu a odstranéni
vySe zminéné bylinné vegetace. V piirodnich podminkéch se tak déje za pomoci ptizemnich
pozarti (ENGELMARK et al. 1994; CORACE et al. 2009; JONGEPIEROVA et al. 2012), kdy je pidni
povrch zbaven nezadouci vrstvy vegetace a kliceni semenackti borovic je o to snadngjsi.
Pti absenci tohoto ptirozeného procesu piistupujeme k piipraveé pady, pfedevsim pro samotnou
existenci pfirozené obnovy a jeji piijatelnou hustotu (AKCzELL 1993; SAURSAUNET
& MATRISEN 2018; BRICHTA et al. 2020), ale také pro lepsi odriistani (KARLSSON & ORLANDER
2000). Jelikoz skarifikace pudy zvySuje hustotu pfirozené obnovy (AKCZELL 1993;
SAURSAUNET & MATRISEN 2018) a zhorSuje se tak prehlednost a prostupnost terénu, dochazi
také k mensim Skodam zvéri, které s ohledem na vétSi hustotu obnovy nebyvaji zasadni
(WALLGREN et al. 2013; VACEK et al. 2019). KARLSSON & TAMMINEN (2013) dokonce hovofi
o tom, Ze pozitivni vliv ptipravy pidy na borovou obnovu je znatelny i v dob¢, kdy se vznikly

porost nachazi ve stadiu tyCoviny ¢i kmenoviny.

Samotné ptipravé pidy pod porostem casto pfedchazi uvolnéni porostu alespoii v takové
mife, aby byla moZna mobilita lesni, respektive zemédé&lské mechanizace. Mezi nejbéznéjsi
zpusoby piipravy pudy patii orba ¢i frézovani. Nestaci-li jedna etapa skarifikace pidy koncem
1éta ¢i na podzim (KARLSSON & ORLANDER 2000), po samotném naorani se jesté na jafe dalsiho
roku pfistupuje k urovnani povrchu smykovanim (MAUER 2002). Nicméné celoplosna piiprava
pudy se pro vysoké ndklady pfili§ nepouziva, byva tak nahrazovdna zejména pruhovou

ptipravou diskovymi branami (Obr. 3). Tato metoda se vSak nedoporucuje na lokalitach
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ohrozenych erozi (KRIEGEL 1998). Obecné plati, ze ¢im je samotnd skarifikace pudy
intenzivnéj$i, tim vétsi hustotu pfirozené obnovy muizeme ocekavat (ALEKSANDROWICZ-

TRZCINSKA et al. 2014).

Obr. 4 Varianty pripravy pudy pod porostem pro iniciaci prirozené obnovy, kombinovand fréza KSH
700 (vlevo), lesni fréza Meri Crusher 1,8 ST (vpravo), Doksy 2019. Foto: Jakub Brichta

Rizikem ptipravy pudy s ohledem na vzniklou pfirozenou obnovu borovice mize byt
pfedevsim zvysena teplota pudy bez stinu bylinného krytu (BEDFORD & SUTTON 2000;
OLESKOG & SAHLEN 2000), nicméné vlhkost piidy se v fadé piipadu i tak jevi jako stabilni
(OLESKOG & SAHLEN 2000). Dal$im potencialnim rizikem mutze byt vylouhovani zivin
z nakypiené pidy (PIIRAINEN et al. 2007) ¢i zamrzani kofenovych soustav jedinc obnovy

(CHANTAL et al. 2003).

3.4.4 Mimoprodukcni funkce strukturné diferencovanych borovych porostii

Vyznam lesa pro lidskou spolecnost se se zvySujicimi potiebami spolecnosti méni,
samoziejme také ve svétle klimatickych zmén. Lesy plni celou fadu funkci, vedle typickych
produk¢nich funkci lesa pak spolec¢enské a kulturni funkce, ochranné funkce, ekologické funkce

&i funkce ochrany klimatu a biodiverzity (POLENO et al. 2009; SISAK 2013). DoBBs et al. (2011)
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lesni krajinu navic posuzuje jako nedilnou soucast dusevniho zdravi ¢loveéka. Diky riznym
funkcim lesnich ekosystémt, které jsou navic vymezeny zédkonem (MZE 1995), lesni
hospodafstvi oznadujeme jako polyfunkéni (SISAK 2013). V dne$ni dobé nabira na dilleZitosti
zejména funkce ochrannd, klimaticka, ¢i funkce produkce kysliku (GAMFELDT et al. 2013;

MATTONE & SHEAVES 2017).

Diky lepsim podminkam podrostniho hospodateni v porostech stin snasejicich dievin, plni
mimoproduk¢ni funkce zdanlivé 1€pe stin snaSejici dieviny. Nicméné i borové porosty,
jako v mnoha piipadech jedina dievinna spoleCenstva schopna rustu na chudych az extrémnich
stanoviStich, maji potencial spliiovat celou fadu mimoproduk¢nich funkei lesa (BILEK et al.
2017). Konkrétné na piscitych a extrémnich stanovistich, ¢asto na stanovistich reliktnich borti
(CHS 01) (MIKESKA et al. 2008) borové porosty hraji klicovou roli také v procesu ochrany
pudy. Faktem také je, Zze na nékterych stanovistich je borovice témét nezastupitelna dievina
(SLAVIKOVA 1986; LINDER 1997; MusIL 2003; HEIKE 2008; HORSAK & CHYTRY 2010; VACEK
et al. 2007), kterd svou existenci udrzuje samotny charakter lesni krajiny. JakoZzto druha
nejzastoupendji dievina v CR (MZE 2022) miZe mit borovice velky vliv na nabidku
ckosystémovych sluzeb lesa vibec, ¢i funkci socidlnich a zdravotné-rekreacnich. Velké
moznosti podpory mimoprodukénich funkci lesa je piedev§im na lokalitach, kde je borovice
autochtonni, tedy jako nadhorni ¢i chlumni ekotyp borovice lesni (KANAK 2011). V hospodarsky
vyznamnych porostech oblasti pivodniho vyskytu borovice lesni (KOVAR et al. 2013) by vsak
z ekonomickych diavodi méla pievladat funkce hospodaiska. MIKESKA et al. (2008) nicméné
hovofti o tom, Ze na ptirozenych borovych stanovistich jsou hospodarské a ekologické funkce
zpravidla vyrovnané, kdy se jedna o lokality vyrazné ohroZené suchem, degradaci pudy
¢i zamokifenim. Mimoprodukéni funkce lesa jsou Vv borovych lesich v porovnani
s homogennimi porosty ve vétsi mife plnény skrze strukturné diferencované borové porosty,
at’ uz diferencovanych horizontalng, naptiklad v podob¢ urcitého smiseni nebo heterogenni
textury porostu (CzerRerko 2004; PRETZSCH et al. 2015; FELTON et al. 2106; DROSSLER et al.
2018), ¢i vertikalné prostiednictvim nékolika etazi (BARZDAIN & ZIENTARSKI 2007; BIiLEK
et al. 2017; LUNDGVIST et al. 2019). V reliktnich borovych porostech (CHS 01), které jsou
vétSinou vazany na velmi mélké nevyvinuté plidy, skalnata ¢i sut'ova stanovisté nebo extrémné
chudé¢ lokality ¢i raSelinisté, je prvofadnym tkolem lesniho hospodaie zachovani lesa na téchto

stanovistich. Casto se tak jedna o bezzasahovéa izemi, nicméné i management jednotlivého
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vybéru zde ptipada v tivahu, aby byla zajiSténa obnova cennych mistnich populaci a byla
zachovana podoba viceetazového porostu (BILEK et al. 2017). Je-li zadouci dosahnout skute¢né
prirozené struktury rozriznéného borového porostu, je tfeba pocitat s opravdu dlouhym
¢asovym obdobim. EDWARDS & MASON (2006) tak hovoii o zhruba 300 letech, béhem kterych
by mélo samovoln¢ dojit ke kyzené piirozené struktute diverzifikovaného borového porostu.
Zminéna studie také pojednava o tom, ze dosazeni zmén ve prospéch dynamického lesniho
ekosystému v krat§im obdobi bude rozhodné vyzadovat hospodaiské zéasahy v podobé
uvolnovani matefského porostu ¢i podsadeb ostatnich dfevin. Jednim ze zdkladnich aspektl
borového porostu, jenz se bliZzi pfirozené struktufe a plni tak zejména ekologické funkce,
je bezesporu piitomnost mrtvého dieva. Jeho vyznam popisuje mnoho autortt (KOMONEN et al.
2000; FRANKLIN et al. 2007; JONASOVA 2013; KiuCUKoOV et al. 2014; SANTANIELLO et al. 2016),
ktefi vesmés tvrdi, ze mrtvé dievo jako biologické dédictvi zvySuje urovei biodiverzity lesniho
ekosystému a pozitivné ovlivituje kolobeh zivin v pid¢. Existence mrtvého dieva v porostu
navic podporuje také obraz krajinného razu lesa a pomaha plnit i dal$i funkce lesa,

jako je zadrzovani vody a fixace uhliku (RUSSELL et al. 2015; VACEK et al. 2018).

Odhlédneme-li od porosti na extrémnich stanovistich (CHS 01), kde borové porosty plni
zejména funkci ochrannou, vétSinu borovych porostli nalézame na SLT: 0K, OM, 1M, 0Q, OP
a 00 (CHS 13), ¢ina 0T a 0Q (CHS 39). V porostech nachazejicich se na stanovistich SLT 0M,
je sohledem na ekologicky orientované péstovani lesa racionalni vyvarovat se velkych
holoseci, podpofit pfimiSenou biizu, zachovat genotyp mistni populace a vyuzivat ptirozenou
obnovu (PRUSA 2001). Na SLT OK a 1M lze v piipadé nekvalitnich porosti postupovat
holose&né, v kvalitnich porostech nase¢né, v nasem piipadé zejména podrostné. Casto se zde
objevuji 1 pfimiSené listnaté dieviny, které je zde tfeba ponechdvat pro udrzZeni kvality pidy
(PERINA & VINTROVA 1958). Na stanovistich, kde hrozi zamokieni a poskozeni mrazem (00,
OP a 0Q), je zdavodu alespon ¢astecného krytu opét vhodné podrostni hospodaieni
(ULBRICHOVA et al. 2017). Na SLT OT a 0G, ktera reprezentujici zivinové velmi chuda
stanovis$te, je aktudlni otazkou jiZ zminéné ponechavani téZebnich zbytkl a vétSiho mnozstvi
mrtvého dieva (KOMONEN et al. 2000; FRANKLIN et al. 2007; JONASOVA 2013; KJUCUKOV

et al. 2014; SANTANIELLO et al. 2016).
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Se stale vétsi informovanosti vetejnosti, ale také pii vzrustajici aktivni sou¢innosti riznych
lesnickych i nelesnickych organizaci, dnes stdle castéji dochazi k nalézani spolec¢nych
ekologicko-ekonomickych cilli, a to nejen na trovni vyzkumu. Konkrétné ve Svédsku
v provincii Dalarna na plose cca 3 400 ha funguje spoluprace vlastnika lesa, vyzkumného
ustavu a akciové spolecnosti provadéjici lesnické sluzby, a to jiz od roku 2012 (DJUPSTROM
& WESLIEN 2019). V dospé€lych hospodatskych borovych porostech se zde za piispéni vSech
zminénych organi snazi prostfednictvim napodobovani pfirozenych procest vytvaiet
heterogenni prostfedi pro zvySovani biodiverzity lesniho ekosystému. Podobny ptiklad
nicméné zname také z prostiedi Ceské republiky, na majetku Méstskych lesti Doksy, s. r. 0.,
jehoz borové porosty jsou charakteristické velmi vysokou potiebou vyhovét jak pozadavkim
rekrea¢nim, ochrané biodiverzity, tak ekonomice lesniho hospodaistvi. V lesnich porostech
provincie Dalarma (DJUPSTROM & WESLIEN 2019; Svédsko) tak s ohledem na borealni
charakter lesti polyfunkcnost lesnich porosti napliuji napodobovanim ptirozené¢ho rozpadu
lesa. V Doksech ¢i v nékterych porostech nedaleko Tieboné a v dalSich oblastech, je potieba
plnéni kompletni Skaly funkci lesa napliiovana prostfednictvim péstovani strukturné
diferencovanych borovych porosti (Obr. 4). Navic jiz zname prace (BARZDAIN & ZIENTARSKI
2007), které dokazuji, ze péstovani strukturné diferencovanych borovych porosti je nejen

mozné, ale zaroven ucelné, jak z hlediska plnéni funkei lesa, tak ndkladovosti lesni vyroby.

Obr. 5 Vicegeneracni strukturné diferencovany borovy porost, Tiebon 2019. Foto: Jakub Brichta
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3.5 SmiSené borové porosty

S ohledem na klimatické zmény se dnes na vétSin€ stanovist’ udrzovani a zakladdani
smiSenych borovych porostl jevi jako moznost zvySovani adaptability lesnich ekosystému
(PRETZSCH et al. 2015). Agkoli kulturni nesmiSené borové porosty v CR pievazuji, smiSeni
porostt S bfizou zde ve vétsi mite vznikaji jiz od preborealu (MIKESKA 2008). Bftiza se navic
na ptirozenych borovych stanovistich vyskytuje pfirozen¢ (SUCHOMEL et al. 2014) a mnohdy je
jedinou dfevinou, ktera borovici dokaze konkurovat uz od stadia narostu (ULBRICHOVA et al.
2017) a tvofit sni v budoucnu smés alesponn v roli pfimiSené dieviny (MASON
& CONNOLLY 2016). V suchych obdobich bfiza ve smési s borovici zvySuje svou stabilitu
a konkurenceschopnost, na rozdil od ostatnich druhi dievin v pfimiSeni v tomto stavu setrvava
(BAUMGARTEN et al. 2019). V piipadé smiSenych porostl borovice lesni a bfizy bélokoré ve

vhodnych klimatickych podminkach dokonce dochdzi ke zvySeni pfirGstu obou téchto

pionyrskych dievin (KAITANIEMI & Lin-TUNEN 2010).

Smisené borové porosty diky své rozmanitosti obecné 1épe vyuzivaji dostupné zdroje na
celé fad¢ stanovist’ (chuda pisCitd stanovisté, extrémni a ptidné obnazené lokality apod.),
a tak zmiriiuji dopady sucha a dalSich poskozeni biotickymi a abiotickymi ¢initeli. Z hlediska
extrému klimatu zde tedy ¢asto vykazuji vyssi vitalitu a stabilitu porostu (CZEREPKO 2004;
PRETZSCH et al. 2015; SPULAK & CERNY 2023). Dle mnohych zdroji navic existence
piimisenych dfevin zvySuje produktivitu borovych porosti. Empirické studie, modelace
a metaanalyzy (MORIN et al. 2011; ZHANG et al. 2012; BIELAK et al. 2014) navic potvrdily,
ze prumérna produkce smiSenych porostii mize predCit primérnou produkci nesmisenych
porosti. Nardst produkce tak muze ¢init az 50 %, a to zejména ve smiSeni s dfevinami
vazajicimi dusik (FORRESTER et al. 2006), 20-30 % V ostatnich smé&sich (PRETZSCH et al.

2013a).

V podminkach stfedni Evropy (NOVAK et al. 2020; BRABEC et al. 2024), ale také
Vv borealnich lesich Skandinavie, jsou velmi ¢asta smiSeni se smrkem (DROSSLER et al. 2018;
FELTON et al. 2016), kdy borovice je v tomto spojeni situovana v irovni a nadtrovni, kdezto
smrk tolerujici zastin tvoii podurovenl. Tato smés ma dle vySe zminénych autorii v danych
podminkach také pozitivni vliv na pidni charakteristiky, vcetné vldhovych pomér. Navic

zvysuje estetickou hodnotu porostu, ale ptfedevsim snizuje riziko ohroZeni porostu abiotickymi
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i biotickymi ¢initeli, a to jak pro borovou, tak i pro smrkovou etaz (BIELAK et al. 214).
S ohledem na tuto smés vsak narazime také na riziko, ze smrk v podurovni prostfednictvim
korunové intercepce a mezikofenové konkurence bude snizovat mnozstvi vlahy v piadé, coz je

vV fadé piipadii pro vrchni borovou etaz zaroved limitem (SPULAK 2019; NOVAK et al. 2020).

Zdarny vyvoj borovych porostl ¢asto vyzaduje piimés stinnych ¢i polostinnych listnatych
dievin v podarovni: habru obecného (Carpinus betulus L.), buku lesniho (Fagus sylvatica L.)
¢i lipy (Tilia spp.). Zpravidla tak dochazi ke zvySovani stability porostu a vyvétvovani vrchni
borové etaze (POLENO et al. 2009). Péstovani a obnova borovice s dalsimi dfevinami,
a to jak v podarovni, tak v urovni, byva prospésné i samotné kvalité dievni suroviny (HOLUSA
& HoLusSA 2000). Dalsi nespornou vyhodou listnatého smiseni je jednozna¢né pozitivni vliv na
hladinu pH v pud¢, kdy optimalizuje pH po kyselém borovém opadu (PERINA & VINTROVA
1958). Dieviny vhodné ke smiSeni s borovici se podle stanovist’ 1isi. Na chudych vysychavych
stanovistich byva nejvhodné&jsi pfimés dubu, nejéastéji se jedna o tzv. borové doubravy (CHYTRY
2010). V niz8ich polohach je také vhodna smés s habrem (VACEK & PODRAZSKY 2006).
Ve stfednich polohach je vhodné smiSeni s bukem, Casto je ale obtizné zalozit smes soucasné,
nebot’ soucasné vysazené buky nejsou schopné piizptisobit se rdstovému tempu borovice
(DRAGOUN et al. 2015). Podaii-li se vSak udrzet smés borovice s bukem do mytniho véku porostu,
muzeme ocCekavat navysSeni tloustkového pfirustu borovice az o 14 % (ZELLER et al. 2017).
Na zonalnich stanovistich ¢i za procesu sukcese ve fazi pripravného lesa se nejcastéji samovolné
vyskytuje smiSeni s btizou (SUHOMEL 2014). Nicméné dle DRAGOUNA et al. (2015) se jako
nejvyhodnéjsi jevi smiseni s lipou v poduirovni. Konkrétné u této piimési ocekavame vyrazné
pozitivni vliv na vyskovy prirast borovice, vycetni tloustku a souhrnné na celkovou zasobu porostu.
Také KOSULIC st. (2008) doporucuje zakladat vysadby borovice lesni vzdy s ptimési listnatych
dfevin, vedle dubu, habru ¢i lipy uvadi jako zadouci rovnéZ piimés olSe a 0siky. PRETSZCH et al.
(2020) popisuje vyrazné vyssi piirtst borovice ve smési s dubem. Ve prospéch smiSeni borovice
lesni s dal$imi dfevinami hovoii také nedavna aplika¢ni metodika (NOVAK et al. 2021), ktera v pro
smiseni s borovici na ptirozenych borovych stanovistich doporucuje dokonce hned nékolik dievin.
Dobrou zpeviiujici funkci v tomto kontextu mize dle NOVAK et al. (2021) plnit spolu s borovici
douglaska tisolista (Pseudotsuga menziesii (Mirb.) Franco), dub zimni (Qurcus petraea (Matt.)
Liebl.), habr obecny, jedle bélokora, modiin opadavy (Larix decidua Mill.) ¢i buk lesni. Metodika

vSak zaroven doporucuje také smiSeni se smrkem ztepilym.
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V dutsledku klimatickych zmén a posouvani arealu borovice lesni do vysSich poloh
(VACCHIANO a MOTTA 2015; HUNZIKER et al. 2022) se dnes v Evropé ¢im dal ¢astéji sklonuje
také prestavba borovych monokultur ve prospéch smisenych porosti. Dle studie SOUCEK (2006) je
nejcastéjSim postupem umelé prestavby borovych porosti podsadba listnatymi dievinami.
Dostate¢ny prunik slune¢niho zafeni a mnozstvi srazek mutize zajistit rist spodni listnaté etaze i bez
vyraznych piiristovych ztrat. Na stanovistich, kde se nachazi dobré zasoby vody a Zivin,
a borovice zde neni v puvodni dfevinné skladbég, je nakonec zména druhové skladby zadouct,
fadu let naptiklad v Polsku, kde byvaji uskute¢iovany prostfednictvim podsadeb buku a jedle
(Obr. 6), podsijemi jedle, ¢i skupinovitymi holose¢nymi prvky v Sachovnicovém uspoiadanim
S naslednou umélou obnovou listnatych dievin. Dilezitym procesem téchto prestaveb je vyfezdvani
ptipadnych listnatych naletovych dfevin, které casto vytvari husty podrost a komplikuji
tak ujimavost podsadeb (KOzEL 2010). Dal§im reprezentativnim piikladem zmény druhového
sloZeni je pfeména borovych porostti clonnym zptisobem s kotliky v severovychodnim Némecku.
Do dospivajicich porostl jsou zde vkladany kruhové kotliky s vysadbou dubu, v okolnich borovych
porostech je pak uplatiovana ptfirozena obnova pomoci dalSich clonnych se¢i (SOUCEK 2006).
Vhodnost smiSeni ¢i piestavby cestou kotlikti svétlomilnych listnatych dfevin doporucuji také dalsi
studie (MASON & CONNoOLLY 2016; WAITZ & SHEFFER 2021). Zajimavou moznosti vkladani
listnatych dievin do borovych porosti je také vyuziti dubu ¢erveného, ktery se pro tuto smes jevi
jako velmi vhodny. Na rozdil od dubu zimniho ¢i letniho, neztraci vitalitu ani pod porostem
borovice, a naopak se prostiednictvim zejména zvéie a ptactva Siii po porostu, kde vytvaii stabilni
podrost (WoziwobA et al. 2018). V CR jiz na n&kterych mistech probiha piestavba borovych
monokultur na smiSené¢ porosty, nicméné¢ se jedna o proces trvajici minimalné desitky let,
samoziejmé v zavislosti na podminkach prostiedi; konkrétné v NP Podyji je odhadovana piestavba

borovych porost skupinovitym vybérem na dobu minimaln¢ 40 let (VRSKA 2012).
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Obr. 6 Porost borovice lesni s podsadbou jedle bélokoré (vpravo), zavedené pomoci kotlikové sece,
Janow Lubelski (Polsko) 2021. Foto: Jakub Brichta

3.6 Vliv klimatickych extrémi na zdravotni stav borovych porostu

Klimatické modely 21. stoleti ukazuji, Zze primérna teplota se béhem kratké casové periody
zvysi o 3-4 °C, a zaroven srazky se radikalné snizi (IPPC 2013, 2023). CHRISTENSEN et al.
(2007) hovoti o tom, Ze do roku 2100 dojde ke zvySeni primérné teploty dokonce az o 5 °C.
V podminkach CR taktéz piedpokladame vyrazny narist pramérnych teplot. Dle MZp (2015)
se Vvobdobi 2010-2039 teplota vzduchu zvysi o 1 °C, vobdobi 2040-2069
se predpoklada vyraznéjsi otepleni, kdy se na jafe a v 1ét€ otepleni miiZze pohybovat v rozmezi
od 2,3 °C po 3,2 °C, v obdobi 2070-2099 dosidhne otepleni v 1ét€ primérné 4 °C. Trend
zvySovani prumérnych teplot a snizovani dostupnosti srazek a hladiny spodnich vod,
se neptiznivé projevuje na stavu lesnich porostli (SRAMEK & HELLEBRANDOVA et al. 2016),
dochazi tak k vyraznému usychani porostd riznych dfevin, coZ pozorujeme V méfitku

takika celého svéta (ALLEN et al. 2010).

V podminkach stfedni Evropy jsou ohrozeny ptfedevSim porosty smrku, které tak ztraci
obranyschopnost proti skoddm podkornim hmyzem, a to zejména na lokalitich mimo jeho
ekologické optimum (HOLUSA & LISKA 2002; SLODICAK 2014; JENIS 2014; NOVAK & DUSEK

2014). Nedostatek vlahy se ale velmi nepiiznivé projevuje také na stavu borovych porosti
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(BURAS et al. 2018), kdy sucho ¢asto byva primarnim pivodcem jejich plosného odumirani,
a to nejen vpodminkdach CR (LCR 2019; SPULAK & CERNY 2023), ale b&zné jiz také
Vv borealnich lesich Finska (GAO et al. 2017). Vyrazné zhorSeni vitality nejen borovych porosti
je nejvice patrné od roku 2015, ktery byl charakteristicky nékolika periodami extrémné
vysokych letnich teplot, zarovein byl vtomto obdobi patrny vyrazny srazkovy deficit.
Nedostatek srazek v roce 2015 zapficinil vyznamny pokles hladiny podzemni vody. Zminéné
zhorSeni klimatickych podminek platilo pro celou stfedni Evropu, dokonce se jednalo o rok,
kdy suma letnich srazek byla podstatné niz§i nez hodnoty srazek predchozich 114 let (ORTH et
al. 2016). V podminkach Ceské republiky se zdravotni stav borovych porostéi prokazatelné
postupné zhorSuje uz od roku 2013 (SPULAK & CERNY 2023), velmi prudké zhorSeni
zdravotniho borovice zde pozorujeme od roku 2018, ktery byl charakteristicky srdzkovym
deficitem pro celou stfedni Evropu (BOERGENS et al. 2020). Nicméné je nutné rovnéz
konstatovat, ze jiz na pielomu stoleti byly zjistény proschlé borové porosty dokonce v oblastech
Alp (OBERHUBER 2001), zde lze opét sledovat neustalou kontinuitu v prosychani borovych
porostli, o cemz dale hovoii BIGLER et al. (2006). Dle téchto autorti bylo usychani borovice
lesni sledovano uz pied rokem 2001, a to to jak v Rakousku, Svycarsku, tak v Italii (BIGLER et
al. 2006). Na Spatnou adaptabilitu borovych porostil upozornuje dokonce uz MASON & ALIA
(2000) ve tvrzeni, ze i pfes vyrazny posun v informovanosti o genetické rozmanitosti borovice
lesni, nebudou borové monokultury schopny reagovat na meénici se podminky prostiedi,
a to na vétsing plochy jejiho vyskytu. Tedy uz pred vice nez 19 lety rizné studie shodné uvade¢ly,
7e sucho negativné ovliviiuje vitalitu borovych porosti, a dojde-li k né€kolika suchym rokiim
za sebou, pak i k jejich celkové mortalité. S ohledem na informace o nizké adaptabilité porosti
borovice lesni vii¢i zménam klimatu, se zdaji byt velmi ohrozeny zejména porosty stejnoveéke
(SAVWA & VAGANOV 2002). Stejnovekym porostim tedy hrozi, Ze budou v budoucnu negativné
ovliviiovany suchem stale vice (BOTTERO & VACCHIANO 2015; VACEK et al. 2016). Vhodné je
rovné€Z uvazovat o vlivu klimatickych extréml na borovice rizného charakteru. Ackoli
MARQUES et al. 2022 tvrdi, Ze sucho prokazatelné snizuje pfirtst borovic bez ohledu na jejich
vitalitu, tak vitalni jedinci po uplynuti suché periody vykazuji vyssi pfirtsty a lepsi schopnost
regenerace neZ stromy oslabené (CAMARERO et al. 2018). VEJPUSTKOVA et al. (2020) pak tvrdi,
ze klimatické extrémy nejvice ohrozuji porosty stiedniho az vyssiho véku. CUKOR et al. (2022)

ve své studii navic zmifluje, ze na extrémy klimatu hife reaguji také stromy poskozené
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loupanim zvéti. Vysledky studie BURAS et al. (2018) upozoriuji na riznou lokaci porosti
poskozenych suchem. Dle zavéra BURAS et al. (2018) se nejvice poskozené porosty nachéazi na
okrajich lesa, coz je navic umocnéno vytézenim téchto porostl, kdy nasledné¢ dochazi
ke kontinualnimu narusovani porostniho okraje. Na zaklad¢ vySe zminéného zjisténi tak lze
nicméné rovnéz konstatovat, Ze existence porostniho okraje miize vyrazné¢ zmirnit klima uvnitt

lesa, i za predpokladu, Ze je porostni okraj z vétsi ¢asti proschly (BURAS et al. 2018).

Ve svétle zmény klimatickych podminek je adaptabilita celého hospodaieni s borovici lesni
v podminkach CR o to sloZit&jsi, Ze pro borovici lesni prakticky nelze taxativné odvodit vhodné
klimatické podminky, zde tedy neni na misté hospodatfeni upravovat v diisledku posunu lesnich
vegetacnich stupni (Mzp 2015; MZp 2021). To je dano predevsim jeji Sirokou ekologickou
amplitudou, a sice délkou vegetacéni doby 90-200 dnd, ¢i ro¢nim thrnem srazek 200-1 800 mm
(MusIL 2003). Zminéné podminky zaujimaji prakticky celé¢ uzemi CR. Uplatnéni borovice
je zde tedy skutecné dano jeji konkurenceschopnosti a vazbou zejména na podlozi,
nikoli klimaticky (CERMAK & MIKITA 2014). Dalsi piekazkou ve snaze zvySovani adaptability
borového hospodaistvi mize byt znacnd geneticka diverzita borovice lesni (KOSULIC 2007;
KANAK et al. 2009; CAp et al. 2016). Dle CApet al. (2016) v CR navic jesté neexistuje kompletni
seznam jejich ekotypt. HUNZIKER et al. (2022) vsak konstatuje, Ze borovice postupné ustupuje

Z nizSich nadmoftskych vysek, i navzdory své vysoké genetické variabilité.

Nutné je vSak zminit, Ze aCkoli suchd obdobi porosty borovice lesni obecné poskozuji,
na kvalitu jejiho osiva prokazatelné nemaji negativni vliv (BEZDECKOVA & MATEIJKA 2018).
Jinak je to vSak v pripadé mnoZzstvi osiva, které se v borovych porostech samoziejmée snizuje
s po¢tem odumielych matefskych jedincti (VILA-CABRERA et al. 2014). Velmi tepla a sucha 1éta
jsou obecné doprovazena zvySenym opadem jehli¢i (OZOLINCIUS et al. 2009; POLJANSEK et al.
2015), coz opét narusuje fyziologickou vitalitu jedince. Defoliace borovice byva ovlivnéna
zejména nedostatkem srazek piedchoziho roku (REBETEZ & DOBBERTIN 2004). Pied¢asny opad
jehlic zptsobeny stresem ze sucha probihd rovnéz v prvni az druhé nasledujici vegetaéni sezoné
(NIINEMETS & LUKJANOVA 2003). Defoliace se samoziejmé projevuje také snizenim
tloustkového ptirGstu borovic (VACEK et al. 2017). Stres zpusobeny nedostatkem vlahy
nicméné Casto zplUsobuje vyrazné snizeni obranyschopnosti borovych porosti proti rozvoji
jmeli bilého (Viscum album), jehoz rozsifeni v koruné stromu vede nejen k dalSimu snizeni

dostupnosti vody, ale také mineralnich zivin (RIGLING et al. 2010; ZwEeIFeL et al. 2012; MuUTLU

36



et al. 2016). Jmeli tak ¢im dal cCastéji doprovazi suchem stresované borové porosty,
a nasledkem jeho parazitismu a vylu¢ovani jedovatych metabolickych latek do pletiv hostitele,
dochazi k odumirani c¢asti koruny ¢&i nakonec i celého stromu (ROLOFF et al. 2012;
TRIEBENBACHER et al. 2019). Stres zpusobeny nedostatkem vlahy dale napomaha ke snizeni
obranyschopnosti proti podkornimu i listozravému hmyzu a pfispiva také k rozvoji
fytopatogenti (HODAR & ZAMORA 2004; DOBBERTIN et al. 2007; WERMELINGERET et al. 2008).
Zv1asté je potreba uvazovat riziko ndsledného napadeni oslabenych borovic podkornim
hmyzem, ktery se na tizemi CR velmi rozsifil po srazkové extrémné deficitnim roce 2018
(LuBoJACKY etal. 2022). Sucho navic ¢asto zptsobuje zvySovani rizika vyskytu lesnich pozara
(ALLEN et al. 2010; Mzp 2015; Mzp 2021), na piirozenych borovych stanovistich chudych na

vodni zdroje obzvIast.

Jednim z obrannych mechanismli borovice lesni k aktualnim extrémim klimatu
je bezesporu silnd voskova vrstva na jehlicich a zapusténé praduchy na jejich vnitini strané.
Obranny mechanismus borovice se pi1 vldhovém deficitu projevuje tak, ze dochéazi k uzavieni
priduchu, tedy k pferuSeni evapotranspirace (SANCHO-KNAPIK et al. 2017). Nutné je vSak
dodat, Ze se jedna o kratkodobé opatieni, nebot’ uzavieni priduch zdrovenn omezuje
fotosyntetickou aktivitu stromu (RIEK & RENGER 1994). Vodu, kterou borovice pfijima
ze vzduchu, nasledné transportuje do vétvi, v nékterych piipadech dokaze dale distribuovat
do kofenové soustavy stromu. Znama je studie o transportu vody z vétvi do kotfena
u semenackt borovice (ROLOFF 2004). Prace Lorez et al. (2021) nicméné prokazala,
ze borovice jsou stresovany kratSimi suchymi periodami méné nez smrk ztepily,
to je pravdépodobné zplisobeno vyssi hustotou jemnych kofenti v hornich 15 ¢m pudniho

profilu (FINER et al., 2007), ale také rychlej$im ristem kofenové biomasy (BoRJA et al., 2008).
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4. METODOLOGIE

Metodické postupy této disertacni prace byly pomérné Siroké, piedné s ohledem na rtizna

témata odbornych publikaci uvedenych v kapitole 5. Vysledky. V této kapitole uvadim zakladni

a souhrnné charakteristiky lokalit, sbéru, zpracovani a analyzy dat.

4.1 Popis lokalit

Vyzkumné aktivity pfedloZzené disertacni prace probihaly na nékolika lokalitach, a to jak

v prostfedi Ceské republiky, tak dalsich statd Evropy (Obr. 7). V piipadé 1. a 7. publikace

se jednalo o porosty minimalné¢ ovlivnéné clovékem, se zvySenym stupném ochrany,

data publikace 2. a 5. publikace byla pofizena v béZnych hospodaiskych mytnich porostech,

pro 3. publikaci byla data ziskana z vychovnych homogennich porostt, studie 6. publikace byla

feSena ve smiSenych a nesmiSenych piirodé blizkych porostech. Tab. 1 zobrazuje souhrnny

piehled lokalit jednotlivych publikaci, v€etné stru¢ného popisu pirirodnich podminek.

Tab. 1 Charakteristika vyzkumnych lokalit

Nadmoiska

Primérna ro¢ni

Ro¢ni ihrn

Publikace Zemé Lokalita GPS vyska teplota sravek Piidni podminky
1.Vaceketal. (2019) | CR bKoors;e'eCké 20 o0ecos N |4zzmnm. 733°C 6somm | Podzolarenicky,
2 BRICHTA etal. (2020) | CR | Doksy e 300mn.m. 7,30°C 635 mm Podzol arenicky
3.CukoRr et al. (2022) CR | Ungsov igg%gggijg’ 459 mn. m. 8,4°C 488 mm Kambizem modalni
4.BRICHTA et al. (2023) _ _ _ _ _ _
5.8LEGLOVA et al. (2023) | CR | Doksy i 300mn.m. 7,30°C 635 mm Podzol arenicky
6.BraBeC etal. (2023) | CR | Klokoena e 455 mn. m. 7,5°C 600 mm ES\TE;?m

Pseudoglej
7.BRricHTA etal. (2024) |CR | Plasy oty |s0mn.m. 7,95°C 492 mm Podzol glejovy
7.BricHTA et al. (2024) | SP Valsain 43‘05‘91’98,27;8%’;)\11\] 1680 mn. m. 6,55°C 1326 mm Kambizem, Luvizem
7.BricHTA etal. (2024) |PL | Nowogorsd ;iigg}ggg 130 mn. m. 734°C 553 mm Podzol arenicky
7. BRICHTA et al. (2024) | VB E;?]Ir?g:h e | 2somn.m. 5,67°C 1552mm | Podzol glejovy

* Poznamka 1: 4. publikace je literdrni resersi, proto chybi ve vyctu lokalit.

a informaci z dalsich odbornych publikaci. Konkrétni zdroje jsou k nalezeni v jednotlivych clancich, v kapitole 5. Vysledky.
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Obr. 7 Mapa Evropy s body zdjmovych lokalit jednotlivych studii

4.2 Sbér dat
4.2.1 Vyznam a potencial borovice lesni (Pinus sylvestris L.) ve 21. stoleti (4. publikace)

Zejména v ramci realizaci studie BRICHTA et al. (2023) probéhl sbér dat formou syntézy
literarnich zdrojt, pfedné dostupnych v databazi Scopus a WOS. Vyhleddvani aktualnich
informaci o taxonu bylo zpravidla provedeno také prostfednictvim webového portalu Google
Scholar, kde byla pouzivana nasledujici klicova slova: pinus sylvestris; scots pine; climate
change; drought; structural diversity; forests; close to nature; silviculture; ecology; threats;

wood production; European forests; shelterwood

Knizni publikace ¢i starSi odborné publikace, nedostupné v elektronické podobg,
byly zaptjéeny v knihovnach Fakulty lesnické a dievaiské CZU v Praze, stejné jako ve

Studijnim informaénim centru CZU.
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4.2.2 Inventarizace jedinci prirozené obnovy a semenného materiilu

(1.; 2.; 5. publikace)

Pfirozend obnova byla inventarizovana na ploSe s designem riznych variant hustoty
mateiského porostu (BRICHTA et al. (2020); zakmenéni 0,8; 0,6; 0,4 a holose¢) a zaroven
ruznych variant ptipravy pady (shrnovac klestu, lesni fréza, kombinovana lesni fréza, kontrolni
varianta). V kazdé z kombinaci zakmenéni matetského porostu a ptipravy ptdy, byly vytyceny
dva transekty (Obr. 8) o rozloze 2 x 60 m (n = 64), které byly dale rozdéleny na Ctverce
0 2 x 2 m (viz kapitola 5.2). Pro kazdy jednotlivy ¢tverec byly inventarizovani vSichni jedinci
obnovy (u jedinct vyssich 10 cm byla zaznamenana celkova vyska a $itka koruny s pfesnosti
na 1 cm). VSechna méfeni byla provedena na podzim 2018, tedy 3 roky po clonné seci
a skarifikaci pidy. V ramci inventarizace dat prace SLEGLOVA et al. (2023) bylo celkem
32 jedincu pfirozené obnovy z vyse zminénych ploch méteno také v laboratornich podminkéach
(nadzemni 1 kofenova c¢ast rostliny), za pomoci technologie magnetického digitizéru Fastrak
Polhemus pro ucely 3D modelovani architektury rostlin. V roce 2016 bylo na plochu kazdé
varianty hustoty matefského porostu umisténo také 7 semenospadu (velikost 1 x 1 m) (n = 28),
jejichz obsah byl vzdy inventarizovan koncem vegetacni doby (méteno od roku 2016 do roku
2018). Semenospady byly umistény do stiedu jednotlivych ploch tak, aby bylo ptedejito vlivu

okrajového efektu.

Inventarizace piirozené obnovy v jiz diferencovanych porostech (VACEK et al. 2019)
probihala na celkem 6 vyzkumnych plochach o rozloze 0,25 ha na pfedem vytyCenych
z4jmovych transektech (10 x 50 m), zalozenych jiz pfed zahajenim aktivit disertacni prace.
Inventarizace pfirozené obnovy zde probéhla v letech 2006 a 2016. Pomoci technologie
Field-Map (IFER-Monitoring and Mapping Solutions Ltd.) byla stanovena poloha daného
jedince. Vyska, vyska nasazeni koruny a jeji Sitka koruny, byly méfeny prostiednictvim

ty¢ového vyskového méfidla (S presnosti 1 cm).
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Obr. 8 Inventarizace jedincii prirozené obnovy na vytycenych transektech, Doksy 2021. Foto: Jakub
Brichta

4.2.3 Zjisténi vodniho potencialu pidy a teploty pudy (2. publikace)

Me¢feni vodniho potencialu bylo provadéno pomoci absorpénich bloktt GB—2 (Delmhorst
Instrument Company) pfipojenych k dataloggerim Micro-Log SP3 (EMS Brno).
K dataloggeru bylo ptipojeno také teplotni ¢idlo (Cidla ttidy A Pt1000, EMS Brno). Sadrové
senzorové bloky byly umistény 7-9 cm pod povrch pludy; pro jednu variantu hustoty
matetského porostu byly instalovany vZdy 4 senzory (n = 16). Zatizeni na méfeni vodniho

potencialu pldy a jeji teploty byla umisténa doprostred ploch.
4.2.4 Méfeni struktury porostu (1.; 6.; 7. publikace)

V piipad¢ vyzkumu BRICHTA et al. (2024) byla v letech 2015-2016 k zachyceni struktury
porostu pouzita technologie Field-Map (IFER-Monitoring and Mapping Solutions Ltd., Jilové
u Prahy, Ceska republika; Obr. 9 a 10), konkrétné ke stanoveni struktury stromového patra
a produkénich parametri vyzkumnych ploch. Na celkem 16 vyzkumnych plochach o rozloze
50 x 50 m (0,25 ha) byly na tzemi Ceské republiky, Spanélska, Polska a Velké Briténie
zaznamenany pozice vSech jedincl stromového patra s vycetni tloustkou (DBH) > 8 cm.

Béhem zaznamenavani pozic pomoci technologie Field-Map byla métena také projekce korun
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stromovych jedincl (za pomoci 4 bodt, umisténych pii obvodu koruny). Metodologie VACEK
et al. (2019) byla z hlediska parametri celkem 6 vyzkumnych ploch podobna (0,25 ha),
avsak s tim rozdilem, ze vSechny zajmové plochy byly zméfeny v roce 2006 a v roce 2016
se zde méfeni opakovalo. Coby stromovi jedinci byly inventarizovany borovice > 4 cm.
V piipadé¢ Setfeni BRABEC et al. (2023). byla struktura porostu métena na zakladé obdobnych
pravidel, nicméné byly zaznamenavani jedinci s tloustkou stromu > 7 cm, a to na plose
25 x 50 m (0,125 ha). Ve vsech pfipadech byly inventarizovani také jedinci hrani¢ni, jejichz

DBH byla z vétsi ¢asti na tzemi dané vyzkumné plochy.

Inventarizace mrtvého dieva (VACEK et al. 2019) prob¢hla na vSech 6 plochach studie
(0,25 ha), a to vintencich pétibodové stupnice, upravené dle SPETICH et al. (2001)
(1 — nenaruseny kmen, 5 — kone¢na faze rozkladu). U mrtvého dieva byl dale stanoven jeho

objem a podil na celkové zasob¢ porostu.
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Obr. 9 Kompletni zarizeni Field-Map (vlevo); Obr. 10 obrazovka tabletu s jiz zaznamenanymi zamérami
Jjedincii borovice lesni (vpravo), Plasy 2020. Foto: Jakub Brichta

4.2.5 Zakladni dendrologicka méieni stromi a jejich ¢asti (1.; 3.; 6.; 7. publikace)

Metodologie Setieni VACEK et al. (2019), CUKOR et al. (2022), BRABEC et al. (2023)
a BRICHTA et al. (2024) obsahovala také méteni jedincti stromového patra (vSech piitomnych
dievin), méfeno tak bylo: tloustka stromu, vyska stromu a nasazeni jeho koruny. Tloustka
stromu byla témét ve vSech ptipadech métena pomoci manualni lesnické pramérky Mantax
Blue (Haglof, Langsele, Svédsko) s pfesnosti 1 mm, a to pomoci priméru minimalné 2 na sebe
kolmych méteni (v pfipadé¢ inventarizace VACEK et al. (2019) se jednalo o manuélni lesnickou
primérku Kinex). Vysky stromd, stejn¢ jako nasazeni koruny byly méfeny prostfednictvim

laserového vyskoméru Vertex (Haglof, Svédsko) s presnosti 0,1 m.
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4.2.6 Inventarizace poskozeni jednotlivych matefskych stromu a jedincli prirozené

obnovy (1.; 3. publikace)

Inventarizace stromovych jedincit CUKOR et al. (2022) byla rovnéz doplnéna o méfeni
skute¢ného poskozeni stromil loupanim lesni zvéfi, resp. ndslednou hnilobou. U kazdého
zdjmového stromu byl zaznamendn obvod mista poskozeni, vertikdlni délka poskozeni

a vzdalenost stiedu poSkozeni od zemé. Poskozeni kmene (Cerstvé i star$i) bylo méfeno

-----

-----

do 3 kategorii dle poskozeni zvéti: zdravé stromy (poskozeni < 1/8 obvodu kmene), stromy
s mens§im poskozenim (poskozeni > 1/8 a < 1/3 obvodu kmene) a rozsahlé poskozeni (poskozeni
> 1/3 obvodu kmene) (KoSMALA et al. 2008; CUKOR et al. 2019; VACEK et al. 2020). Sbér dat
Vv tomto piipadé probéhl vr. 2020 také formou odebrani pokacenych vzorniki z celkem
40 borovic (DBH v rozmezi 10,1-24,6 cm) s riznym stupném poskozeni. Vzorniky byly
smérem k vrcholu, tak k paté kmene. Kazdy vzornik (Obr. 11) s pfitomnosti hniloby byl
zaroven zaznamenan na fotografii fotoaparatem Canon (Canon, 'Ota, Japonsko). Rozsah
hniloby na vzornicich byl nasledné¢ méfen pomoci programu ImageJ (Schindelin et al., 2015).
Fotografie oblasti poskozenych hnilobou byly zméfeny v programu pro zpracovani Imagel
(SCHINDELIN et al., 2015). Pomoci pfiénych fez vzorniki byl stanoven také rok prvniho
poskozeni stromu, a to dle prvniho poSkozeného letokruhu (zapocitdna byla také korekce

4 letokruhti dorostu do primérné vysky bodu poskozeni — 0,9 m).
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Obr. 11 Vzornik pro stanoveni rozsahu hniloby, Unésov 2021. Foto: Jakub Brichta

w7

Metodologie inventarizace poskozeni okusem zvéti (VACEK et al. 2019) byla stanovena
jako prosté zaznamenavani vSech jedinct evidentné poskozenych okusem zvéfi, a to s ohledem
na vSechny pfitomné dfeviny. Okus byl detekovan coby ostré pferuSeni termindlniho pupenu
dané rostliny. Inventarizace okusu lesni zvéti byla v tomto piipad¢ provedena v roce 2006

a nasledné v roce 2016.
4.2.7 Odebirani dendrochronologickych vzorki (1.; 6.; 7. publikace)

Dendrochronologické vzorky byly odebirany pro vSechny studie diserta¢ni prace shodné,
pomoci Presslerova ptiriistového nebozezu, a to ve vySce 1,3 m od zem¢, smérem do stfedu
stromu, vzorky byly nésledné lepeny do specialn¢ vytvoienych dievénych krytl s drazkami.
Pro ucely prace BRICHTA et al. (2024) byly vzorky odebrany z celkem 163 kodominantnich
a dominantnich jedincti borovice lesni na riznych vyzkumnych plochach vSech 4 zaujatych
zemi (Ceské republika, Spanélsko, Polsko, Velka Britanie). Data prace VACEK et al. (2019)
tvofilo celkem 150 dendrochronologickych vzorkii, odebranych z dominantnich (pfipadné
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kodominatnich) stromtl, kdy pro kazdou ze 6 ploch byl vytvoten soubor 25 vzorkd. V ptipadé
vyzkumu BRABEC et al. (2023) bylo odebrano celkem 60 vyvrti zkodominantnich
a dominantnich stromt: 30 vyvrti z borovice lesni a 30 vyvrtd ze smrku ztepilého. Veskeré
odebrané vzorky pochazely zjedinct horniho stromového patra, s registracni hodnotou
tloustky > 30 cm. S ohledem na odlisnou metodologii CUKOR et al. (2022) byl odbér
dendrochronologickych vzorkl v tomto ptipadé stanoven na celkem 60 vyvrtl borovice lesni,
z toho 30 vzorktli pochazelo ze zdravych stromt v porostu, dal§ich 30 vzorkl ze stromt zna¢né
poskozenych. Kodominantni a dominantni stromy pro vzorkovani byly v porostech vybirany
nahodné (funkce RANDBETWEEN, MS Excel). V piipadech vsech zminénych publikaci byly

kodominanti a dominantni stromy stanoveny dle Kraftovy klasifikace (KRAFT 1884).

Podobn¢é pro vSechny 3 zminéné vyzkumy prob&hlo nésledné vyhodnoceni vzorka
V laboratornich podminkach, konkrétné byla méfena Sitka vSech letokruhi daného vzorku
(ptesnost 0,01 mm) pomoci binokularni lupy Olympus na méficim stole LinTab. Data byla
nasledné zapisovana prostiednictvim softwaru TSAP-Win (verze 4.64, RINNTECH,
Heidelberg, Némecko).

4.3 Zpracovani a analyza dat

4.3.1 Vyuzité statistické nastroje a metody (1.; 2.; 5.; 6.; 7. publikace.)

Data predlozené disertacni prace byla statisticky testovana pomoci celé fady rtiznych metod
a testll, stejn¢ jako pii pouziti n€kolika statistickych softwari. Vyuzivany byly nésledujici
softwary: R (R CORE TEAM 2019); CANOCO 5 (SMILAUER & LEPS 2014); PAST (verze 4.5,
2008) (KNiBBE 2007); STATISTICA 13 (verze 13.4.0, 2018). Statistické testovani prob&hlo
prostfednictvim vyuzit parametrickych (analyza rozptylu — ANOVA, Tukeyho HSD)
i neparametrickych testi (Kruskal-Wallisova test, Shapiro-Wilkav test), véetné vyuziti regresni
a korela¢ni analyzy. Pro stanoveni vysledkl byla také pouZzita vicerozmérna PCA analyza.
Pficemz plati, Ze pro vSechny vyuzité statistické testy byla zvolena hladina vyznamnosti
a=5 %. Detailni rozbor pouZitych statistickych metod je uveden v konkrétnich publikacich,

Vv kapitole 5. Vysledky.
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4.3.2 Vyhodnoceni dendrochronologickych a klimatologickych dat (1.; 6.; 7. publikace)
Dendrochronologicka analyza byla shodné pro prace VACEK et al. (2019), BRABEC et al.
(2023) a BRICHTA et al. (2024) provadéna shodné v programu R (verze 4.3.1) (R CORE TEAM
2019). Jednotlivé metodologie zminénych publikaci byly shodné také v dalSich krocich
dendrochronologické a klimatologické analyzy. Pfed samotnou letokruhovou analyzou byla
kazda série letokruhti pfedem detrendovana (zbavena vékového trendu) dle instrukci balicku
"dplr” (BUNN 2018). Nasledn¢ byl k analyze dendrochronologickych kiivek v kombinaci
s mési¢nimi klimatickymi daty vyuzit program DendroClim 2002. Detrendovana data o Sitce
letokruhu borovice lesni byla pouzita k vypoctu EPS (vyjadieny populaéni signal).
EPS je hodnotou vyjadiujici spolehlivost chronologie. Limitem pro pouziti dat k porovnani vici
klimatickym tdajum byla signifikantni hranice EPS, tak aby EPS > 0.85 (BUNN et al. 2018).
Dale byly stanoveny ukazatele odstupu signalu od Sumu dané chronologie (SNR). Ukazatel
SNR pfedstavuje silu signalu dané chronologie (populace). Nasledné byly stanoveny také
mezisériové korelace (R-bar) a autokorelace prvniho fadu (Arl) (WIGLEY et al. 1984; FRITTS
2001). Vsechny zminéné ukazatele (EPS, SNR, R-bar, Arl) byly vypocitany dle pokynt balicku
,dplr (BUNN et al. 2018). Zasadnim prvkem dendrochronologické analyzy bylo odhaleni
zapornych let ristu stromu (letokruh, ktery nedosahuje 40 % primérného piiriistku ze Ctyt
piedchozich let) (SCHWEINGRUBER 1996; DESPLANQUE et al. 1999). Vyskyt takového zaporného
roku byl statisticky prokazan v piipadé, Zze k tak vyraznému snizeni pfirtstu stromu doslo
alespont u 20 % stromti daného porostu/zajmové plochy. K vyjadieni vztahu mezi klimatickymi
charakteristikami  (primérné mésicni/ro¢ni teploty a twhrn srazek v jednotlivych
mésicich/letech) a radialnim ristem byl pouZit software DendroClim (verze 1.0, 2002) (BIONDI,
WAIKUL 2004). Vicerozmérna analyza hlavnich komponent (PCA) byla provedena v software
CANOCO 5 (SMILAUER & LEPS 2014), a to za ucelem analyzy vztahu mezi produkci dfeva,
strukturou a diverzitou porostd, ale zaroven také radidlnim ristem stromil (index Sitky

letokruhu) a klimatickymi faktory (teplota a srazky) ve vztahu ke zméné klimatu.

Data letokruhovych sérii BRICHTA et al. (2024) byla rozdélena na 2 obdobi (obdobi 1:
19511985, obdobi 2: 1986-2016), aby bylo mozné vyhodnotit reakci borovice lesni na ménici
se klimatické podminky. Toto ¢asové obdobi bylo definovano jako prusecik dostupnosti dat
z diivodu dostupnosti srovnatelnych predpoveédi srazek a teplot. V ptipad¢ Setieni BRABEC et

al. (2023) byly porovnavany letokruhové série borovice lesni a smrku ztepilého, a to jak v ramci
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rozdilu mezi jednotlivymi druhy, tak s ohledem na vliv smiSeni porostu. Dendrochronologicka
analyza CUKOR et al. (2023) hodnotila rozdil rdstu letokruhti mezi zdravymi a silné

poskozenymi jedinci borovice lesni.

4.3.3 Hodnoceni struktury a produkce porostu (1.; 6.; 7. publikace)

Parametry zakladni struktury, diverzity a produk¢ni charakteristiky stromového patra
danych porosti byly hodnoceny pomoci ristového simulatoru SIBY LA Triquetra 10 (FABRIKA
& DURSKY 2005), pro vypodet charakteristik horizontalniho rozlozeni jedincti na zajmové plose
byl pro 1. publikaci vyuzit také program PointPro 2.1 (ZAHRADNIK & Pus, CZU). Souéasti
hodnoceni parametrt struktury bylo vyuziti n¢kolika idext. Pro vyhodnoceni prostorového
rozmisténi stromii byl vypocitan agregacni index (CLARK & EVANS 1954). Strukturni diverzita
byla hodnocena Arten-profil indexem (PRETzSCH 2006), dale byl stanoven index tloustkové
(TMd) a vyskové diferenciace (TMh) (FULDNER 1995), korunova diferenciace, vertikalni
diverzita a celkova diverzita porostu (JAEHNE & DOHRENBUSCH 1997). Zasoba porostti borovice
lesni (resp. smrku ztepilého) byla vypocten podle tabulek PETRAS (1991). Biomasa stromt byla
vypoctena z jejich nadzemni (stonek, vétve a jehlice) a podzemni biomasy (kofeny
a pahyly). Nadzemni biomasa borovice byla odvozena z modelu SEIFERT (2006). Biomasa
kofenti borovice byla vypoctena pomoci modelu z DREXHAGE & COLIN (2006). Obsah uhliku
(C) v borovicich byl vypocitan na zakladé metodologie studie BUBLINEC (1994), pomoci obsahu
jednotlivych prvkt v 10 mg kg-1 suSiny. Byl také stanoven index relativni hustoty porostu
(SDI) (REINEKE 1933) a projekce korunového zapoje (CROOKSTON & STAGE 1933). VSechny

indexy pouzité v piedlozené diserta¢ni praci jsou zobrazeny také nize v Tab. 2.
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Tab. 2 Prehled indexii popisujicich diverzitu porostii a jejich spolecnd interpretace

Kritérium Index Zkratka Citace Hodnoceni
Horizontalni struktura Agreagaéni index R (C&Ei) CLARK & EVANS, (1954) Stfedni hodnota R = 1; agregované R < 1;
pravidelné R > 1
Vertikalni struktura  Arten-profil index A (Pri) PRETZSCH (2006) rozsah 0-1; vyrovnana vertikalni struktura A < 0.3;
vybérna struktura A > 0.9
Vertikalni diverzita S (J&Di) JAEHNE & DOHRENBUSCH  nizka S < 0.3, stfedni S = 0.3-0.5, vysoka S = 0.5—
(1997) 0.7, velmi vysoka diverzita S > 0.7
Strukturni Tloustkova TMy (Fi)
diferenciace diferenciace . rozsah 0-1; nizka TM < 0.3; velmi vysoka
FULDNER (1995) diferenciace TM > 0.7
Vyskova TMs (Fi) erenclace '
diferenciace
Korunova K (J&Di) JAEHNE & DOHRENBUSCH  nizka K < 1.0, stiedni K = 1.0-1.5, vysoka K = 1.5—
diferenciace (1997) 2.0, velmi vysoka diferenciace K > 2.0
Celkova diverzita Diverzita porostu B (J&Di) JAEHNE & DOHRENBUSCH ~ homogenni struktura B < 4, heterogenni struktura B

(1997)

= 6-8, velmi heterogenni struktura B > 9
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5. VYSLEDKY
Vysledky jsou zde popsany ve formé nekolika tematickych blokd, sdruzujicich celkem

7 odbornych publikaci. Vedle originalniho znéni ¢lanku je vzdy v ivodu dané kapitoly uveden

jeho stru¢ny souhrn v ¢eském jazyce.

5.1 Ekologicky a ekonomicky vvznam porostu borovice lesni, moznosti jejich adaptace

na ménici se podminky prostredi

5.1.1 4. publikace: Vyznam a potencidl borovice lesni (Pinus sylvestris L.) ve 21. stoleti
Originalni nazev: Importance and potential of Scots pine (L.) in 21 century

Casopis: Central European Forestry Journal (Gasopis zafazen do databaze SCOPUS a WOS,
aktualné IF — 1.4, 2. Q)

Autorsky kolektiv: Jakub Brichta*, Stanislav Vacek, Zdenék Vacek, Jan Cukor,
Miroslav Mikeska, Lukas Bilek, Pavel Brabec

Citace: Brichta, J., Vacek, S., Vacek, Z., Cukor, J., Mikeska, M., Bilek, L., Brabec, P. (2023).
Importance and potential of Scots pine (L.) in 21 century. Central European Forestry Journal,

69(1), 3-20.
Souhrn:

Cilem piedlozené studie byl detailni popis borovice lesni, a to s ohledem na jeji morfologii,
ekologii a geografické rozsifeni. DalSim cilem prace bylo popsat zptisoby hospodateni s danym

taxonem, rovnéz ve svétle adaptace na klimatické zmény.

Publikace vznikla jako syntéza vice nez 200 riznych studii z let 1952-2022, dostupnych
v databazich SCOPUS a WOS, ¢i v tisténé knizni podobé. ReSerSni prace byla dale rozd€lena
do nékolika tematickych blokd, v nichz byly nasledné popsany jednotlivé atributy borovice

lesni.

PredloZzena studie poskytla souhrnny nahled na borovici lesni z hlediska biologickych
projevi a potieb, ale také s ohledem na zpiisoby jejiho péstovani a moZnosti adaptace na

klimatickou zménu. ReSersni studie dale upozornila na fakt, Ze jednou z nejvice postizenych
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dfevin klimatickymi vykyvy je dnes v podminkach stiedni Evropy pravé borovice lesni,
a to 1 navzdory tomu, ze byla dlouhou dobu povazovana za témért rezistentni viici plisobeni
sucha. Borovice lesni se v§ak rovnéZ vyznacuje nejen vyznamnou genetickou variabilitou svych
populaci, ale také Sirokou ekologickou plasticitou. Sirokd valence biotopu této dieviny
odtivodnuje jeji ekonomicky vyznam. Ve svétle klimatickych zmén se vSak postupy péstovani
borovice lesni také méni z tradi¢niho holosecného hospodaieni na piirod¢ blizsi varianty
obnovy téchto porostii. S ohledem na zménu klimatu se také pomalu méni aredl rozsifeni této
dfeviny. Do budoucna je vSak kli¢ové zamétit se na detailni a komplexni studium provenienci
borovice lesni v kontextu lesnictvi v podminkach klimatické zmény. S ohledem na rostouci

potieby spolec¢nosti je vSak nezbytné zabyvat se 1 neprodukénimi funkcemi borovych porosti,

které jsou diky charakteru tohoto taxonu na nékterych stanovistich takika nezastupitelné.
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Abstract

We are currently witnessing significant global changes in climate conditions. We cannot change the natural condi-
tions, but with regard to sustainable landscape management, we can increase our knowledge of tree species and adapt
forest management to them. Surprisingly, one of the most affected tree speciesin Central Europe today is Scots pine
(Pinus sylvestris 1..). The following literature review summarizes over 200 studies from 1952-2022 regarding Scots
pine across its entire range while addressing various topics in the ecology and management of this taxon. Itis a tree
species with a large natural range, nearly covering the entire Lurasian area. In the Czech Republic, it is the second
most important tree specics in terms of industrial wood production. Scots pine is characterized not only by a signifi-
cant genetic variability of its populations but also by its wide ecological plasticity. Typically, it grows on sandy soils,
poor habitats, and stony scree—but also in peat bogs. The wide habitat valence justifies the economic significance
of this species, both in terms of its high production potential (mean annual increment of up to 10.8 m* ha 'yr ") but
also its wide range of use. However, in the light of climate variations, the practices of Scots pine silviculture arc also
gradually transforming from the traditional reforestation by clear-cutting to a more natural system—shelterwood
felling. In view of climate change, its range of distribution is changing, as with other species, but Scots pine remains

avery resistant tree species, depending on the habitat.

Key words: silviculture; ccology; threats; wood production; Iuropean forests

Editor: Igor Stefancik

1. Introduction

Scots pine (Pinus sylvestris L.) is one of the most ecologi-
cally and economically important tree species in Europe
(Krakau ct al. 2013; O’Reilly-Wapstra ct al. 2014; Scvik
& Topacoglu 2015; Wajkiewicz et al. 2016). Itisa taxon
withawideclimaticand edaphicrange (Kelly & Connolly
2000; Uradniceketal. 2001; Durrantetal. 2016; Vacek et
al. 2016). Due to the fact thatitdees not tolerate consider-
ableshading-amoengother things—it tendstobedisplaced
from rich habitats by competing tree species (Prisa 2001;
Mikeska et al. 2008). However, extensive forest stands of
Scotspineare typically found on dry and poor sandy soils,
in areas with sandstone subsoils, and on extreme sites
with limited soil depth, as well as on peatland (Kudera
1999; Vacek et al. 2017, 2021a; Sofietea et al. 2020).

In Burope, Scots pine occurs at elevations ranging
from lowlands to mountains, and in different ecotypes

(Bileketal. 2016; Hebda etal. 2017; Fabiszak etal. 2017;
Vacek et al. 2022). Different ecotypes of Scots pine are
based on populations that have survived from the Late
Glacial peried in the form of isolated refugia in Central
Lurope (Jankovska & Pokorny 2008; Mikeskaetal. 2008;
Téth et al. 2017). Presumably, some of the refugia of
autochthonous Scots pine may have provided the basis
for the developmental lineages of the different ecotypes
occurring in Central Europe. The oldest pine forests in
the Czech Republic grow enrock outerops, in reck forma-
tions, on serpentinite, and mineral-poor and dry sands.
Regarding development, pine forests on peat bogs are
younger (Pliva 1971; Mikeska et al. 2008; Poleno et al.
2009). The natural habitatfor Scots pine ranged from the
oligotrophic to herb-rich pine forests (@Qyen et al. 2006;
Mikeska et al. 2008; Vacek et al. 2022).

[istorically, the oldest acrofossil evidence and
sedimentary records showed the presence of Scots pine

*Corresponding author. Jakub Brichta, e-mail: brichtaj@fid.czu.cz
© 2022 Authors. This is an open access article under the CC BY 4.0 license.
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between 70,000 BP in Carpathian Basin to 20,000 BP in
Hungarian plain (Magyari 2011; Tothet al. 2017). How-
ever, current autochthonous pine and pine-ocak forests
were formed by the evolution of vegetation mostly during
the 10,000 years of the Postglacial era. Scots pincand sil-
verbirch (Betula pendula Roth.) were the mostabundant
tree taxain the Early Postglacial. The present occurrence
of Scots pine can, therefore, be considered asa remnant
of its original range and a relic of the Early Postglacial
phases, especially on such ecotopes that were not suit-
able for other tree species due to edaphic reasons (Stasz-
kiewicz 1968; Jankovska & Pokorny 2008). Although
these azonal communitics have gradually evolved since
the Preboreal, they have only been preserved in extreme
habitats with limited competitionfrom othertree species.
The first stands of pine and birch appeared in Central
Lsurepe in the older [olocene—in the Preboreal (1usova
1999; Mikeska et al. 2008). In the Boreal period, light
pine forests with an admixture of common hazel (Cory-
lus avellana 1..) appeared in the mentioned area. In the
Atlantic period of climatic optimum, mixed deciduous
forests predominated by oak (Quercus spp.) developed,
but at the same time, in colder and more humid arcas,
Norway spruce (Picea abies [1..] Karst.) also spread rap-
idly. Approximately 6200 te 4000 years ago, European
beech (Fagus sylvatica1..) and silver fir (Abies alba Mill.)
began to spread, especially in the mid-clevations (Bolte
et al. 2007; Mikeska et al. 2008). All of these tree spe-
cies then gradually forced pine into habitats where they
could not compete with it in terms of autoecology. In
the Epi-atlantic, a natural zonation of climax vegetation
was established, and pine thus retreated to habitats of
an extreme and azonal nature (poor sands, rocks, peat
bogs). Inextreme habitats that were unapproachable to
human intervention, communities similar to the current
oneseventually formed (Husova 1999; Polenoetal. 2007;
Mikeska et al. 2008).

However, what is the role of Scots pine in the 21% cen-
tury, when climate change is altering the range of forest
tree species and their growth optimum (Falk & Hemp-
clmann 2013; Dyderskictal. 2018; Klopdic¢etal. 2022)?
This literature review, based on over 200 studies, aims
to assess the dynamics, opportunities, and risks of Scots
pine from the perspective of climate change in European
forests with a focus on the Czech Republic. Specifically,
thereview focuses on (i) morphological description of the
species, (ii) taxonomic classification, (iii) natural range
and distribution, (iv) habitatandecological preferences,
(v) silviculture and production, (vi) importance and uses,
and (vii) threats and diseases, all within the context of
climate change.

2. Morphological description of the species

Scots pine is characterized by a highly variable habitus,
growing to an average height of 26 m but reaching up
to 40 m in optimum ceonditions, while in extreme habi-
tats, we find dwarf pines or shrubby pines (Mikeska et
al. 2008; Praciak ct al. 2013). Scots pinc can live up to
300years (exceptionally, upto 750years) (Pokorny 1963;
Koblizek 2006; Musil & Hamernik 2007; Wallenius ct
al. 2010). Many different ecotypes of Scots pine can be
distinguished, including different characteristics of tree
size or crown shape (Svoboda 1953; Businsky 1999).
The root system of the pine is massive, consisting,
in most cases, of a taproot with richly branched lateral
roots (Poleno et al. 2009). Pine roots are very plastic with
respect to hahitat conditions, but they also react to, for
example, the tilting of the tree (Cermék et al. 2008). Itis
the significant plasticity and resistance of the pine root
system that makes the pine a valuable stabilizing tree in
some habitats (Kacalek et al. 2017). In the northern and

Fig. 1. Habitus of the tree, branch, needle, cone, and seed of Scots pine (Pinus sylvestris L.).
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northeastern parts of the European range, the Scots pine
crown is slender with fine branching, whereas arched to
umbrella-shaped crowns and thick branches are typical
for pines in Central and Southern Europe. The trunk of
the tree is most often straight, but on extreme sites, it is
often crooked and twisted (Pokorny 1963; Koblizek 2006;
Musil & Hamernik 2007; Praciaketal. 2013). Atthe base
of the trunk, the pine is covered with a thick, cracked,
grey-brown bark. In the upper parts of the tree, the bark
turns orange or rusty red, and it peels off in scaly patches
(Uradnic¢ek et al, 2001; Musil & Hamernik 2007). Scots
pine has greenish-brown and glabrous annuals, and
older twigs tend to be grey-brown (Fig. 1). The needles
of Scots pine are stiff and pointed, with a slight longitu-
dinal twist, 1-8 cm long, up to 2 mm wide, dark green or
bluish grey-greenin color, and generally growingin pairs
on brachyblasts, with a life span of 2-3 years. The buds
at the ends of the annuals are elongated-ovate, pointed,
withoutresin, or weakly resinous, and covered with rusty-
colored, membranous scales (Pokorny 196 3; Uradnicek
ct al. 2001; Koblizck 2006; Praciak ct al. 2013; Krakau
etal. 2013).

Scots pine is a monoccious tree species; male and
female strobili differ in Scots pine. While male strabili
arc ovoid, 4-8 mm long, usually yellow (rarely red),
female strobili are 5-6 mm long, usually pink. The male
strobili grow at the base of the clongating shoot instead
of needles, most often in the lower part of the crown,
while the female strobili grow attheend of the last year’s
branchesin the upperpart of the crown (Uradnicek et al.
2001; Musil & [Hamernik 2007). The cones are usually
single orin groups of 2-3, pedunculate or nearly sessile,
ovoid-conical, rounded at the base, often asymmetrical,
nonglossy, grey-hrown, 2.5-7 x 2-3.5 cm. Seed scale
shields are rhombic, more developed on the illuminated
side, and flat to pyramidal. The cone umbo is small, [lat,
or short-tipped, light brown, shiny, and without black
edging. Seedsare ovoid, 3—4 mm long, whitish, brown or
grey toblack, with 3—4 times longer brownish to reddish
brownwings, and pincer-like at the base (Koblizek 2006;
Musil & IHamernik 2007; Praciak et al. 2013).

Pines flower in spring and early summer (April-
June) for the first time, at around the age of 15 years. In
a closed stand, they do not flower until the age of 30-40
(Uradnicek et al. 2001; Musil & Hamernik 2007). The
flower primordia of male and female strobili areformed in
the summer of the previous year (Johnson & More 2006).
More than 12 months after pollination, the germinating
pollen resumes its growth and fertilizes the egg. Shortly
after, in June (year 2), the entire formation rapidly
enlarges and reaches the final cone size in the summer.
In early October, the cones ripen. In favorable weather,
asmall number of seedsemerge during October—Decem-
ber, but the main period of cone opening is in the spring
of year 3. The empty cones fall off during the summer of
the 3" yearafter pollination. A seed yearin pine occurs on
average every 3" to 6" year (Pokorny 1963; Uradniceket
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al. 2001; Koblizek 2006; Musil & Hamernik 2007; Poleno
ctal. 2009; Praciaketal. 2013). The number of pure sceds
in1kgis 74-245 thousand. The average weight of 1,000
scedsis 6.3 g Well-stored sceds can remain viable forup
to 15 years (Musil & Hamernik 2007; Poleno et al. 2009).

3. Taxonomic classification

According to Repka & Koblizek (2007), Scots pine
(Pinus sylvestris 1.) is classified into the following taxo-
nomic categories: Domain: Eukarya; Kingdom: Plantae;
Subkingdom: Viridiplantinae; Developmental lineage:
Streptophytae; Developmental branch: Cormophytae;
Developmental stage: Gymnospermae; Division: Pyno-
phyta; Family: Pinaceae; Genus: Pinus; Species: Pinus syl-
vestris, however, splits into numerous lower taxa. Given
the vast Eurasian range of Scots pine, an intraspecific
taxonomic system is very difficult to set (Kindel 1995).
Nevertheless, Scots pine can be divided into the follow-
ing four varieties: Pinus sylvestris var. sylvestris; Pinus
sylvestris var. lapponica Hartm., 1849; Pinus sylvestris
var. mongolica Litvinov, 1903, and Pinus sylvestris var.
hamata Steven, 1838.

The variation within the taxon Pinus sylvestris is
indeed extremely large. Over 140 subspecies, varieties,
and forms have been studied. In terms of distribution,
approximately 22 geographical varictics are categorized.
Svoboda (1953) divides the species into three basic cli-
matypes: northern, steppe, and mountain pine. fabiszak
etal. (2017) demonstrated the distinct character of fol-
lowing groups: mountain, lowland and coastal popula-
tions. Businsky (1999) divides Scots pine into varicties
according to geography and morphological features:
P. sylvestris var. sylvestris (including the former var.
sibirica), lupponica, hamata, and mongolica. In addi-
tion to the subdivisions mentioned above, a number of
forms have also been detailed in terms of theireconomic
utility—according to the quality of the timber and habi-
tus of the pine (in the Czech Republic, “Tiebor pine” or
“Tynisté pine™). Other formsare based on the variability
of needles, bark, and cones (according to the shape of the
shicld, f. plana, f. gibba, 1. refiexa, and according to size,
f.macrocarpa,f. microcarpa). In nature, Scots pine forms
spontaneous hybrids with Pinus mugo, Pinus uncinata
and Pinus uncinata subsp. uliginosa (Businsky 1999;
Musil & Hamernik 2007; Polenoct al. 2009; Sobierajska
ctal. 2020).

4, Natural range and distribution

Scots pine has the largest range of all described pines. The
distribution range of Scots pine mainly includes the tem-
perate and cooler belts of much of Europe and Asia (this
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areaisotherwisec known as Eurasia), and in Europe from
northern Portugal and Scotland to the Far East between
37°-70.5° N latitude. The center of its range is Siberia. In
Eurepe, Scots pineis rarely found in the Mediterranean.
The northernmost occurrence in Europe is in Lapland
(Fig. 2; Uradnicck et al. 2001; Musil & Hamernik 2007;
Durrantetal. 2016).

Pinus sylvestris var. sylvestris (Syn. P.sylvestris subsp.
sibirica [Ledebour] Businsky) is typical in Europe (north
te ca. 62° N), its range extending to the Far East (to ca.
142° ). Pinus sylvestris var. lapponica (Hartman) occurs
from northern Scandinaviato NW Siberia, approximately
northof 62° N latitude. Pinus sylvestris var. hamata (Ste-
ven) (Syn. Pinus armena K. Koch; P. kochiana Klotzsch
ex K. Koch) is found in the Caucasus region and Trans-
caucasiasouth to S Armenia, W Azerbaijan, and Turkey.
Pinus sylvestris var. mongolica (Litvinov) (Syn. Pinus syl-
vestris subsp, kulundensis Sukaczev) occursin Northern
Mongolia, N I£ China, and Sk Siberia (Businsky 2008).

The Scots pine does notoccurnaturally on the steppes
of southern Ukraine, southern Russia, or in the occanic
lowlands of the British Isles and Denmark. Outside its
core Furasian range, however, Scots pine has also sec-
ondarily spread in North America, where it is mainly
cultivated on plantations (Poleno 1990; Uradnicek et
al. 2001; Musil & Hamernik 2007; Schildleretal. 2010).

In Central Europe, deciduous forests are the domi-
nant communitics (Leuschner & Ellenberg 2017),
while pine forests are restricted to poor habitats (Ahti &
Oksanen 1990). In the Czech Republic, Germany, and
Poland, native Scots pine currently grows onlyinislands
inextreme relict habitats (Heinken 2007; Chytry 2013).
In Poland, Scots pine is the main economic tree species,
covering 58% of the forest area (DGLP 2021). In the
Czech Republic, Scots pine occupies 16.1% of the forest
arca (MZe 2021), with its lowest frequency in the Polabi
sandy terraces of poor loamy sands, on the serpentinite
rocks of the Slavkov Forest and the Bohemian-Moravian
Highlands, and on the boulder slopes and scree of the

Sumava Mountains (the highest occurrence of Scots pine
in the Czech Republic is on the scree near Plesné Lake
at an altitude of 1,070 m). Scots pine is alse found on
sandsand peaty soils, theedges of peatbogsinthe Trebon
region, on sandstone cliffs and rock formations in North-
ern and Northeastern Bohemia, and on rocky and steep
slopesof rivervalleys. Italso grows on the outcrops of the
Drahanské vrchovina (Drahany Uplands), on the scree
of the Hruby Jesenik Mountains, and on limestone rocks
of Southern Moravia. Typically, however, Scots pine is
alsocultivated in many places outside of its natural range,
whichisonly 3.4% out of thecurrenttotal of 16.1%in the
forests of the Czech Republic (Musil & Hamernik 2007;
Mikeska et al. 2008; Poleno et al. 2009; MZe 2021).

The frequency of pine forestsin the Czech Republicis
shownin Fig. 3. Innatural forest arcas (NFA), the highest
abundance of pines can be seen in the Nerth Bohemian
Sandstone Platcau and the Bohemian Paradise — NFA
18 (36.6%), in the South Bohemian Basin — NFA 15
(19.7%), the West Bohemian Upland — NFA 6 (17.14%),
andthe Lusatian Sandstone Upland - NFA 19 (11.78%).
In other natural forest areas of the Czech Republic, the
representation of pine is significantly lower.

Pine forests have a unigue position in the develop-
ment and zonation of vegetation. Regarding the co-
existence of Scots pine with other tree species, its colo-
nization of most of the landscape in the Postglacial times
was a critical moment. Later, Scots pine spread te soils
and habitats where other tree species could not adapt
(Horsak &Chytry 2010). Naturally preserved, Scots pine
retained its dominant position onlyonsandstone bedrock
and sandy scdimentsin general, primarily on Cretaceous
sandstones and sands, serpentinite, and, inextreme con-
ditions, also on limestone, peats, and on rocky outcrops
of various acid rocks (relict). In particular, fires were
more frequent on dry sands, an essential natural factor
inthe colonization of the landscape by pine. The majority
of the sites mentioned above are located approximately
in the climate range of forest vegetation zones 34, i.c.,

Fig. 2. Scots pine distribution in Furasia; i native range;
2017).
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300-700 m above sca level. Contrarily, some inversion
sites with spruce, or higher, precipitation-deficient arcas
on sediments can be assessed as climatically “higher”
(Mikeska et al. 2008; Vacek et al. 2022).

Fig. 3. Representation of natural pine forests (forest altitudi-
nal zone 0 — pine forest) in the Czech Republic (GIS-UNUL
Brandys n. L., modified according to Mikeska ct al. 2008).

5. Habitat and ecological preferences

Scots pine is a typical pioneer tree species (Linder et
al. 1997; Durrant et al. 2016). It is a distinctly light-
demanding tree species that barely tolerates shading
but can adapt to a wide range of conditions in terms of
soil and climate requirements (Pliva 1971; Mikeska et
al. 2008; Poleno et al. 2009). The soils of pine forests on
which pine appears are predominantly sandy to gravelly,
permeable, arid, and acidic types of arenaceous podzol
or arenaceous cambisol. On extreme geological sub-
strates, it is lithic leptosol, podzolic ranker, and arena-
ceous regosol. On sites influenced by water, it is mainly
stagnic cambisol, stagnic pedzol, and gleyic podzol. On
transitional peatlands with groundwater, fibric histosol,
occasionally gleyic histosoland gleyic podzol oceur. Only
in sporadically occurring basophilous pine forests do we
find haplic rendzic leptosol, cambic . 1., detrital 1. 1., or
modal leptosol (Vacek etal. 2022).

Scotspine adapts to awide climatic range, with a veg-
etation period of 90-200 days, anannual precipitation of
200-1,780 mm, and a common mean annual tempera-
ture of 5-9 °C. It tolerates frost and the occasional lack
of precipitation, as well as poor soil of extreme — rocky,
sandy, and peaty— habitats, where itis unrivaled in mono-
cultures (Richardson 1998; Mikeskaetal. 2008). Its deep
root system and thick bark make Scots pine resistant to
fires and able to regenerate on the mineral soil of burn
sites. Itsecological optimum isfar from the physiological
one. Scots pine dees not oceur naturally in nutrient-rich
habitats butis often cultivated there locally (Uradnidek et
al. 2001; Musil & Hamernik 2007; KobliZek 2006; Poleno
etal. 2009).
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Three groups of relict pine forests can be characterized

in Central Europe:

¢ Continental Eastern European to South Siberian pine
forests growing in contact with sub-xerophilous cak
forests on gravelly terraces of larger rivers (class 2ul-
satillo-Pinetea sylvestris, alliance Pulsatillo-Pinion),
their marginal distribution in the Alpsis linked to the
rain shadow of the inner Alpine valleys.

* Basophilous (Hlowery) pines on marl, limestone, and
dolomite rocks and on serpentinites (class Erico-
Pinetea, alliance Erico-Pinion), whose distribution
extends from the Balkans through the limestone foot-
hills of the Alps to Central Europe.

* Oligotrophic pine forests belenging to the boreal
coniferous forests (class Vaccinio-Piceetea), within
whichtheyform agroup including primary relict pine
forests of siliceous rocks, sandy soils, and peat bog
pine forests (alliance Dicrano-Pinion). While the first
two groups are only marginally found in the Czech
Republic, oligotrophic pine forests are relatively com-
mon in the Czech Republic (Kucera 1999; Mikeska
etal. 2008).

Within the European Forest Types (EFT) (Marchetti

2007), all pine forests arc designated by the units: 1.2

Pine and pine-birch boreal forest; 2.2 Sub-boreal Scots

pine forest; 2.4 Sub-boreal black pine forest; 2.5 Mixed

pine-hirch forest (Scots pine); 2.6 Mixed pine-oak for-

est (pine-oak forest — Scots pine and common oak); 3.1

Subalpine larch-Swiss pine-dwarf pine forest (European

larch, Swiss pine, and dwarf pinc); 3.3 Alpine pine for-

est (Scots pine and black pine); 10.1 Thermophilous

Mediterrancan pine forest; 10.2 Black pine forest of the

Mediterranean and Anatolia region; 10.3 Canary Island

pine forest; 10.4 Scots pine forest of the Mediterrancan

and Anatoliaregion; 10.5 Mountain Mediterranean pine
forest; 11.1 Coniferous and mixed peat forest; 11.3 Birch
peat forest.

In LSurope, in the poorest habitats, Scots pine forms
monocultures. In slightly richer habitats or boggy and
upland areas, it grows together with oaks (Quercus pet-
raeda, Quercus robur), European beech (Fagus sylvatica),
silver birch (Betula pendula), Norway spruce (Picea
abies), European larch (Larix decidua), silver fir (Abies
alba), and other pines (primarily Pinus nigra, Pinus
uncinata) (Mason & Alia 2000; Kelly & Connolly 2000;
Uradnicek et al. 2001; Musil & Hamernik 2007).

In the Czech Republic, Scots pine is found mainly in
alliance associations Erico-Pinion, Dicrano-Pinion, and
Vaccinion, in rock alliance associations Alysso-Festucion
pallentis, Asplenionserpentini, Seslerio-l'estucionglaucae
(Chytry ctal. 2001). The accompanying trce species of
lowland and wooded-hill variants of Scots pine are mainly
Quercus petraca, Tilia cordata, Carpinus betulus, Acer
campestre, and Betula pendula. Within the upland vari-
ant, Scots pine growswith Picea abics, Abies alha, Fagus
sybvatica, Larix decidua, and Betula pendula (Mikeska et
al. 2008; Poleno et al. 2009).
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In terms of habitat, three basic variants of Scots pine can

be identified:

* Lowland — pionecr: grows primarily on sandy soils,
in monocultures with a minimal or no admixture
of other tree species, regenerates on mineral soil
in clearings and open areas. It grows quickly when
young, bears fruitearly and does not tolerate competi-
tion from other species;

¢ Wooded-hill - pioneer: grows mainly on sandy soils,
rocky ecotopes, and peat soils, mostly in monocul-
tures with littlc admixturc of other tree species, regen-
erates on mineral soil in clear-cuts and open areas;

*  Montane — climax: grows mostly in mixtures (with
spruce, fir, and beech) athigher altitudes (700-1,000
m) butalse descends toloweraltitudes. It regenerates
under the canopy and does not tolerate open habitats
(clear-cuts). It sometimes dominates its competitors
in height and has a large wood production (Mikeska
etal. 2008; Poleno et al. 2009).

Under conditions of global climate change, Scots pineis

increasing its range at higher altitudes and in northern

locations, and, converscly, declining due to dicbackin the
southern part of its European range (Benito Garzon et

al. 2008; Reich & Oleksyn 2008; Matias & Jump 2012).

6. Silviculture and production

Insilvicultureand production, forest structure isa crucial
element, quantified primarily by stand density, canopy,
vertical canopy structure, stand basal area, horizontal
tree distribution, heterogencity in the spatial arrange-
ment of trees, the volume of deadwood, or categoriza-
tion of individuals into tree classes (Pommering 2002;
Puettmann et al. 2008; Silver et al. 2013). Stand struc-
ture noticeably influences most variables in the forest
ecosystem, but in the context of forest regeneration and
the silviculture of different tree species, italso influences
theexistence and establishment of natural regeneration,
especially for shade-tolerant tree species (Jaworski 2000;
Poleno et al. 2009). The aforementioned forest structure
issueis crucial for Scots pine silviculture, which requires
a high intensity of light for its successful growth in juve-
nile stages (Vaceketal. 2016); Oleskog & Sahlén (2000)
reported about 30% of free space light. Numerous stud-
ies, e.g., Urbictaet al. (2011), Carniceretal. (2014), and
Martin-Alcén etal. (2015) show thataslight availability
decreases, the quantity and quality of natural regenera-
tion decreases in pine stands with higher canopy den-
sity. Incontrast, Pardos (2017), Schonfelderetal. (2017,
2018),and Lundgvistetel. (2019) report thatlower light
intensity compared to clear-cuts can lead to higher qual-
ity in natural regeneration in Scots pine. Brichta et al.
(2020) also mention in their study that partial cover of
the parent stand in turn may have a positive effect on the
abundance of natural regeneration. Of course, light con-
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ditions of natural regeneration can also be impaired by
competition from herbaceous vegetation (Lucas-Borja
et al. 2011; Mirschel et al. 2011; Prévosto et al. 2012;
Hyppinen et al. 2013). If we proceed with the clear-cut,
the use of seed trees is recommended, not only as part
of supporting natural regeneration, but also to increase
the radial growth of the remaining mature individuals
(Brichtaetal. 2019).

However, one of the most important factors for
the success of natural regeneration of Scots pine is the
weather conditions, i.¢., temperaturc and precipitation in
closerelation to lightduring seed germinationand initial
seedling growth (Oleskog & Sahlén 2000b; Puhlicketal.
2012). Pine seeds are able to germinate at 6 °C, however,
the optimum temperature is up to 20-25 °C with a seed
moisture content of approximately 35% (Oleskog &
Sahlén 2000). Another factor limiting seed germination
can he a thick layer of surface humus, which prevents
roots from penetrating the mineral soil layer (Hille &
den Ouden 2004; Oleskog & Sahlén 20004). Scots pine
germinates optimally only on mineral soil, and therefore
soil scarification is usually used in pine regencration
(Orlanderetal. 1996; Remesetal. 2015; Aleksandrowicz-
Trzcinska et al. 2017; Saursaunet et al. 2018; Hintsev et
al. 2021). The germination of Scots pine seeds can also
be supported artificially - by cold stratification (Houskova
etal. 2021) or low-intensive coherent seed irradiation
(Novikov etal. 2021). Some sources describe wood ash
fertilization for improving the soil environment (Remes
ctal. 2016; Petrovskyetal. 2018). Ondry sites, soil prepa-
ration also improves the water supply in the root zone
because transpiring herbaceous vegetation is removed by
these interventions (Fleminget al. 1994). Moreover, bare
mineral soil has less variability inwater availability thana
humus layer (Oleskog & Sahlén 2000a). Soil preparation
increases soil temperature (Nilsson & Orlander 1999;
Bedford & Sutton 2000), accelerates humus decomposi-
tion, and increases mineral availability (L.unmark-Thelin
& Johansson 1997; Nilsson, Orlander 1999; Nilsson etal.
2006), thusincrecasing the probability and ratc of scedling
growth (Karlsson & Orlander 2000; Mattsson & Berg-
sten 2003; Nordborg & Nilsson 2003) and reducing soil
bulk density (MacKenzie et al. 2005).

Scots pine produces seeds annually, but moderate to
heavy seed years typically occurevery 3—6 years (Poleno
ctal. 2009; Przybylski et al. 2021). Pine seeds are dis-
persed primarily by wind, with effective seed dispersal
oceurring up te a maximum distance of 30—100 m from
the parent tree (Farmer 1997; Adams 1992; Mikeskaet al.
2008). However, sufficient soil moisture is required for
sced germination and scedling establishment (MacKen-
zie et al. 2005). Seedling numbers in Scots pine stands
have been reported to range from 0.5-2.3 pes m~ (Nils-
son et al. 2002; Karlsson & Nilsson 2005; Erefur et al.
2008; Marcosctal. 2007; Marozasectal. 2007; Beghin et
al. 2010; Mirschel et al. 2011; Jidrats et al. 2012) with a
maximum of 10 pcs m # (Mirschel et al. 2011). Under-
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story recovery typically starts at 10% relative radiation
(Ulbrichova et al. 2018).

In the first years of seedling development, due to
unfavorable ahioticand bioticfactors, seedlingsundergo
considerable self-thinning, (Aleksandrowicz-Trzcinska
et al. 2018). The ecotone effect also influences seedling
growth, with a higher density of seedlings tending to
oceur at the edge of the stand compared to the interior
(Vacck et al. 2017b). A risk for newly cstablished pinc
stands can be, for example, grubbing by the pine weevil
(Ilylobius abietis L.) (Kovalchuk ¢t al. 2015; Lundborg
et al. 2016) or the formation of proleptic shoots, which,
however, are removed in sparse cultures and growths
by cutting or simple selection regeneration individuals
(Slodi¢ak & Novak 2007). Although the natural regen-
eration of Scots pine is generally dominated by small-
scale clear-cuts and border cutting areas, shelterwood
methods of natural regeneration are increasingly used
inthe contextof global climate change (Bilek etal. 2016;
Brichta et al. 2020). Shelterwood natural regeneration
methaods arc now common, for example, in Scandi-
navia (Hypponen et al. 2013; Lundqvist et al. 2019),
Germany (Spathelf et al. 2015; Drdssler et al. 2017),
Poland (Bielak et al. 2014; Aleksandrowicz-Trzcifiska
ctal. 2017, 2018), and also in some areas in the Czech
Republic (Bilek et al. 2017, 2018; Brichta et al. 2020).
This way of natural regencration is more favorable with
respect to the nature of microhabitats under advancing
global climate change (Montero et al. 2001; Matias &
Jump2012; Aleksandrowicz-Trzcinskaetal. 2014,2017,
2018; Vitamyas et al. 2019; Brichta et al. 2020).

Thus, within the diverse conditions of pine manage-
ment, natural regeneration can be achieved by a clear-
cutting system with different sizes and orientations of
cutting. These also include border cutting, patch cutting,
large-and small-area shelterwood cutting, transitioning
to group or individual selections (Poleno et al. 2009).
Within ecologically oriented management, two basic
silvicultural approaches can be implemented. The first
is to aim for the arcal initiation of natural regencration
under the parent stand; the second is small-area group
regeneration with a transition to selection principles. In
both cases, the start of regeneration must be preceded by
the determination of a suitable time frame for the silvi-
cultural development of the stand. Determining the mini-
mum stand age for the start of regeneration depends on
the specific conditions of the stand, taking into account
its age, quality, expected production, the presence of
spontaneous regeneration, habitat conditions, and the
nature of the vegetation. The parent stand must notincur
production losses by premature harvesting, especially of
the bestquality trees (Polenoetal. 2009; Bilek etal, 2016,
2018; Vacek et al. 2022).

The first cleaning and thinning from above are car-
ried out by negative selection, i.c., by removing domi-
nant, malformed, or damaged individuals at the crown
anddominantlevel. Thinning from below is not desirable,
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but self-thinning is a natural process in pine stands. On
the other hand, higher numbers of individuals ha ' are
recommended in theage of up toabout 10 years of growth
in order to achieve a better morphological quality of the
trees (Houskova & Mauer 2014). Evenbefore reachinga
height of 5m, however, itisnecessarytothinoutthe stand
in order to increase its stability against the action of wet
snow (Novak et al, 2013). The heightto diameterratiois
then most affected by thinning in young pine stands, as
the stand’s age increases, the growth response to thin-
ning also decreases (Duscketal. 2011), Butitis also pos-
sible to maximize production orreduce silviculture costs
by thinning the stand (Sloup & Lehnerova 2016). In most
habitats, the healthy developmentof pine stands requires
an understory of shade or semi-shade tree species. These
are usually self-seeding trees, which areintentionally left
in the stand during the process of pine stand tending.
Later, at ubout 50 years of age, a combined thinning is
carried out toencourage the developmentof asmanyqual-
ity individuals as possible depending on the production
capacity of the site (about 150-300 target trees). In addi-
tion to trees suppressing the crowns of the target trees,
we remove damaged, discased, and severely malformed
trees through stand-improving tending operations. We
encourage the presence of soil-improving and admixed
tree species to increase the species diversity of pine stands
(Poleno et al. 2009; Vacek et al. 2022). Considering the
mostlyvery poor pine habitats, itisrecommended to leave
the residual biomass after thinning in the stand (Novéak
etal. 2017), and this despite the consideration of soil pH
deterioration (Pefina & Vintrova 1958).

Pine stands are generally restored by border cutting
and small-and large-area clear-cutting, but shelterwood
cutting is becoming a commaon practice too. However,
the yield from pine stands during regeneration cannot
be precisely totaled. Considering the significant genetic
variability of Scots pine (Kosinska et al. 2007; Businsky
2008) but also its wide ecological amplitude and habi-
tat range (Pliva 1971; Mikeska et al. 2008; Polenc et al.
2009), the production indices of Scots pine stands vary
widely (Table 1). Depending on the parameters men-
tioned above, aswell as on the type and intensity of man-
agement, we can conclude that Scots pine stand stock
volumes in Eurepe arc indeed quite variable. While the
studies by Starretal. (2005) or Makkonen & Helmisaari
(1999) describe roughly 140-year-old pine stands with
a stand volume up to 100 m* ha™ from the lowlands of
Finland, the work by Galloetal. (2020) reports stand vol-
ume up to 441 m* ha ! in montane pine stands in Spain.
Substantially high stocks are in the lowland areas in
Poland, where the stock of Scots pine stands over 130
years reaches up to 740 m® ha ' (Bielak et al. 2014).
Particularly in Poland, Scots pine is a common trec spe-
cies and is even considered the primary economic tree
species (DGLP 2021). The highest mean annual incre-
ment (MAI) in the Czech Republic is reported by Vacek
etal. (2021a) — 10.87 m* ha 'yr . The high production
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Table 1, Overview of available publications related to Scots pine (Pirus sylvesiris L.) production parameters,

: i Altitude Age DBH Height Basal arcs Volume MAI Density
Study Lountry [masl]  [vear] fem] [m] [ha’]  [m'ha'] [mhatyr'] [treesha ']
Vaceketal. (2016) Czech Republic 245267 70-130 2631 2124 3340 320434 308550 508660
Bilek et al. (2016) Crech Republic 270600 129-191  25-42 14-25 25-47 177-456  093-239  476-1,072
Bileket al. (2016) Poland 470 191 42 19 19 159 0.83 200
Vacek etal. (2017) Crech Republic  575-630  123-130  24-36 15-23 12-33 91-267  070-205  172-512
Gallo et al. (2020) CrechRepublic  600-590  142-145  25-27 16-19 2-28 240-245 1.69 485-552
Gallo et al. (2020) Spain 1710 140 2146 9-20 3346 231-441 165315 276-996
Vacek ctal. (20218) CrechRepublic 250 495 40 46 1522 1723 3847 318500  7.07 1087 1355 2,822
Vacek etal. (2021¢) Czech Republic 430 48 19 175 45 364 7.92 1,700
Starret al, (2005) Finland 35280 35200 1238 1025 1129 48 315 137 158 374 2,660
Montero etal. (2001) Spain 1700 41-66 17-31 15-21 49 364-478  7.24-889  635-2,104
Makkonen & |lelmisaari (1999) Finland 144 37 8 8 15 0 1.89 2,660
Van Oijen ctal. {2013) Austria 495 60 2 18 = = 56 790
Van Oijen etal. {2013) Belgium 50 66 28 2 = - - 380
Van Oijen etal. (2013) Estonia 40 73 26 2% 32 374 512 A
Vanninen & Mikefii (2000)  Finland 150 16-71 423 4-22 19-23 — = 595-18,727
Pretzsch etal, (2015) Furope 201,200 ) 28 2 41 413 113 970
Biclak ot ul, (2014) Poland 794151 14-132  39-47 30-36 = 319-740  257-560 177324
del Rioetal. (2003) Spain 1,200 1,750 41 50 1420 713 35 49 159321 389 6.42 1415 5495
Beker etal. (2021) Poland 100 25-95 13-31 15-28 2040 256396 4.17-1024 _ 402-2.500

Notes: DBH - diameter at breast height, MAl — mean annual increment

potential is also illustrated by the work of Vacek et al.
(2021c), where Scots pine achieved the highest incre-
ment and stand volume of all 12 coniferous tree species
studied on reclamation dumps following coal mining. On
the other hand, Lovynska ct al. (2019) describes that,
for example, in the conditions of the Northern Steppe of
Ukraine, Scots pine shows a lower volume production
than the acacia tree (Robinia pseudoacacia L..).

7. Importance and use

Scots pine is one of the most important cconomic tree
species not only in Central Europe but also in Eurasia
(Praciaketal. 2013; Sevik & Topacoglu 2015; Lundqvist
etal. 2019). Due te its dynamic ccological plasticity and
ability to occupy hostile habitats, pine playsa crucial role
inboth forestry and, subsequently, in the timber industry.
Pinewood hasan orange-brown heartwood and a broader
yellow sapwood. The annual rings are very distinctive,
hence, there is a considerable difference in density and
hardness between spring and summer wood (Pokorny
1963). The density of the wood substance reaches val-
ues between 0.412 and 0.541 gem * (Table 2). It should
be added, however, that wood density values for pine
have a wide variance; this is due not only to the transi-
tion between spring and summer woods but also to the
extreme geneticvariability of the species. The differences
inwood density of Scots pineindividuals may also be due
toits silviculture and different degrees of stand canopy.
While individuals with a well-lit crown exhibit lower
wood density, trees sheltered by the parent stand possess
higherwood density (Schinfelderetal. 2017). Compared

to the wood density of spruce, which is approximately
0.410 g-cm* (Repola 2006; Saranpéid 2003), the wood
density of pine can be up to 0.100 g-cm™ higher.

The distinctly differentiated summer rings on pine
wood are also complemented by its natural luster; in
the case of pine, it s due to its high resin content, which
makes the wood very durable, especially in water and
humid environments, which is why it is mainly used for
water structures, pumps, mine timber, sleepers, masts,
poles, and fencing; the wood might require impregna-
tion for increased durability (Milner 1992; Reynolds &
Bates 2009; Farjon 2010; Mcl.ean 2019). Pine timber is
also used to manufacture of timber structures, particu-
larly compaosite timber, in timber construction, lumber,
furniture, and pancling (Davies et al, 2002; Kuklik 2005;
Hairstans 2018), as it has similar durability to larch tim-
ber (British Standards Institute 1994). Lower-quality
wood is used for fiber and fuel (Mclean 2019).

The distillation of the wood was used to prepare tar
and, subsequently, black pitch, lamp oil, and essential
oils. Burning the heavily resinous wood of stumps and
roots yielded soot, which was utilized to make domestic
inkand printingink. By scarring the trunks or peclingthe
bark, the resin was extracted (Neumann 2015). In many
countries, including the Czech Republic, the traditional
methods of slitting and debarking live Scots pine trees
and capturing the resin that cozes out (so-called pitch-
ing) are no longer allowed. Resin was widely used for
scaling and impregnating ships but also as a medicine
or natural glue. It is also a source of natural turpentine,
which, togetherwith its distillation residue (colophony),
isthestarting material for several other products such as
varnishes, paint thinning solvents, insecticides, rubbers,
printing inks, etc. (Schreiner et al. 2018; Praciak et al.

Table 2. Overview of the available publications related to Scots pine (Pinus sylvestris [..) wood density.

Stud Schonfelderetal.  Wagenfihr Novak Lexa et al. Repola Saranpid Autyetal. Fundova et al.
20 (2017} (2002} (1970} (1952) (2006) (2003) (2014) (2018}
Density [pcm *] 0,488 0.541 9.510 4470 0.51¢ 0412 0.460 9423 9.430
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2013; Gardner 2013; Mcl.ean 2019). Black pine wood
impregnated with resin was also used to make torches
inthe Balkans (Musil & Hamernik 2007).

Pine essential oil contains avariety of terpenes. These
substancescontained inessential oils and other preducts
are known for their pleasant aroma, which helps to calm
the nervous system, relieve stress, release anxicty and
tension, and refresh the mind. Theyarealso acomponent
of perfumes, aromatic soaps, massage oils, air freshen-
ers, and similar products (Podlech 2002; Schreineretal.
2018). Pinc bark contains antioxidants, flavonoids, tan-
nins, and a variety of vitamins and has been consumed
by, for example, Native Americans for centuries. It was
used as a remedy against scurvy by Russian Cossacks in
Siberiaand the Far East (Aleksandrov 1969). Tradition-
ally, the inner bark of Scots pine was used by the Sami
as a source of food and packaging material in Lapland
until the late 19™ century (Zackrisson ct al. 2000). Com-
mercially, the shredded bark of Scots pine is considered
avaluable by-productin horticulture (Moore 2011). The
bark is also used to make insulation products for build-
ings (Pasztory & Ronyecz 2013).

In the past, the maceration of fresh needles was used
to prepare a tissue called sosnovka or “forest wool”,
which was used to make carpets, blankets, oras a stuffing
material. The essential oil contained in pine has medici-
nal uses. Extracted from the resin, needles, and buds, it
has antiseptic properties. Itis used to relieve respiratory
and lungdiseases, and rheumaticdisorders, asa sedative,
and also in aromatherapy (Ciesla 1998).

In extreme habitats, Scots pine acts as an anti-cro-
sion and reclamation tree species (Vacek et al. 2021a,
¢). However, besides the soil-protective function, pine
also performs other ecological functions; several fungal
species form mycorrhizal, parasitic, and saproparasitic
associations with pine trees. About 120 fungal species
have been observed in ecto- and endotrophic symbiosis
with pine roots. For consumption, boletes, Bay boletes,
brittlegills, and blewits are collected (Klan 1989; Carlile
&Watkinson cds. 1994; Gryndlerctal. 2004; Antl 2014).
The collection of bilberries and cranberries, as well as
other forest fruitsare also abundantin pine forests (Sisak
2006).

8. Threats and diseases

Currently, the mostdiscussed threat to Scots pine stands
is undoubtedly drought and the associated decline in
groundwater levels due to climate change (Vacek et al.
2016; Gaoetal. 2017; Buras ct al. 2018). It is climatic
stress periods that negatively affect the photosynthetic
activity of Scots pine (I'lexas & Medrano 2002; Reddy
et al. 2004). Increasing air temperatures, along with
low water availability, are responsible for a range of
other diseases, as well as reduced tree defense capac-
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ity against insect pests (Allet et al. 2015; Haberstroh et
al. 2022). Although Scots pine is considered a resistant
tree species to precipitation deficiency, pine stands across
Europe have still been enormously damaged by recur-
rent droughtin recent years (Merlin et al. 2015; Vacek
ctal. 2017; Buras et al. 2018), when, in particular, pre-
cipitation is the main factor affecting pine growth pro-
cesses (Vacek et al. 2019). It can be argued that Scots
pine is now one of the most threatened tree species in
Europe (Gao etal, 2017; Buras et al. 2018; Etzold et al.
2019). As arule, stands with a homogencous structure
or stands with an unsuitable pine ecotype are the most
affected (Bottero & Vacchiano 2015; van Halder et al.
2019). Paradoxically, the cause of pine dichack may be
its taproot system (Lokvencetal. 1985), which does not
adapt to absorb available precipitation from surface soil
layers as the water table recedes. Not only is the amount
of available water gradually becoming depleted, but its
nutrients (S, P) are currently lacking in pine stands as
well (Prietzel et al. 2020). The solution to the decline
appears to be the silviculture of structurally differentiated
pine stands (del Rio Gaztelurrutia etal. 2017; Brichta ct
al. 2020), aswell as mixed pine stands (Czerepka 2004;
Pretzschetal. 2013; Zelleretal. 2017; Vacek et al. 2019).
Insome places, pine isalready spontancously shifting its
range into communities of deciduous trees (Haberstroh
etal. 2022). However, it is still a relatively resistant tree
species to the effects of climate change, considering the
habitat. For example, Vacek et al. (2021¢) reported that
Scots pine was the most resistant of the 12 tree species
studied concerning the effects of climate extremes in the
Czech Republic.

Common insect pests of pine trees include the nun
moth, pine tree lappet, common pine shoot beetle, bark
beetles (genus Dendroctonus), or tortrix, Trees can also
be attacked by plant parasites and semi-parasitessuch as
mistletoe and related species (Mutlu et al. 2016). Trees
weakened by pests or by various abiotic stresses (e.g.,
drought) are susceptible to damage by fungal pathogens,
the spread of which may be enhanced in monospecific
commercial plantations. Forexample, Sphaerapsis sap-
inea and Cenangium ferruginosum cause withering and
dicback of pine trees, while Mycosphaerella pini, Lopho-
dermium seditiosum, and related species cause needle
cast. Various species of rust and cenangium are also
damaging. Cronartium asclepiadeum infests primarily
Scots pine. Pine twisting rust (Melampsora pinitorqua)
isa dioecious rust that causes typical twisting of shoots,
especially in Scots pine (Fjellborg 2009). Naemacyclus
needle cast, which causes browning and needle dicback,
is caused by the fungus Cyclancusma minus, Among the
wood-destroying fungi are fire sponge, Onnia triguetra,
crisped sparassis, honey fungus, or velvet-top fungus
(Businsky & Velebil 2011; Peskova & Cizkova 2015).
The sawlly specics Diprion pini and Neodiprion sertifer
can cause severe defoliation, making the tree susceptible
toattack by other pests (Virtanen etal. 1996; Langstrom
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etal. 2001). Scots pineisalso attacked by Ips acuminatus,
Pityogenes chalcographus, Tomicus piniperda, Tomicus
minor, Phaenops cyanea, and Ips typographus, which
can also be a vector of various fungal pathogens, such
as Armillaria ostoyae (Kirschner et al. 2001; Jankowiak
& Hilszezanski 2011; Giordano et al. 2013; de Rigo etal.
2016). The mostimportant pest of pine seedlings cannot
be neglected, namely the pine weevil (Hylobius abietis
1..) (Modlinger 2015; Kovalchuk et al. 2015; Lundborg
etal. 2016). New seedlings and individuals of natural
regeneration can also be attacked by Armillaria mellea
(Narovcova 2010). For these reasons, fungal pathogens
and nnotonly bark insectsin pine stands need tobe given
increased attention, and remediation measures should be
implemented quickly in case of theiroccurrence (Zahrad-
nik & Zahranikova 2014).

Dicback of pine scedlings and saplings is also caused
by biotic factors, especially fungi of the genera Fusarium
and Alternaria (Petersson & Orlander 2003; Hédar &
Zamora 2004; Dobbertin et al. 2007; Wermelinger et al.
2008; Nowakowska & Oszak 2008; Rigling et al, 2010;
Zweifeleral. 2012; Mutluetal. 2016), and abiotic factors,
primarily drought (Oleksyn et al. 1994; Prus-Glowacki
& Godzik 1995; Baquedano & Castillo 2006; Sudachk-
ova et al. 2009). The seeds of pine trees can be eaten by
birds (crossbills, woodpeckers), rodents (squirrels, voles,
various mice), and, asadietary supplement, by some car-
nivores (marten, mink, sable). Young pine needles are
consumed by game, birds (capercaillie), and caterpillars
of many insect species, which can cause considerable
damage (Musil & Hamernik 2007). Cloven-hoofed game
alsoinflicts damage on Scots pine by browsing and bark-
stripping, yet it is a very resistant tree species compared
to spruce or [ir (Cukor et al. 2022).

9. Conclusion

Scots pine Is a tree species resistant to many environ-
mental factors; it is a fast-growing Eurasian pine that
is one of the most economically significant coniferous
tree species in the Czech Republic and Europe. In suit-
able habitats, it has a high production potential and can
provide high-quality, easily workable timber for various
construction purposes and furniture. This is of consid-
erable importance in terms of carbon sequestration and
adaptation to ongeing climate change. Scots pine, due
to its pionecring strategy, is also an outstanding recla-
mation tree. Until recently, it was also considered to he
a drought-tolerant species because of its deep taproot,
although thisis now proving to be a disadvantage due to
the fact that the water table is dropping. Nevertheless, it
is still a relatively resistant species to climatic extremes
compared to other tree species. In the future, however,
it is crucial to focus on a detailed and comprehensive
study of Luropean Scots pine provenances in the context
of silviculture under climate change. Yet, in light of the
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increasing needs of society, a study of the non-productive
functions of pine stands is also essential.
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5.2 Vliv strukturujicich péstebnich zasahu na uspéSnost prirozené obnovy borovice

lesni
5.2.1 2. publikace: Je podrostni hospodaieni s borovici lesni v podminkdch p¥irozenych
borovych stanovist’ za ménicich se podminek prostiedi vhodnou alternativou

k tradi¢nimu holosecnému hospodaieni?

Originalni nazev: Does shelterwood regeneration on natural Scots pine sites under changing

environmental conditions represent a viable alternative to traditional clear-cut management?

Casopis: Central European Forestry Journal (Sasopis zatazen do databaze SCOPUS a WOS,
aktualné IF — 1.4, Q2)

Autorsky kolektiv: Jakub Brichta*, Lukas Bilek, Rostislav Linda, Jan Vitamvas

Citace: Brichta, J., Bilek, L., Linda, R., & Vitamvas, J. (2020). Does shelterwood
regeneration on natural Scots pine sites under changing environmental conditions represent
a viable alternative to traditional clear-cut management? Central European Forestry Journal,

66(2), 104-115.
Souhrn:

Cilem ptedlozené studie bylo zhodnotit efekt holose¢ného a podrostniho hospodaistvi (zakmenéni
0,4, 0,6 a 0,8) a ptipravy pidy (fréza, kombinovana fréza - fadkovac, shrnovac klesu) na pfirozenou
obnovu borovice lesni (Pinus sylvestris L.) v podminkach pfirozenych borovych stanovist (severni

Cechy).

Pro potieby iniciace pfirozené obnovy bylo na experimentalni ploSe MARIANA I provedeno
nékolik rtizné silnych zasaht v matetském porostu, a to ve formé clonnych seéi a zaroven holosece jako
varianty kontrolni pfedstavujici obvykly zptisob obnovy borovych porosti. Tti roky po zminénych
zasazich byly zaznamendny pocty, vysky a Sitky korun jedincii pfirozené obnovy na transektech,
které reprezentovaly vSechny kombinace variant hustoty mateiského porostu a pfipravy puady.
Byly zaroven instalovany semenospady pro stanoveni poc¢tu spadlych semen, od roku 2016 do roku
2018. Prostiednictvim vldhovych c¢idel byl také méfen vodni potencial pidy (Delmhorst Instrument

Company) a pomoci teplotnich ¢idel teplota pudy (¢idlo Pt1000 A—class, EMS Brno).

Vysledky studie stanovily vyssi pocty jedinct pfirozené obnovy na plochach s piipravou pidy
(fréza, kombinovana lesni fréza, shrnovac klesu), ve srovnani s kontrolni variantou bez ptipravy pudy.

Nejvyssi hustota jedincii pfirozené obnovy byla souhmné pozorovana na plochach s pifipravou pudy
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kombinovanou frézou. Inventarizace jedincti pfirozené obnovy v riznych variantach hustoty matetského
porostu potvrdila, Ze nejvyssi poéty jedincl pfirozené obnovy se vyskytuji na ploSe se zakmenénim
matefského porostu na urovni 0,4 (kombinovana fréza 32 402 + 34 208 ks/ha; fréza 26 832 + 24 088
ks/ha; shrnova¢ klesu 24 496 + 22 913 ks/ha). Absolutné nejvyssi pocty pfirozené obnovy byly
zaznamenany pii kombinaci zakmenéni mateiského porostu 0,4 a pripravy pudy kombinovanou frézou:
32 402 ks/ha. Na jednotlivych plochach byly méfeny také dimenze jedinci obnovy, kde nejvyssich
hodnot v piipad¢ vysky rostliny a $itky korun, bylo primémeé dosazeno na holose¢i. Dal$i méteni
(mnozstvi semen v semenospadech, teplota a vlhkostni potencial pudy) potvrdily, Ze s rostouci hustotou
matetského porostu nartistda mnozstvi spadlych semen, zaroven jsou na variantach
se zakmenénim 0,4; 0,6 a 0,8 také piiznivéjsi vlahové a teplotni poméry v pude€. Dospéli jsme k zavéru,
ze obnova porostii borovice lesni v podminkach ptirozenych borovych stanovist mize byt dobrou
alternativou k tradiénimu holosecnému hospodafeni. S ohledem na vysoké pocty jedincl pfirozené
obnovy a pfiznivé vldhové a teplotni poméry v pudé, mizeme doporuéit prvotni snizeni zakmenéni

matetského porostu na troven 0,4.
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Does shelterwood regeneration on natural Scots pine sites
under changing environmental conditions represent a viable
alternative to traditional clear-cut management?

Jakub Brichta*, Lukéas Bilek, Rostislav Linda, Jan Vitamvas

Czech University of Life Sciences Prague, Faculty of Forestry and Wood Sciences, CZ — 129 165 Prague, Czech Republic

Abstract

In the context of climate change, the crucial question is how silvicultural treatments should be modified, in order to
reach favourable conditions for initiating natural regeneration of forest stands. The aim of the study was to evaluate
the influence of clear-cutting, basal area reduction (0.4, 0.6 and 0.8) and soil preparation (milling cutter, forestry
mulcher, brush rake and control variant without soil preparation) on the regeneration of Scots pine (Pinus sylves-
tris L.) in the conditions of natural pine sites (Northern Bohemia). Scedling numbers, heights and crown widths
were recorded on transcects representing all combinations of stand densities treatments and soil preparations vari-
ants three years after the silvicultural operations. Sced traps were installed to determine the numbers of seeds from
2016 t0 2018, Soil water potential (Delmhorst Instrument Company) and soil temperature (sensor Pt1000 A—class
sensors, EMS Brno) were measured. All variants of soil preparation had higher numbers of seedlings compared to
control variant. When comparing stand densities, total numbers of seedlings were the highest in stand density 0.4
(cutter 32,402 £ 34,208 S.D. ind.ha *; mulcher 26,832 = 24,088 S.D. ind.ha *; rake 24,496 £22,9138.D. ind.ha Y).
This stand density was also benelicial with respect to seed numbers, seedling characteristics and soil moisture and
temperature characteristics. We conclude that shelterwood regeneration on natural Scots pine sites is promising
silvicultural approach and may become animportant toolin mitigating negative effects of climate change in the future.

Key words: stand density, soil preparation, fructification, natural regenceration, soil moisture, soil temperature

Editor: Dusan Kacalck

Basic tool for increasing the adaptability of forest
stands to changing environmental conditions is their
spatial structuring (Schiitz 2002; del Rio Gaztelurrutia
et al. 2017; Ameztegui et al. 2017) and species mixing
(Czerepko 2004; Pretzsch et al. 2013; Zeller et al. 2017;
Vaceket al. 2019b). It is expected that such stands have
greater resistance to bioticand abiotic disturbances, thus
these silvicultural approaches can also become an effec-
tive tool to mitigate climate change due to the increased
carbon storage (Ercanli 2018).

However, on natural pine sites the option of species
mixing is very limited and the main approach remains
spatial structuring (Montero et al, 2001; Gaudio et al.

1. Introduction

Scots pine (Pinus sylvestris 1..) is the main tree species
in half of Europe’s forests (Sharma et al. 2017; Lun-
dqvist et al. 2019). Its natural occurrence is associated
with dry and/or poor sites with limited competition of
climax tree species (Linder 1997; Musil & Hamernik
2007; Vacek et al. 2010, 2019). Although pine is mainly
considered resistant to limited water availability, pine
stands all across Europe have been massively damaged
by repeated drought events in recent years (Merlin et al.
2015;Vaceketal.2016,2017; Gaoetal,2017; Burasetal.
2018). Droughtis probably the primary factor of damage
that triggers the infestation with bark beetles and fungal

discases (11odar & Zamora 2004; Dobbertin et al. 2007;
Wermelinger et al. 2008) or mistletoe (Viscum atbum
L.) (Rigling et al. 2010; Zweifel et al. 2012; Mutlu et al.
2016). Mature stands with homogenous structure and
often of unsuitable ecotype are mostly affected (Bottero
& Vacchiano 2015, van Halder et al. 2019).

2011a; Kojola et al. 2012; Spathelf & Ammer 2015).
Besides different thinning regimes in young stands that
mostly create structural heterogeneity within one cohort
of trees, in mature stands shelterwood regeneration cre-
ates temporal stand structures that rest on two partially
overlapping tree generations. Inaddition to the common

*Corresponding author. Jakub Brichta, e-mail: brichtaj@fid.czu.cz
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clear-cuts with or without retained seed-trees, different
forms of shelterwood management in different parts of
Scots pine natural range are in the scope of silvicultural
research (Monteroetal.2001; Gaudioetal. 201 1a; Kojola
etal. 2012; Spathelf & Ammer 2015; Bilek et al. 2016;
Tullus etal. 2018; Lundqvist et al. 2019). These alterna-
tive methods include uniform large-scale shelterwood as
well as small-scale management approaches that result
into multi-layered Scots pine stands.

Shelterwood regeneration is a common manage-
ment practice in Scandinavian countries (Ilyppénen
ctal. 2013; Lundqyvist et al. 2019), Germany (Spathelf
ctal. 2015; Drossler et al. 2017), Poland (Biclak ct al.
2014; Aleksandrowicz-Trzeinska et al. 2017), and also
in some parts of the Czech Republic (Bilek et al. 2017;
2018). It is often stated that shelterwood regeneration
is more favourable with respect to microsite charac-
teristics (Montero et al. 2001; Matias & Jump 2012;
Aleksandrowicz-Trzcinska et al, 2017; Vitamvas et
al. 2019) and compared to clear-cut area, lower light
intensity can lead to higher quality of pine regeneration
(Pardos 2017; Schonfelderetal. 2017, 2018; Lundgvist
etal. 2019). In the context of climate change, the crucial
question is how temperature and moisture characteris-
tics of the microsite can be improved with silvicultural
approaches and which treatment is leading to the suceess
of natural regeneration.

Although sporadic studies referring to ecological
plasticity of pine suggest very strong competitiveness
of pine regeneration (Picon-Cochard et al. 2006), it is
distinctly more sensitive to root competition compared
to shade tolerant species (Erefur et al. 2008) and pine
seedlings usuvally do not succeed in dense herbal cover
of blueberry (Vaccinium myrtillus 1..) or heather (Cal-
luna vulgaris |1..] Hull.) (Hyppénen et al. 2013). Thus,
on natural pine sites it is not only necessary to decrease
the stand density, but also to disturb the soil surface in
order to promote natural regencration (Varmola et al.
2004; Saursaunct & Matrisen 2018).

Innatural conditions the competition of ground veg-
etation if often temporarily supressed by fires (Eengel-
mark et al. 1994; Corace 2009). In the absence of these
natural processes that would stimulate pulses of natu-
ral regeneration, in managed stands soil preparation
using different techniques is necessary (Ackzell 1993;
Barbeito et al. 2011; Aleksandrowicz-Trzcinska et al.
2014; Saursaunet & Matrisen 2018). They should lead
to higher density of natural regeneration and highervital-
ity of individual seedlings (Karlsson & Orlander 2000).
IHowever, also some risks must be considered. High soil
temperature without shading of herb cover (Bedford &
Sutten 2000; Oleskog & Sahlen 2000), loss of nutrients
from exposed soil (Piirainen et al. 2007) or freezing of
root systems of regeneration individuals (Chantal et al.
2003) arc among the mostimportant. Ploughing and soil
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milling are the most common technigues of forest soil

preparation. However, as these techniques are expen-

sive, it is also common to use disc harrow or brush rakes

instead (Posmetyey et al. 2016).

The aim of the study was to evaluate the influence of
clear-cutting, basal area reduction and soil preparation
on the regeneration of Scots pine in the conditions of
natural pine sites three years after the silvicultural opera-
tions. To assess the feasibility of shelterwood regenera-
tion in given conditions we hypothesized that:

1) Number of seeds after sced fall increases with stand
density and is the lowest in clear-cut.

2) Scedling numbers are influenced by parent stand
density and soil preparation positively.

3) Secedling parameters (height and crown width) are
influenced by parent stand density negatively, while
the effect of soil preparation is positive.

4) Higher soil moisture and lower temperature are asso-
ciated with higher stand density, the least favourable
treatment with respect to moisture and temperature
is the clear-cut.

2. Material and methods

2.1. Study site and experimental design

The arca of interest is located near to the municipal-
ity Doksy. It is characterized by a large arca of natural
Scots pine sites. Forest stands in study are managed by
Military Forests and Farms of the Czech Republic, state
enterprise, The entire study locality (N 50°33,77548",
E 14°43.49143%) isinaflat terrain, at 300 m a.s.l. Parent
rockis sandstone, with dominant soil type Arenic Podzol
(Soil map 2020). Mean annual air temperature is 7.3 °C
and average maximum temperature is 31.5 °C. Mean
annual precipitation is 635 mm (Tolasz 2007).

Theexperimental plotswere established for monitor-
ing of natural regeneration success of Scots pine in differ-
cnt stand densitics and soil preparation techniques. For
this purposc, the parent stand was divided into 4 sections
of different harvest intensities (treatments) with result-
ingfourstand densities: clear-cut, 0.4,0.6 and 0.8 (Table
1). Harvests were conducted in February 2016, Method-
ology of parent stand inventoryis givenin Abdollahnejad
etal. (2019).

Each of the 4 treatments had a rectangle design of
approx. 60 x 250 m. In each of these treatments of stand
density, four variants (31.25 m x 60 m) of soil prepara-
tion techniques were performed in two repetitions. Vari-
antsof soil preparationswere following: 1) Milling cutter
KSIT 700 with treatment in stripes of approx. 1 m dis-
tance (Milling cutter); 2) Forestry mulcher Meri Crusher
1.8 ST with full-arca character of preparation (Forestry
mulcher); 3) Brush rake SHO1 (Brush rake); 4) Control
variant without soil preparation (Control) (Fig. 1).
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Table 1. Summary stand characteristics for individual treatments of basal area reduction derived from field inventory.

GS.D. S0, B -
Stand density after harvest Stand density beforc harvest Me:"‘,;aﬁ'“ Mﬁ::af,ll) Mﬁf.'&f..fu“ Harvestintensity [%]
Clear-cut 08 0.0£00 00400 040 100
04 08 108 44.0 123,51 58.5 121434 55
0.6 0.8 178442 1952+ 34.1 234459 36
0.8 0.9 244133 258.3147.3 323145 20

Note: Stand density - caleulated as share of measured stand volume per hectare (belore and aiter the harvest) and the theoretical full stand vwlume per hectare denved frym vield tables; G- basal
arey (m? ha ") after harvest G - basal areal standard deviation {m?ha'); V — wood volume (n® ha ') after harvest; ¥V - wood volume aiter harvest standard deviation (m? ha '); N (ind.ha ') - number
of trees per1 ha after harvest; Harvest intensity (%) - caleulated as percentage of harvest on the measured stand volume before harvest: 8.0, - standard deviation. Wood volumes were caleulated

according to Petris & Pajtik (1991).
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2.2. Data collection

For each treatments of stand density and variant of soil
preparation technique, two transects covering 2 x 60 m?
each were established (n=64) (Fig. 1). The transectwas
divided into squares of 2 x 2 m?, for each square plot all
seedlings according to species were registered. FFor seed-
lings higher than 10 ¢m, total height and crown width
were recorded (accuracy 1 cm). All measurements were
doneinautumn 2018 threcycars after the harvest opera-
tion and soil preparation treatment.

After the harvestin 2016 in ecach treatment of stand
density 7 seed traps (size 1 x 1 m?) were placed (n = 28).
Traps were installed permanently from 2016 to 2018,
cach trap was placed at a boundary of two variants of
soil preparations always in the middle section of each
stand density treatment. Seeds were counted always in
November after the end of the vegetation period.

Water potential measurement was carried out using
absorption GB-2 gypsum sensor blocks (Delmhorst
Instrument Company) connected to data loggers Micro-
Log SP3 (EMS Brno). Temperature sensor (Pt1000
A-class sensors, EMS Brno) was connected to the data-
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Fig. 1. Design of the experimental plot: different treatments of stand density (clear-cut; 0.4; 0.6; 0.8) and different variants of soil
preparation: 1) Milling cutter; 2) Forestry mulcher; 3) Brush rake; 4) Contral).

logger. The gypsum sensor blocks were placed 7—9 ¢cm
under the soil surface; for one stand density always 4 sen-
sors were installed in the central part of the treatment
to avoid the effect of stand edges (n= 16). The soil tem-
perature (depth 7 — 9 cm) was measured together with
the soil water potential in the same position. Interval of
measurements was 1 hour.

2.3. Data analysis

The differences in seed numbers between selected stand
densities in 2016 — 2018, as well as the differences in
regeneration density, seedling height and crown width
between selected soil preparation techniques and stand
densities were analysed by Kruskal-Wallis test, as nor-
mality of data (tested by Shapiro-Wilk normality test)
was violated in all cases. Subsequent multiple compari-
sons were conducted according to Siegel and Castellan
(1988). The soil water potential and soil temperature
were plotted separately foreach stand density treatments,
in case of soil temperature, one-week moving average
curves arc also shown.
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All computations were performed using R (R Core
Team 2019), plots were made by “ggplot2” (Wickham,
2016) and “ggpubr” (Kassambara, 2020) packages. All
statistical tests were conducted at significance level o —
0.05.

3. Results

3.1. Seed numbers

The highestmean sced numbers per 1 m” were registered
for stand density 0.8 (58 = 16 8.D. in 2016, respectively
37+ 118.D.in 2017, respectively 41 £ 7 8.D. in 2018).
Conversely, during the whole obscrvation period the
lowest mean seed numbers per 1 m* were consistently
registered on clear-cutarea (stand density 0.0) (4 +3S8.D.
in 2016, respectively4 + 1 8.D.1in 2017, respectively: 2 +
28.D.in2018). Stand densities 0.4 and 0.6 were interme-
diate in seed numbers, nevertheless statistically signifi-
cant differences were registered mostly for stand density
0.0 (Fig. 2).

3.2. Regeneration density

Regeneration density for different stand densities and
soil preparation techniques 3 years after the harvest is
displayed in Fig. 3C. Generally, all variants of soil prepa-
ration had higher numbers of seedlings compared to con-
trol variant. Total numbers of scedlings were the highest
in stand density 0.4. The highest mean total number of
scedlings was registered for following combinations of
stand density treatment and soil preparation variant: 0.4

—cutter (32,402 £ 34,208 8.D. ind. ha ); 0.4 — mulcher
(26,832 +24,0888.D.ind.ha ') and 0.4 —rake (24,496 +
22,9138.D.ind.ha ). Conversely, the lowest mean total
number of scedlings was registered for the variant 0.5 -
control (5,972 £12,897 8.D. ind.ha™) and 0.7 — centrol
(5,960 £ 9,047 8.D. ind.ha ).

Number of seedlings lower than 10 cm (Fig. 3A)
had the highest density in combinations 0.4 — cutter
(19,824 429,340 8.D. ind.ha™") followed by 0.8 —cutter
(15,090 18,847 8.D. ind.ha *) and 0.4 —rake (13,876
17,230 8.D. ind.ha"). The worst with respect to seed-
lings numbers were the control variants in combination
with stand density treatment 0.6 (4,037 + 10,097 S.1).)
and 0.8 (3,990 7,240 S.D. ind.ha ).

Numberof seedlingshigher than 10cm (Fig. 3B) was
the highest in combination clear-cut — cutter (14,979
+ 16,654 S.D. ind.ha") and 0.4 — cutter (12,578 +
14,894 8.D).ind.ha™"). Thecontrolvariant showed the low-
estvaluesinall casesofstand density treatments (0.0:4,980
+4,656 S.D. ind.ha™; 0.3: 3,780 + 5,036 S.D. ind.ha™;
0.6: 1,898 + 3,758 S.D. ind.ha '; 0.8: 1,970 £
3,682 8.D. ind.ha ).

3.3. Seedlings characteristics

Superior mean heights of scedlings were observed in
stand density treatments clear-cut (stand density 0.0)
(20.0 - 21.9 ¢m) and 0.4 (18.0 — 21.3 cm). In all soil
preparation variants, there were significantly lower seed-
lingsinstand densities 0.6 (13.7—18.3cm) and 0.8 (13.5
—15.7 ¢cm) (Fig. 4). The stand density treatment 0.0 was
also superior with respect to crown widths of individual
seedlings (19.6 —21.3 cm) (Fig. 5).
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o- - = =y
2016 2017 2018
Year

Fig. 2. Number of seeds per 1 m? in different stand densities. Different letters indicate significant differences among groups
(p=<0.05); values represent medians of number of seeds, upper and lower quartile.
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Fig. 3. Numbers of scedlings per 1 ha for different stand densitics and soil preparation technigues: Number of seedlings lower
than 10 cm (A); Number of seedlings higher than 10 cm (B); and total number of seedlings (C). Different letters indicate signifi-

cant differences between groups (p < 0.05); values represent median, upper and lower quartile.
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Fig. 4. leight of seedlings in different variants of soil preparation and stand density (individuals higher than 10 ¢m; year 2018).
Different letters indicate significant differences between groups (p < 0.05); values represent median, upper and lower quartile.
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Fig. 5. Crown width of seedlings in different variants of soil preparation and stand density (individuals higher than 10 cm; year
2018); different letters indicate significant differences between groups (p < 0.05); values represent median, upper and lower
quartile.

3.4. Soil water potential and soil temperature ~ prenounced (Fig. 6). Forexample, the period with values
. . ) ~ ofsoilwater petential above 5 bar lasted in stand density
Early increase of soil water potential was observed in - (.8 from late June to the end of October, whereasin stand
stand densities 0.8 and 0.6, whereas on clear-cut (den-  density 0.4 it lasted from early August to September.

sity 0.0) and in stand density 0.4 the soil water potential Figure 7 shows temperatures 7—9 ¢m under the soil
increased with a delay and the drought period was less ~ surface from June 2018 to November 2019. The high-
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Fig. 6. Soil water potential in vegetation period 2018 for different stand densities.
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Fig. 7. Soil temperature in individual months in 2018/2019 for different stand density plots. The original values (in background)
are for better readability represented by one-week moving average curves.

est temperatures in summer as well as the lowest tem-
peratures in winter were measured on clear-cut (stand
density0.0). To the contrary, the lowestamplitude of soil
temperatures was observed in the case of highest stand
density 0.8, These values of stand densities 0.4 and 0.6
were between the two mentioned treatments, Generally,
the absolute differences in mean temperatures between
clear-cut and stand density 0.8 were the highest in July
and August, intermediate in February, March and low in
the remaining months.

4. Discussion
4.1. Seed numbers

Inaccordance with our first hypotheses, the highest seed
numbers were in all years (2016 — 2018) recorded in the
highest stand density, whereas on the clear-cut arca the
seed fall wasthe lowest. Differences between the particu-
lar stand densities from 0.4 to 0.8 were apparent, yet not
statistically significant. Since most seeds are generallyin
close proximity to seed trees (Kuuluvainen & Pukkala
1989), the high density of these mature individuals guar-
antees high seed density over the entire area. Itis impor-
tant to note that seed traps were placed always in the mid-
dle section of each stand density, and particularly in the
case of clear-cut, higher seed numbers can be expected
with decreasing distance to adjacent mature stands.
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As released trees increase the diameter increment
(Zdors & Donis 2017; Brichta et al. 2019) and crown
volume (Spathelf & Ammer 2015), they probably alse
increase masting ability (Mukassabi etl al. 2012). As
these processes are gradual and depend on the respon-
siveness of individual trees, with increasing time since
seed harvest smaller differencesin sced numbers between
lowerand higherstand densities can be expected. Similar
results were reported by Parker et al. (2013), who stated
that total sced production expressed on a per hectare
and unit pine basal area basis did not differ by harvest
treatment. The same authors conclude that the seed cut
of the uniform shelterwood system applied to the sec-
ond growth of white pine stands is unlikely to adversely
affectwhite pine (Pinus strobus 1..) seed production, seed
quality, or potential for natural regeneration during mast
seeding events.

4.2. Regeneration density

We partly reject the second hypotheses, as the most
favourable conditions for scedling establishment and
resulting seedling numbers 3 three years aiter the seed
cut were reached in stand density 0.4. Parent stand den-
sity itself cannot be simply regarded as a factor with only
positiveeffect on regeneration density. Mature trees rep-
resent competition for resources among themselves but
they also have adverse effect on regeneration individu-
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als in the understory (Wicdemann 1925; Valkonen et al.
2002; Sanchez-Salguero etal. 2015). Thisnegative effect
may not be apparent immediately after the seed fall, but
will increase with the growth of juvenile trees (Belend et
al.2000). Similar conclusions have been found for exam-
ple by Pittet al. (2011) in white pine stands. To the con-
trary, lower regeneration density on the clear-cut results
probably from lower initial seed numbers as described
in the first part.

Beland et al. (2000) used a similar experiment
design with soil preparation by disc cutter and division
of the stand into several treatments of stand density
(200 stems ha '; 160 stems ha ' clear-cut area of approx.
2.5 ha). While in our study the highest scedling num-
bers (32,402 ha ) were recorded in the stand density
0.4 (approx. 121 stems 1 ha ?), in their study for low
stand density (160 stems ha *) 53,000 seedlings ha *
were reported. Even higher numbers of regeneration
were then found in the stand with the highest density
(200 stems ha ;90,000 seedlings ha ). Their study also
found a very low number of seedlings on clear-cut area
(3,700 seedlings ha™) with cutter soil preparation, spe-
cifically this value for total number of seedlings is sig-
nificantly lower than our clear-cut area values on all soil
preparation variants (cutter: 21,960; mulcher: 13,550;
brush rake: 17,110; control: 11,500 seedlings ha 1).
However, ourresults maybe affected by higher tempera-
tures and distinct moisture deficit in 2018 (CHMU 2019)
resulting probablyin higher seedling mortality during the
vegetation period. Although pine is mainly considered
resistant tolimited water availability, in recent years pine
stands all across Europe have been massively damaged
by repeated drought events (Merlin et al. 2015; Vacek
et al. 2016, 2017; Gao et al. 2017; Buras et al. 2018).
Therefore, we assume thateven in the local natural pine
habitats, the seedlings were damaged by drought. Rela-
tively lower stand densities arc reported also from Turkey
(Kara & Topagoglu 2018), where 5 years after reducing
the parent stand density to 50%, average seedling num-
bersamounted to 7,000 ha ', Aleksandrowicz-Trzciniska
ctal. (2014) reported 9,190 scedlings ha * on plots after
the scaritication hy forest plough on clear-cut of 2.5 ha.

In accordance with the second hypotheses, a posi-
tive effect of soil preparation on the seedlings numbersin
all treatments of stand densities was confirmed. Similar
findings were reported by many authors (Orlander et al.
1990; Karlsson & Orlander 2000; Hille & Ouden 2004;
Barbeito et al. 2011). Besides immediate regeneration
success, mainly deeper soil preparation also significantly
lowers the C/N ratio, increases the amount of P, Mg and
S (Orlanderetal. 1996) and supresses the competition of
ground vegetation (Hille & Ouden 2004; Nilsson et al.
2006; Gaudioctal. 201 1b; Hyppnenetal. 2013). Decper
sail preparation is also recommended by Posmetyev ct
al. (2016), who adds that not only does it achieve good
results in terms of natural regeneration density, but is
also economically effective. Despite this, there are large
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differences in preferences and value of soil preparation
according to a particular habitat (Ackzell 1993; Ammer
etal. 201 1; Aleksandrowicz-Trzcifiska et al. 2014; Saur-
saunet & Matrisen 2018).

4.3. Seedling characteristics

Based on our results, we confirm the hypotheses that
seedling height and crown width are influenced by par-
ent stand density negatively, nevertheless the effect of
soil preparation on these regencration parameters was
notapparent.

Superior mean heights of seedlings in clear-cut and
stand density 0.4 are mainly related to higher resources
availability, as was confirmed also in numerous control-
led experiments. Vitamvas et al. (2019) reported for
T—year-old seedlings that root length, shoot drymassand
root dry mass were the highest in full light conditions,
however the differences in shoot length were not so pro-
nounced. Riikonenetal. (2016) documented high ability
of pine scedlings to respond to release cut by primarily
increasing the crown width. In older literature, thercare
many proofs about the superior growth of young plants
growinginlarger distances to seed trees (eg. Wiedemann
1925).

We were not able to confirm positive effect of soil
preparation on seedling growth, nevertheless Nilsson
etal. (2006) and Gaudio et al. (2011b) showed superior
height growth of regeneration individuals after soil scari-
fication. The reason isbetter soil chemical and mechani-
cal properties and lower competition of herbaccous veg-
ctation (Karlsson & Orlander 2000; Varmola et al. 2004;
Saursaunct & Matrisen 2018). To the contrary, Picrik &
De Wit (2014) related high competition of herbaceous
vegetation to superior height growth, but at the expense
of crown width and chlorophyll content in assimilation
organs.

4.4, Soil water potential and soil temperature

Based on our results, we reject the hypotheses that more
favourable soil meisture and temperature characteris-
ticsare associated with higher stand density, and that the
least favourable treatment with respect to moisture and
temperature is the clear-cut. Although the lowest ampli-
tude of soil temperatures was observed in the case of
highest stand density 0.8, and the highest temperatures
in summer as well as the lowest temperatures in winter
were observed on the clear-cut, higher stand densities
(0.6 and 0.8) were related to lower soilmoisture and pos-
sibly higher risk of drought stress for seedlings. Similar
results presented several authors (Limousin et al. 2008;
del Campo et al. 2014, Gebhardt et al. 2014) who stated
that the release cut had a positive effect on the amount
of water in the transplantation streams of mature trees,
but also the soil water potential itself. The reason for the
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increase in theamount of water in the stand is mainly the
lower rate of mature trees crown interception (Limousin
et al. 2008), but also their lesser competition and eva-
potranspiration (Kelloméki et al. 1997; Giuggiolia et al.
2013). Del Campo et al. (2014) also stated that a strong
stand density reduction increased the amount of water
in the soil by up to 20 — 40%.

5. Conclusion

Based on our research, we conclude that the best out-
come of natural regeneration was achicved after seed cut
decreasing the stand density to 0.4, Thiswas manifcsted
by sufficientseed numbers, highestregeneration density,
superior seedling characteristics and positive effect on
soil moisture and temperature characteristics. The effect
of soil preparation of any type was crucial for the regen-
eration success, but the best results were documented
fortreatment with milling cutter (3—fold increase in total
mean numbers of seedlings compared to control variant
versus 2.6-fold increase for forestry mulcher and 2.4—
fold increasc for brush rake). We conclude that shelter-
wood regeneration with initial stand density reduction to
0.4 on natural Scots pine sites represents justified alter-
native to clear-cutting and may in the future become an
important tool in mitigating negative effects of climate
change.
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Souhrn:

Cilem pfedloZeného ¢lanku bylo pfesnéjsi stanoveni dimenzi jedinct pfirozené obnovy borovice
lesni a ziskani dalSich informaci o architektuie jejich korun, z prostfedi rizné hustého mateiského
porostu. Vyzkum si kladl za cil také ovéfit moznosti méfeni architektury korun jedinct pfirozené obnovy

pomoci specialnich technologii snimani biomasy.

Metodologie tohoto vyzkumu navazuje na design pokusu BRICHTA et al. (2020) z prosttedi lokality
MARANA 1., odkud byli odebrany celé rostliny borovice pro nasledné laboratorni zpracovani
prostfednictvim méfeni jedincu digitizérem Fastrak Polhemus. V laboratornich podminkach byly

méfeny dimenze rostliny, véetné rozliSovani riznych fadi vétvi koruny borovic.

Bylo zjisténo, ze hustota matefského porostu v procesu piirozené obnovy ovliviluje pocet vétvi
jedinch obnovy v riznych tadech, stejné jako jejich vySku. Detailni meétfeni ukdézalo,
7e nejvice fadi vétvi se nachazi na jedincich z holosece (hustota matefského porostu = 0,0), nejnizsi
vétveni bylo na plose s nejvyssi hustotou matetského porostu (zakmenéni 0,8). Z vysledkt vyplynulo,
7e intenzita vétveni (méfena jako pocet vetvi tietiho fadu) zavisi na celkovém poctu vétvi riiznych radda,
ale také na hustoté matefského porostu, pod kterym jedinci pfirozené obnovy rostou. Dulezitym
vysledkem této studie byla negativni korelace mezi vétvenim stromu a vyskou stromu. Vysledky
naznacuji, ze ¢im se rostlina vice vétvi, tim je nakonec niz8i. Nize popsana studie potvrdila schopnost
digitizéru Fastrak Polhemus realizovat pfesné 3D méfeni architekturu koruny jedincu pfirozené obnovy.

Nutné je vSak dodat také fakt, Ze podobna data Ize ziskat pomoci senzorti Lidar, nicméné s velkym

rozdilem v pfesnosti, ve prospéch pouzitého digitizéru Fastrak Polhemus.
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Abstract: Tn the context of climate change conditions, addressing the shifting composition of forest
stands and changes in traditional forest management practices are necessary. Ior this purpose,
understanding the biomass allocation directly influenced by crown architecture is crucial. In this
paper, we want to demonstrate the possibility of 31D mensuration of canopy architecture with the
digitizer sensor Fastrak Polhemus and demonstrate its capability for assessing important structural
information for forest purposes. Scots pine trees were chosen for this purpose, as it is the most
widespread tree species in liurope, which, paradoxically, is very negatively affected by climate
change. In our study, we examined young trees since the architecture of young trees influences their
growth potential. In order to get the most accurate measurement of tree architecture, we evaluated
the use of the lastrak Polhemus magnetic digitizer to create a 3D model of individual trees and
perform a subsequent statistical analysis of the data obtained. Tt was found that the stand density
affects the number of branches in different orders and the heights of the trees in the process of
natural regeneration. Regarding the branches, in our case, the highest number of branch orders was
found in the clear-cut areas (density = 0.0), whereas the lowest branching was on-site with mature
stands (density = 0.8). The results showed that the intensity of branching (assessed as the number of
third-order branches) depends on the total number of branches of the tree of different branch orders
but also on stand density where the tree is growing. An important finding in this study was the
negative correlation between the tree branching and the tree height. The growth in height is lower
when the branching expansion is higher. Similar data could be obtained with Lidar sensors. However,
the occlusion due to the complexity of the tree crown would impede the information from being
complete when using the magnetic digitizer. These results provide vital information for the creation
of structural-functional models, which can be used to predict and estimate future tree growth and
carbon fixation.

Keywords: 31D model; Fastrak Polhemus; tree architecture; shading; Pintus syivestris

1. Introduction

Scots pine {Pinus sylvestris L.) is not only one of the primary commercial tree species
in the Czech Republic but is also the most widespread tree species in almost half of the
European forests [1—]. Despite a current tendency to replace conifers with broadleaves in
the Czech Republic [5], the proportion of pine is still significant, especially in places where
pine stands cannot be replaced yet. In areas with a substantial proportion of pine, the Czech
Republic is trying to adapt management to its ecological requirements considering climate
change but also to the needs of industry [6,7]. The pine currently suffers from a significant
lack of moisture; its deep tap root [£] is paradoxically unable to respond to decreasing
groundwater levels, I'oresters in Central Lurope have already tried many ways of growing
Scots pine, some of which have proven successful in terms of climate change, while others
have not. At the same time, the cultivation of pine within the shelterwood system is current.
In order to better understand the growth response of young Scots pine trees to different
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degrees of shading, a unique method of measuring with a magnetic digitizer was used
in our study. Knowledge of canopy architecture is increasingly required in a variety of
arcas, from stand establishment to harvesting [9]. Thus, to achieve the best possible quality
in a mature forest stand during harvesting, we need to understand how environmental
influences affect the juvenile tree. But how can we get the most accurate architecture? One
way of obtaining 3D tree modecls is by manual measurements—this method is, however,
time-consuming both for the measurements and for the evaluation of the architecture. In
addition, it is always possible to view only the 2D model but not the 3D model. The most
commonly used methods for forest stand surveys are photogrammetry, Lidar, or laser
scanning [10].

Photogrammetry is the science of measurement from photographs, which was origi-
nally developed for mapping and survey purposes and quickly found its application in
other ficlds, including forestry. One of the ecarliest documented uses of photogrammetry
in forestry was in Germany in 1920 when aerial photography was used to create detailed
maps of forested areas. In the following decades, photogrammetry continued to be used in
forestry for a varicty of purposcs, including timber inventory, forest condition assessment,
and forest fire mapping. It has also been used to determine the canopy architecture of
individual trees [11]. Measuring 3D models using photogrammetry is time-saving, but
it is not possible to represent all parts of the canopy in the models, as shown in Figure 1.
Another disadvantage of photogrammetry is that the detection of the components/ pixels
of the tree of interest against the background of more distant trees in photography requires
sophisticated programming and can have significant mistakes.

Figure 1. Photogrammetric 3D model of a Scots pine tree in a regeneration stand.

Another method that can be used to detect 3D architecture is using Lidar. The
first use of Lidar (Light Detection and Ranging) in forestry dates back to the early 1990s.
Lidar must be flown either by plane or drone. From the Lidar, point clouds are created
that provide a direct 3D view of the surface. A specialized method is needed to extract
the canopy architecture from the 3D point cloud to synthesize their qualification into
useful measures of tree features. The dataset combined with algorithms representing the
forest canopy resulted in a fine-scale architectural model called [.-Architect (Lidar data
to tree architecture) [11]. L-Architecture was proposed as a practical way to synthesize
and quantify the spatial distribution of tree components from Lidar point clouds. L-
Architecture uses geometrically registered Lidar scans of individual trees to reconstruct
the geometric and topological structure of the tree. In our case, as we want to achieve
high accuracy, this method is not suitable for our purposes (Figure 2), due to the fact that
not all parts of the crown are visible.
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Figure 2. Lidar 31 model showing a stand of Scots pine tree.

The above-mentioned methods are more used to determine the condition of the whole
forest but not to determine the trees” architecture. This is because these methods have a
large error in displaying 3D models of tree species, as they are not able to display all parts of
the canopy [12]. A method for measuring three-dimensional tree architecture that works at
the branch level and simultancously describes plant topology (branching), plant geometry,
and branch morphology combines a 3D digitizer [13] (Figure 3) coupled with DiplAmi
software (version1.0) to control the digitizer and collect data [14]. The 3D digitizing method
started to be used in 1973 when an articulated arm measuring rotation angles was used
for the first 3D digitizing [15]. However, smaller plants rather than mature trees were
examined using 3D digitizing equipment. Digitization of smaller plants has been addressed
in several different studies, with the general conclusion being that 312 models have the
potential to demonstrate differences in structure and development between individuals
and under different environmental conditions [16-18].

[ P
| Electromagnetic Polhemus
field generator FASTRAK System

Notebook with Software
FastrakDigitizer

Charger

Figure 3. Three-dimensional magnetic digitizer Fastrak Polhemus.

The digitizer Fastrak Polhemus, due to its electromagnetic tracking (EMT), is used in
various fields, not only in forestry. One of the most well-known fields is medicine, where
this technology enables precise navigation deep within the human body by providing
real-time data on the position and orientation of the tracked instruments used by the
clinician. In every field, magnetic navigation errors occur due to distortion in the operating
environment. Deformers are metal objects that can be static or move relative to the tracking
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system transmitter. It is not possible to completely avoid the action of a metallic part in
the magnetic field, but it is possible to limit it with the use of multiple coils at once. In
fields such as medicine, this option of dealing with metal parts is possible [19]. In our case,
where the coils are replaced by a stylus, using multiple styluses at once is not an option.
So, we must always be careful of the metal parts. Using a magnetic digitizer, we image all
parts of the crowns, even those overlapping in Figure 4. This method is the most accurate
but the most time-consuming. This method makes it possible to measure the 31 point
coordinates of selected points in space. This method is most often used for small trees.
When we measure trees taller than 4 m, we have to divide the tree into several parts and
use reference points to reassemble which will be discussed in the methodology section.

Figure 4. Three-dimensional model of a Scots pine tree in regeneration stand made with the digitizer
Fastrak Polhemus.

This method has already been used, for example, for the architectural description of a
20-year-old, 7 m tall walnut tree, and the visual comparison between the photograph of the
tree and the image synthesized from the digitization was satisfactory [20]. Mutke et al. [14]
investigated the correlation of topological and geometric variables in individual trees. The
correlation was confirmed only with the parameters of the parent shoot that had formed
in the previous year. However, smaller plants rather than mature trees were investigated
using 3D digitizing equipment. Digitization of smaller plants has been addressed by
several studies, with the general conclusion that 3D models can demonstrate differences
in structure and development between individuals and under different environmental
conditions [16-18]. Water and nutrient content is among other factors that influence the
growth and architecture of woody plants. Most published work on this topic has confirmed
the hypothesis that transpiration is influenced by both tree morphology and environmental
factors [21-23]. Transpiration is higher with the increase in tree height and diameter [24].
Most models of plant growth and architectural development are generally based on open
modular structures and their endogenous dynamics: germination, growth, senescence,
typology, and geometry [25-27]. Functional-structural tree models can approach crown
development through shoot-level processes using a framework of various interacting sub-
modules that consider both branch position in the crown and light environment as relative
factors for shoot morphology [28-30]. Crown density is an important parameter related
to canopy architecture [31]. Our study describes the measurement of architecture using
a 3D digitizer in order to evaluate the morphology of individuals under different light
conditions according to the actual measured data and to assess the effect of protective
timber management on the crown morphology of natural regenerating Scots trees.

Crown architecture and its formation over time affect most management objectives
in Scots pine, such as stem formation, the presence of knots, stem cleanliness, the lack
of presence of defects, scars, or dead branches, the presence of branch scars, etc. Crown
architecture, the number of branches, the number of orders, and other morphological
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parameters have not yet been studied, mainly due to the lack of technologies capable of
providing reliable data [32]. Historically, many studies have been conducted to study
the architecture of trees (specifically pine). The main focus of these studies was tree
biomechanics [32-34], branch mechanics [32], root mechanics [28], tree pruning [29], and
more recently, studies on growth and dynamics at the architectural level [10]. Our study
relates to the latter in that it provides an example of how to support the technical limitations
of growth studies by deploying a 31D magnetic digitizer as an alternative to Lidar scanning.
We seek to demonstrate the findings on growth dynamics (branching intensities) and how
current technology can easily achieve this.

Based on the facts listed above, the hypotheses of this study were as follows: (1) stand
density affects the canopy branching of regeneration trees, (2) stand density affects the
height of regeneration trees, and (3) canopy branching is related to the height of regen-
eration trees, and we can provide data to support this hypothesis using 31D magnetic
digitizer technology.

2. Materials and Methods
2.1. Study Area

The subject of the study was a stand of Scots pine near the town of Doksy, on the
property of Vojenské lesy a statky, s. p., Mimoi division (50°33.77548" N, 14°43.49143' )
(Figure 5). Almost 100% of the forest stand consists of naturally grown Scots pine. The
terrain is flat at 300 m above sea level. The study areas are located in natural pine habitats,
and the subsoil is sandstone with the dominant soil type arenaceous podzol [34]. The
average annual air temperature is 7.3 “C, and the average maximum temperature is 31.5 °C.
The average annual precipitation is 635 mm [35]. Growing seasons last approximately
162 days [36]. The study territory typically has warm, dry summers and cool, dry winters
with a narrow annual temperature range (Cfb) according to the Koppen climate classifica-
tion [37]. The study sites naturally host Scots pine Pinetum oligotrophic with a sparse cover
of Vacciniun myrtillus .. and Vaccinium vitis-idaea 1.. in the herbaceous layer [38]. Natural
regeneration is meant here as an alternative for seeding or planting. Thus, it means trees
are from natural sources even though the soil is managed.
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Figure 5. Location of the study area. The black dot represents the interest area in Doksy.
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2.2. Data Collection

In 2016, an experimental research plot was established to monitor the success of the
natural regeneration of Scots pine with different densities of trees per stand and different
soil preparation [35]. Part of the design of the Brichta et al. [35] experiment was also utilized
in this paper. Plots of interest for data collection were delineated for parts of the stand
without soil preparation. Eight trees of natural regeneration were taken from each plot
with different mature stand clear-cut areas—no cover shelter, stand density 0.4-40% of the
original cover, stand density 0.6-60% of the original cover, and stand density 0.8-80% of the
original cover (Figure 6). The trees present in the natural regeneration were selected using
random stratified sampling for the laboratory study from two subplots precisely in the
middle of the width of the plots with different mature stand densities. This configuration
was chosen to minimize the influence from one side or the other by a different variant of
stand density or by a cardinal direction effect. Thus, 32 natural regeneration trees, including
their entire root systems, were sampled from a total of eight subplots in four plots with
different stand densities (I'igure 6). The age of all sampled trees was 5 years old.

N
Mature stand density Subplots A

Clear-cut area

0.6

0.4

Figure 6. Lxperimental design, including the location of the subplots for natural regeneration
sampling (black circles).

The collected samples were analyzed with the magnetic digitizer I'astrak Polhemus
(Company: NEUROSPLEC AG City and country: Stans, Switzerland Version of software:
1.0) [13] (Figure 3) to produce accurate 3D models of these trees. One might consider
magnetic digitizer to be the most accurate method to obtain the entire tree architecture,
especially in cases where some of its parts overlap cach other. The digitizer uses a stylus
(Figure 7) to measure the position of the points (with an accuracy of 0.07 cm) and the given
branching angles (for X, Y, and Z coordinates with an accuracy of 0.15%). The center of the
Cartesian coordinate system lies in the center of the magnetic field, where the coordinates X,
Y, and Z are equal to zero. During the measurement, the tree must be in the magnetic field
generated by the generator (Iigure 8) to obtain an accurate and complete crown architecture.
The first point is the point at the base of the trunk, and the next point is the point where the
branches start (we get a segment or part of the trunk) and continue to the top of the tree.
Next, the first-order branch is measured the same way as the trunk, and then the entire
branch with the other orders is measured (Figure 9). In this study, the measurement of
first-, sccond-, and third-order branches was the main goal (Figure 10).
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Figure 7. Stylus is a pen used to record the coordinates of an object in a given space.

Figure 8. Generator of electromagnetic field.

Figure 9. Graphical representation of the continuity of the process of 3D modeling of the aboveground
plant part of Scots pine individuals. I'igure (1-4) shows the sequential 3D modelling of Scots pine
with the time sequence shown by the arrow below the figure. Numbers 1-29 are the places where a
pointis measured.

The stylus (Tigure 7) works on the principle of magnetic induction. If this tip is placed
in a magnetic field, after its activation, a voltage is induced according to Faraday’s law, as
shown in Equation (1). The touch position is then calculated using this signal [39]:

e=—ddB/dt )]

where ¢ is the electromotive force (emf), and ®B is the magnetic flux.
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Figure 10. Description of the measured parts of the tree: 1—first-order branches, 2—second-order
branches, 3—third-order branches.

The Faraday equation states that a time variation of the magnetic field always accom-
panies a spatial variation in a non-conservative electric field, and vice versa.

The generator of the electromagnetic field (Iigure 8) produces a magnetic field con-
stantly, and the moment we press on the stylus, the magnetic field is disturbed. We disrupt
it at a certain angle and at a certain place. The coordinates that we entered with the sty-
lus are the coordinates of the location of the disturbed magnetic platform. Since we are
working with a magnetic ficld that is constantly in motion, there must be no metal in our
measurement area. It would disturb the correct magnetic field waves, and we would have
entered the wrong coordinates for the disturbance.

The first magnetic tracking system was developed by Polhemus Navigation Sys-
tems [34], which standardized the tracking system topology. An overview of how a typical
EMT (electromagnetic tracking) system operates is shown in Figure 11.

-, *

Control Unit + PC
RX  TX (r,9,2.0.90)
\. > P
/‘ (e 90095 q0)

Tp

Figure 11. Universal operation of the magnetic tracking system. The control unit is connected to a
transmitter board (TX) and a magnetic sensor (RX). The sensor is induced by the voltage from the
time-varying magnetic field B of the transmitter. The controller measures this voltage and uses this
value to determine the position of the sensor I’ relative to the origin O. The orientation component
may be expressed as a vector, quaternion, or transformation. Distortions 12 in the TX plate region
distort the magnetic field and cause errors in the determination of the sensor position [39].

2.3. Data Analysis

In total, all 32 pine trees were analyzed (Figure 12) and Appendix A. For better visual-
ization, 3D images of natural regeneration trees were created [12]. Data were processed in
Fastrak Digitizer software (version 1.0) [13].
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Clear-cut area

0.4 0.6 0.8

Figure 12. Sample of measured 31 models.

To caleulate the branch lengths and the sum of the branch lengths of all three orders,
the sum of the lengths of individual branch segments was used. The length of each segment
was determined using the following formula:

2

n 2 2
L= Z \/(x:—s, _xi—sz) + (.Vn—sl __‘/irrsz) 0 E (Zx—sl —Z 92) (2)
i=1

where L—branch length, n—number of branch segments, i—order number, [X; s1, Yj sy,
Z;_s1]—coordinates of the segment start point, [X;_ss, Y s, Z; _sy]—coordinates of the
segment final point.

Statistical evaluation was performed in R software (version 4.3.1.) [40]. The boxplot
function was used for the visual analysis, and a generalized linear model with a Poisson
probability distribution (the first variable, in this case, was stand density, and the second
variable was total wood biomass) was used for the regression analysis of branching intensity
dependence (number of the first-, second-, and third-order branches). The linear model
with Gaussian distribution was chosen to analyze the dependence of individual height
based on stand density.

3. Results
3.1. Dependence of Branching Regarding Stand Density

The most frequent occurrence of the first-, second-, and third-order branches was
found in the clear-cut areas, while the lowest number of the first-, second-, and third-order
branches was found in the areas with a stand density of 0.8 (80%). The first order was most
frequent in the clear-cut area, while in the plots with a density of 0.4 (40%) and 0.6 (60%),
there was no statistically significant difference in the number of occurrences of first-order
branches (Figure 13A). The lowest abundance of the first-order branches was evident on
a stand density area of (.8. Similar results were also obtained for the abundance of the
sccond-order branches, and statistically significant differences were observed between the
clear-cut arca and stand density arca of 0.4. Again, the stand density of 0.8 arca had the
lowest occurrence of the second-order branches (Figure 13B). The third-order branches
were, again, most abundant in the clear-cut area and minimal in the stand density of 0.4 area.
There were no third-order branches in plots with 0.6 and 0.8 densities (Figure 13C).

Our analysis focused on the effect of stand density on the abundance of each branch
order. In the table below, we present the coefficient of the generalized linear model of
the relationship between stand density and the abundance of branching order (Table 1).
According to the regression coefficient for each linear model (for orders 1, 2, and 3), Table |
shows that the stand density has a statistically significant effect on the number of individual
branch orders. In the case of the first-order branches, the highest number of branches is
cevident in the clear-cut arca, with an average value of 15. The lowest occurrence is on the
stand density area of 0.8. In the case of the second order, the highest number of branches
is also in the clear-cut area, with an average value of 14. The lowest occurrence of the
second-order branches is in the stand density area of 0.8 with an average value of 1, while
in the case of the third-order branches, the highest frequency is again in the clear-cut
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arca (Table 1). Regarding the stand density of 0.4, the third-order branches rarely occur
and are completely absent in the stand density of 0.6 and (.8. The result shows that as
stand density increases, the frequency of each order of branches of natural regeneration

individuals decreases.
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Figure 13. Amount of branching of occurrence of the first-(A), second-(B), and third-order branching
(C) at different stand densities. The boxplots show the standard deviations (the gray bar), median
(the black horizontal line), and minimum and maximum values.
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Table 1. The effect of stand density on the abundance of branches in each order.
: Stock Density Error from
Coefficients  Intercept (Estimate) STD Value Pr(>lzl)
Order 1 2.73680 —1.62223 0.20893 —7.765 8.19 x 10 13 #=
Order 2 311377 —3.28529 0.24351 —-13.49 <2 x 10716 o+
Order 3 1.1635 —6.4741 114 —4.721 2.35 x 10~ 6

Notes: The results indicate that stand density has a significant effect on the abundance of branches in each order.
The intercept represents abundance when stand density is zero. As the order increases, we observe larger changes
in the estimated coefficients, which indicates a more complex relationship between stand density and number of
orders. All low p-values (***) that are reported indicate statistical significance of this effect. Our analysis provides
evidence that the stand density plays a key role in influencing the abundance of individual orders.

3.2. Dependence of Height of Natural Regeneration Individuals on Stand Density

The tallest pine tree was found in the clear-cut area, with an average height of 90 cm,
while the smallest pine trees were found in the stand density of 0.8 (15 cm) area. Pines in
the stand density of 0.6 (35 cm) area were larger on average than those in the stand density
of 0.4 (30 cm) area (Table 2, Figure 14). Based on the values presented, we can confirm the
hypothesis that stand density has a statistically significant effect on the height of natural
regeneration individuals.

Table 2. Dependence of the height of individuals on the density of the parent stand.

Coefficients Estimate STD Error from Value Pr(>lzl)
Intercept 2.73680 0.09168 29.852 <2 x 10 164w
Stand density level -1.6223 0.20893 —7.765 8.19 x 10715 ==

Notes: Intercept—represents the expected tree height when the stand density is zero. Stand density level—
expresses the expected change in the tree height increasing the stand density. ***—It indicates a higher level of
significance, at a significance level of 0.01. The null hypothesis holds, and the probability is less than 1%.
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Figure 14. Amount of branching of the height of pine trees depending on stand density. The boxplot
graph shows the standard deviations (the gray bar), median (the black horizontal line), minima,
and maxima.

In the Table 2, we examined the relationship between tree height and the stand
density and the density of the parent stand. Below, you will find the interpretation of the
individua columns.
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The intercept value is 2.73680. We found that this value is statistically significant
(p-value < 2 x 10 '®***), which indicates that we can expect a significantly higher height
of individuals even with a low density of the mother stand. The coefficient for “Stand
density level” is —1.6223. A negative sign indicates that the expected tree height de-
creases with increasing stand density. This coefficient is again statistically significant
(p-value 8.19 x 10715 **%), which confirms that the density of the stand has a significant
effect on the tree height. This information is key to understanding ecosystem dynamics
and may have important implications for forestry and ecological strategies.

3.3. Dependence of the Height of Natural Regeneration Individuals on the Bionass of Orders

Our analysis focuses on the relationship between tree height and the total branch
biomass of each order. Below, we present the interpretation of the individual columns
(Table 3). The dependence of the height of a tree on the total biomass invested in the
branches with respect to their order was evaluated. The model’s hypothesis that the natural
regeneration of Scots pine increases their height with the same intensity as they increase
their branches, i.e., that Scots pine height positively correlates with the number of branches
in cach order (biomass), was not confirmed (Table 3). In contrast, the statistical model
shows that the height of natural regeneration is negatively correlated to the amount of
biomass generated from the third-order branches; this finding can also be interpreted to
mean that the more biomass a tree stores in the third-order branches, the less height it
will attain.

Table 3. Dependence of the tree height on the total branch biomass in each order.

Coefficients Estimate STD Error from Value Pr(>lzl)
Order 1 0.087987 0.016221 5.424 1.10 x 10=5 %=+
Order 2 0.013591 0.006651 2.043 0.05127

Order 3 —0.233641 0.080563 —=2.900 0.00749 ***

“Order 17 is 0.087987, signifying a significant positive effect on individual height with a unit increase in first-order
branch biomass (p-value 1.10 1075 #*+#), Order 2 The coefficient for “Order 2 is 0.013591, with a p-value
(0.05127) above the 0.05 significance level, suggesting potential insignificance, though some effect on height may
still exist. Order 3: The coefficient for “Order 3" is —0.233641, indicating a significant negative effect of third-order
branch biomass on individual height (p-value 0.00749 *#%). #*** [t indicates a higher level of significance, at a
significance level of 0.01, The null hypothesis holds, and the probability is less than 1%.

3.4. Evaluation of the Time and Compiexity of Measurements

Every measurement method has advantages and disadvantages. Fastrak digitizer
measurements are time-consuming to collect data in the field, but after the data are
processed, a field campaign is no longer required. Since the magnetic digitizer needs a
power supply for the measurement, it usually has a rule of thumb that a 1 m tall tree takes
about 45 min to be measured. Of course, other factors must be taken into account, for
example, canopy branching. The data collected can be used to create structural models,
which can help to predict the growth of a given tree and evaluate the environmental
conditions. For the structural models, the GrolMP software (version 2.0.1)can be used,
in which accurate 31D models are necessary in order to simulate growth as accurately as
possible, for example. Three-dimensional models measured with Fastrak can therefore
be used in GroIMP for growth simulations directly from the measured data without
further modifications [41].

4. Discussion
4.1. Dependence of Branching on Stand Densily

Lidar cannot accurately detect branch branching because Lidar cannot measure over-
lapping branches or branches inside the crown. Iowever, a model canopy structure can
be created using Lidar. A method has been developed that overlays a three-dimensional
matrix over the forest stand. The [42-44] magnetic digitizer can be used to determine the
model canopy structure, but to understand the exact strategy of individual trees, one needs
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to know the canopy branching directly. Consistent with our first hypothesis, the number of
branch orders was higher in the clear-cut area, while the lowest number was in the areas of
0.8. Differences in the stand density areas of 0.4 and 0.6 were apparent but not statistically
significant. The results of our study indicate that if pines grow in a clear-cut area, they will
be more branched. While this helps to make the tree more stable, branched crowns may be
more susceptible to potential fires [39], especially considering the climatic fluctuations in
recent years [45-49]. Models of tree crown architecture in temperate forests are limited to a
few studies [50], making it difficult to compare our work'’s specific methods with similar
models. TTowever, for a tree species to survive in a competitive and restrictive environment,
its architecture must provide so-called “functional advantages” [51]. For example, when
silver birch (Betula pendula Roth.) is under severe competitive stress, it invests more in
height than in diameter [44]. To a lesser extent, this is also true for Scots pine at young
ages [52].

In our study, the crown development was slower in stands with higher stand density
than in those with lower stand density. Another study also confirmed, for example, the
tendency of Scots pine to develop its crown toward accessible light [53]. For now, however,
the question remains how the crown width and the number of orders of existing seedlings
will respond to further release of the parent stand. For example, Riikonen et al. [54]
showed that Scots pine seedlings respond very well to a reduction in stand density just
by increasing crown width. The light plasticity of the crowns of some tree species, i.e., the
tendency to achieve a very characteristic crown shape, can then be strongly influenced
by the inherited development of the tree [54]. However, our study is consistent with the
proposition that crown architecture is crucial for light interception and distribution to
cach specific photosynthetic unit of the crown. Tree crown architecture can be represented
by “models” that delincate basic growth strategics that define successive architectural
phases [55], which is also supported by our measurements using the Fastrak Polhemus
magnetic digitizer [13].

4.2. Dependence of Height of Natural Regeneration Individuals on Stand Density

As the magnetic digitizer provides accurate 3D models, it is possible to infer about the
dependence of the tree height and the stand density. There are many studies that determine
the height of vegetation using Lidar data. When measuring with a magnetic digitizer, we
donot have to deal with any optimum size as it is based on the magnetic wavelength. The
maximum tree height came out with the highest accuracy of 85-90% [56]. THowever, the
accuracy of the magnetic digitizer is 99%, with only a 0.7 mm deviation from the actual
tree height.

Consistent with our second hypothesis, the highest pine trees were found in the clear-
cut areas, whereas the smallest were found in the areas with a stand density equal to 0.8.
No statistically significant differences were found in the stand density areas of 0.4 and 0.6.
This result is also confirmed by the study of Brichta et al. [35] that the highest density of
pines is in the meadow, where there are also the tallest pines, followed by stand density of
0.4 and stand density of 0.6 and 0.8. Earlier literature also supports the above conclusions,
namely that better growth of young pines is evident in areas with lower stand densities [57].
Ience, stand density is also characterized here as a significant indicator directly related
to the crown architecture [31]. Another possible negative effect on tree heights in the
shelterwood group was the presence of bilberry (Vaccinium myrtillus 1..) [58,59]. In our plots,
bilberry was abundant in the 0.8 stand density level, which also contained the lowest tree
of natural pine regeneration. However, data from the study by Brichta et al. [35] suggest a
contrary—positive—effect of the bilberry competition on the height of natural regencration
trees. Yet, our study showed that the higher the stand density, the smaller the heights of
the trees, i.e., except for the stand density of 0.6, where on average, the trees were taller
than in the area with the stand density of 0.4.

The earlier cited exception to this rule could be due to the specific microhabitat condi-
tions at the sampling site. Thus, given the high competition at the herbaceous vegetation
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layer, the most critical mechanism seems to be primarily illumination, which influences
shelterwood height, and, secondly, the overall architecture of woody plants [60,61]. Only
tree growth was considered in our study, but other works have also examined various
factors that affect the growth. For example, orthotropy is most commonly associated with
conditions of high light intensity, whereas plagiotropy is related to shade conditions. Both
orthotropy and plagiotropy are related to certain limiting factors and are viewed as mech-
anisms that allow synchronization of growth with occasional favorable conditions [62].
However, even the mere consideration of an architectural model is likely insufficient to ex-
plain all the links between the ecological status of a species and its architecture. According
to Horn [60], architectural models do not directly reflect the adaptive geometry of adult
plants. Several species sharing the same architectural model may take on very different
shapes. The species model and strategy are only minimally related because the tree shape
is flexible [63]. Our results compare favorably with those of another pioneer tree species,
namely silver birch (Betula pendula Roth.). A study dealing with birch confirmed that birch
facing intense light competition is five times smaller than birch with no competition for
light [50]. Thus, the latter result also does not contradict our conclusions that natural
regeneration pine trees showed the lowest heights only in the area with a stand density
of 0.8.

4.3. Dependence of the Height of Natural Regeneration Individuals on the Biomass of Orders

Regarding our third hypothesis, the tree height is correlated only with the first- and
second-order branches but not with the third-order branches. Iowever, given the paucity
of similar studies, we can relevantly discuss, in particular, why the third order did not
affect the height of natural regeneration. Stevens and Perkins [64] mention a correlation
between tree height and relative size in this context, but they also question the taxonomic
magnitude of this effect. Our data present that the occurrence of third-order branches
tended to decrease with increasing stand density. Young pines in open areas invest biomass
both in lateral branches and in height growth. Qur result further confirms the observation
that crown branching is not desirable if the goal is to obtain wood with high quality, which
was concluded by researchers investigating the effect of pruning on the tree tissue in the
pinc forests of Central Europe in a research plot established in 1951 [65]. The results of
this work can be compared, for example, with Sebet et al. [66], who focused on Norway
spruce (Picea abies 1.. Karst), where a higher ratio between height increments and lateral
branch increments was found exclusively in dominant trees than in non-dominant trees.
In this case, height increments were twice as high as lateral increments. In suppressed
trees, the ratio of height increments to branch increments was around 1 [66]. It should be
added that branching is not very desirable in forestry [67-71]. The latter conclusion implies
that in the case of shelterwood management, the regeneration of Scots pine can only be
sufficiently rapid, and the quality of the individuals can only be ensured when the stand is
considerably thinned.

5. Conclusions

This study verified the feasibility of measuring tree architecture using the Fastrak
Polhemus magnetic digitizer. [t was shown that we can measure even the smallest parts of
the tree canopy with this instrument. This is especially important for young individuals,
where every small detail is important for understanding their growth strategy. Their
mecasurement is nowadays more and more desirable, especially because woody plants
are most productive (in terms of carbon fixation) at a young age, and their formulation is
reflected in the future. 'The measurement of young trees is rare, although important for the
future of our forests. To understand the growth strategy of trees as much as possible, we
need to know their architecture. It is by using the Iastrak Polhemus magnetic digitizer
that we obtain accurate architecture. Currently, the most used method is Lidar; we only
compared this method with the help of the literature because using Lidar did not seem
practical given the environment, mainly because its use is not effective in young stands.
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However, Lidar would be more appropriate if we needed to measure mature trees in the
shortest possible time. As mentioned in the above studies, Lidar cannot image all tree
stand parts. However, the lastrak Polhemus magnetic digitizer eliminates this shortcoming
because it measures the inner part of the canopy, even where the branches overlap. It
is a unique measurement method that, although more time-consuming in the ficld, has
no time requirements for processing results outside the field, unlike other methods. The
measurement technique used appears to be suitable for similar analytical studies and, in
addition to providing non-destructive measurements, provides clear data in 312 models and
is also time-efficient compared to other destructive measurements. We can continue to use
these 3D data models for growth models displayed in simulation software like GrolMP to
understand tree growth strategies better [41,71-74]. In this study, data on the architecture
of the crown and individual branches were obtained using the aforementioned technology
to assess the condition and development of Scots pine trees at different stand densities.
Based on the analysis of the measured data, it can be concluded that the five-year-old trees
of natural regeneration of Scots pine in the clear-cut area are the tallest and have the highest
branching density, where the third-order branches are also present. Therefore, it can be
concluded that the open, clear-cut area provides the most suitable conditions for the growth
of young pines. However, it is interesting to note that the number of third-order branches
is not positively correlated with height. Young pines in open areas invest biomass both
in lateral branches and in height growth. The present study confirms the importance of
sufficient solar radiation for the density and growth of the natural regeneration of Scots
pine trees. Because of the limited number of samples evaluated and the lack of similar
studies, we recommend that follow-up rescarch be conducted, not only in natural pine
habitat conditions.

Our main aim was predominantly to understand growth in general, not an ecological
aim, but rather an industrial aim. This study is possibly one of the first rescarch studies
of this kind in Central Europe, especially with the use of the Fastrak Polhemus magnetic
digitizer. For future studies, an increase in the amount of data is necessary.
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Figure A1. 3D models of measured Scots pine trees in four different cambered.
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vliv vybranvch abiotickvch a biotickych faktoru na vitalitu borovice lesni

5.3.1 7. publikace: Dopady zmény klimatu na riist borovice lesni (Pinus sylvestris L.)
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across Europe: Decrease of Tree-Ring Fluctuation and Amplification of Climate Stress.
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Souhrn:

Cilem vyzkumu bylo zhodnotit strukturu, produktivitu a zejména radiadlni rdst heterogennich
borovych porostil V SirSim evropském méfitku, v kontextu klimatické zmény. Dil¢im cilem vyzkumu

pak bylo popsat ptipadné zmény ptirozené cyklicity v ristu borovice lesni.

Prostfednictvim sbéru dat bylo =ziskdno celkem 163 dendrochronologickych vzorki
z 16 vyzkumnych ploch v Ceské republice, Polsku, Spanélsku a Velké Britanii. Vybrané porosty byly
V rezimu piirodé blizkého hospodaieni nebo se jednalo o ptirodni rezervace. Méfeni struktury porostu

probéhlo prostfednictvim inventarizace technologii Field-Map, a to na plochach o velikosti 0,25 ha.

Spektralni analyzy studie stanovily podstatné snizeni fluktuace rdstu letokruhl a ztratu jejich
pftirozené ristové cyklicity v poslednich tficeti letech. Z vysledku také vyplynulo, ze praimérna teplota
s vlivem srazkovych uhrni. Na zakladé vysledkd, zjisténych v této studii lze zaroven potvrdit,
ze se borovici dafi na srazkove stabilnich lokalitach, to naznacuji data z Velké Britanie. Zavéry této
studie potvrzuji zasadni vliv probihajici globalni zmény klimatu na dynamiku a rist borovych lest

v Evropé.
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Abstract: ['rom an economic perspective, Scots pine (Pinus sylvestris 1..) is one of ['urope’s most
important tree species. It is characterized by its wide ecological adaptability across its natural range.
This research aimed to evaluate the forest structure, productivity and especially radial growth of
heterogenous pine stands in 16 research plots in the Czech Republic, Poland, Spain and Great Britain.
The study assessed the tree-ring formation and its relationship to climate change for each country,
using 163 dendrochronological samples. The stand volume of mature pine forest ranged between 91
and 510 m* ha ', and the carbon sequestration in the tree biomass was 40-210 t ha 1. The stands
had a prevailing random distribution of trees, with a high vertical structure close to selection forests
(forest stands with typical very diverse height, diameter and age structure). Spectral analyses showed
a substantial decrease in fluctuations in the tree-ring index and a loss in natural growth cyclicity in
the last thirty years. The results also evinced that mean air temperature was the most important factor
influencing the radial growth compared to precipitation totals. Pine thrives in precipitation-stable
locations, as shown by the results from Great Britain. The conclusions of this study confirm the
fundamental effect of ongoing global climate change on the dynamics and growth of pine forests
in Furope.

Keywords: close-to-nature management; forest structure; stand diversity; timber production; carbon
sequestration

1. Introduction

Climate change in the form of increasing frequency and intensity of long-term droughts,
heat waves and other extreme weather events negatively affects forest stands world-
wide [1,2]. Climate models for the 21st century predict an increase in the average annual
temperature by another 1.5 “C over the next decade, while precipitation will decrease
radically [3]. Other scenarios show that the maximum temperature may increase by up to
2.5 °C [4]. In addition, the frequent occurrence of droughts and forest fires [5] decreases the
vitality of trees or directly results in the disruption of entire forest stands [6].

Scots pine (Pinus sylvestris 1..) occupies a dominant position in more than half of
European forests [7]. Tt is considered as one of the tree species most affected by climate
change [8-14]. In several alpine areas, drought has already been reported as a major cause
of Scots pine decline in the second half of the 20th century [15,16]. Pine stands suffer

Torests 2024, 15, 91. https:/ /doi.org/10.3390/£15010091
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considerably from climatic fluctuations, manifested by an unbalanced distribution of wet
and dry periods [9,11-13,17]. This has a direct negative impact on the photosynthetic
activity of pines [18,19], their cambial growth [20], and their overall resistance against bark
beetles [6,21], fungal pathogens [22] and mistletoe (Viscum album L.) attack [23-25]. Dry
periods also increase the risk of forest fires in pine forests [26]. 'The vulnerability to various
disturbances likely increases with the homogenization of forest stands [27,28].

Changes in management and silvicultural approaches are needed to increase the
resilience of forest stands [29-31]. It is accepted that the greater use of natural processes
and increased spatial, species and genetic diversity are the main principles of adaptive
forest management [32]. In structurally differentiated stands, we generally expect higher
stability and an improvement in the possibility of a physiological response to climatic
variations [33-35]. Furthermore, refs. [2,8] confirm the influence of the provenance of Scots
pine on its adaptability to climate change. Refs. [36,37] point out the relationship between
nutrient balance and availability in combination with drought response. Some authors
report the essential role of species composition in the drought stress process [38-40] as
well as in individual growth trends or habitat conditions [41]. Concerning vulnerability to
climate change impact, refs. [42,43] confirm the dependence of tree size, while [44] discuss
the influence of competition between tree individuals.

In most of Lurope, the productive silviculture of pine forests is mainly based on clear
cutting or shelter systems. This reflects the ecological requirements of Scots pine as a
light-demanding tree species with a tendency to create asymmetric crowns in lower stand
densities [45]. The resulting homogenous even-aged forest stands usually require subse-
quent manipulation of stand density by thinning to increase their resistance to damaging
factors [46-49]. Although close-to-nature forest management methods have been used for
more than 100 years [50], there are still significant knowledge gaps in the silviculture of
structurally differentiated pine stands. Stands with higher structural differentiation allow
low-intensity management and are expected to better adapt to climate change [28,51-55].

Climate change negatively affects tree growth, while recent years indicate the phe-
nomenon of a divergence problem between drought with high temperature and irregular
precipitation distribution in Furope. The beginning of this divergence can be considered as
starting from the 1980s [56,57].

This rescarch evaluates production, structural and especially dendrochronological
parameters of heterogenous Scots pine forest stands in the Czech Republic (CZ), Spain (SP),
Poland (PL) and Great Britain (GB). The specific objectives of this study were to determine
(i) the stand forest production parameters, biomass potential and carbon sequestration
of pine stands in four different countries across Europe; (ii) the spatial pattern, structural
differentiation and total diversity of tree layers; (iii) the dynamics of radial growth and
cyclicity of the tree-ring width index of Scots pine from the 1951 to 2016 in two periods
before and during the more noticeable dynamic climate change using the threshold year of
1986; and (iv) the effect of climatic factors (temperature and precipitation) on radial growth
in relation to climate change.

2. Materials and Methods
2.1. Study Areas

This study evaluated Scots pine stands in four locations in four European countries
representing different climatic and geographic zones: the Czech Republic (CZ), Spain
(SP), Poland (PL) and Great Britain (GB) (Figure 1). The forest stands from the Czech
Republic are located in the Western Bohemia Uplands; the studied forest stands in Spain
are located in the central part of the Sierra de Guadarrama; the study area in NI Poland
is in the northwest of the city of Nowogordd, in the catchment of Narew River; and
the Scots pine stands in Great Britain are located in the sub-central part of the Scottish
Highlands, on the south shore of Loch Rannoch, within the Black Wood complex of native
pine stands [58,59] in the Tummel Valley, Perthshire. The studied pine forests represent
heterogeneous stands due to close-to-nature management (C/—Czech Republic, PT.—
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Poland, ES—Spain) or natural dynamics without interventions (GB—Great Britain) for
several decades. In the case of the Black Wood of Rannoch, the last extensive felling
occurred in 1940-1941, when only the best trees were removed [59]. Before World War 11,
the harvesting of trees'\occurred probably via selective logging [58]. In Spain, the stands
represent one of the most productive Scots pine forests, with highly valued wood. Since
the 1980s, an irregular shelterwood system has been applied, with a greater emphasis
on the environmental functions and services of the forest [60,61]. Since 2013, the areas
have been part of Sierra de Guadarrama National Park. A felling policy with different
intensities was carried out on sites in CZ and PL, with close-to-nature management to
support natural regeneration and create complex forest structures. In general, clear-cuts and
further release cuts were rejected. The tree species composition is formed by monospecific
Scots pine with mixed Norway spruce (Picea abies [L.] Karst.) (<5%) and silver birch (Betula
pendula Roth.) (<5%). In terms of phytocoenology, the pine stands in Poland and the Czech
Republic belong prevailingly to the vegetation association Vaccinio vitis-idaeae-Quercetum
Oberdorfer 1957 and the vegetation association Vaccinio myrtilli-Pinetum sylvestris Juraszek
1928. According to [62], the Scottish pinewoods belong to the Pinus-Hylocomitim type, while
in Spain, the represented association is Senecioni carpetani-Cytisetum oromediterranei R. Tx.
and Oberdorfer 1958 corr. Rivas-Martinez (ca. 1991).

20" W 15°wW 10°W

50°N

45°N

25°E

Figure 1. Location of research plots (dots) and adjacent location of sites for which meteorological
data were derived (flags).

In "Table 1, all research plots (RPs), with their location and overview of basic site
parameters, are listed; other basic climate characteristics for all study areas are shown in
Table 2. Climatic regions of the study areas were determined according to the Koppen—
Geiger climate classification [63]. Long-term climate characteristics for all study areas
were focused on two periods—Period 1: 1951-1985 and Period 2: 1986-2016. The division
into two periods was implemented to cover the growth of pine before the most intense
climate changes and during climate changes. The rationale for splitting this time series
was the growth divergence of tree rings caused by higher average temperatures, leading to
increased growth variability and the emergence of the “divergence” issue, where tree-ring
growth does not mirror climate fluctuations with the same trend [64-66]. The period of
the onset of divergence can be considered the period from the 1980s, when a gradual
temperature increase began, with precipitation levels remaining around the same threshold,
leading to divergence between these observed factors [56]. In our study, the cutoff for the
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onset of climate change is set at 1986, marking the period of the beginning of divergence
and also half of the period of our observed climate data. When comparing these periods,
air temperature in the growing season increased in all studied countries meanly by 0.95 °C,
and no changes were observed for the overall precipitation (mean incrcase by 1.8 mm for
all countries; decrease only in the case of Great Britain). The April to September growing
season was an intentional choice of a seasonal window, aimed to reduce variability in the
start and end of the growing season. The data assessed within this timeframe represents
the nearest real vegetation period shared across all research plots (Figure 2).

Table 1. Location and overview of basic site parameters of research plots.

GPS Latitude GPS Longitude  Altitude Soil
RPID Country (WGS84) (WGSS4) b Slope Expo-Sure Type
Cz 1 Czech Republic  49°54'35.653" N 13°11'59.617" E 600 - - Gleyic Podzol
CZ 2 Czech Republic  49°54'15.779" N 13°12/30.546" E 580 4" E Gleyic Podzol
CZ. 3 Czech Republic  49°54'19.548" N 13°12'17.456" I 600 4 I Gleyic Podzol
CZ. 4 Czech Republic  49°55'37.037" N 13°14'16.646" I 580 4 L Gleyic Podzol
SP1 Spain 40°49'2102" N 3°59'8.730" W 1580 11° SE Sl —
Ferric Luvisols
SP 2 Spain 40°48'56.365" N 3°58'58.343' W 1670 13 SE Senbto.—~
Ferric Luvisols
sp 3 Spain 40°48'52132" N 3°58'44223' W 1780 20° SE ambidal~
Ferric Luvisols
SP 4 Spain WCA87A7'N FSSSIBTW 16 17 SE amblacl—
Ferric Luvisols
PL.1 Poland 53°19'12.130" N 21°40'19.159" [ 130 - - Arenic Podzol
PL 2 Poland 53°19'25.408" N 21°40'17.895" E 130 - - Arenic Podzol
PL:3 Poland 53°19'17.887" N 21°3946.918" E 130 - - Arenic Podzol
PL 4 Poland 53°19'23.354" N 21°39'13.084" E 130 - - Arenic Podzol
GB 1 Great Britain 56°40'29.170" N 04°20'51.520" W 250 4° NW Gleyic Podzol
GB_2 Great Britain 56°40'29.170" N 04°20°51.520" W 250 4 NW Gleyic Podzol
GB.3 Great Britain 56°40'19.748" N 04°20'32.942" W 280 4 NW Gleyic Podzol
GB_4 Great Britain 56°40'19.748" N 04°20'32.942" W 280 4° NW Gleyic Podzol

Table 2. Long-term climate characteristics for all study areas (Period 1: 1951-1985; Period 2:

1986-2016).
Czech Republic Spain Poland Great Britain

Koppen-Geiger climate classification Dfb Csb Dfb Cfb

Annual average air temperature ("C) 7.95 6.55 7.34 5.67

Growing season average air temperature (“C) 13.98 9.02 14.18 11.30

Growing season average air temperature: Period 1 (“C) 12.63 8.79 13.73 10.68

Growing season average air temperature: Period 2 (“C) 13.64 9.29 14.68 12.03
Annual average total precipitation (mm) 492.28 1325.71 553.18 1552.24
Growing season average total precipitation (mm) 351.22 553.51 340.57 445.38
Growing season average total precipitation: Period 1 (mm) 350.66 533.08 325.24 478.06
Growing season average total precipitation: Period 2 (mum) 351.87 577.35 357.94 407.27

Notes: Koppen-Geiger climate classification: Cfb—oceanic climate; Cshb—Warm-summer Mediterranean climate;

Dfb—humid continental climate.
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Figure 2. Average air temperatures (“C) and average total precipitation (mm) in individual months for
the period 1951-2016 for the monitored countries: Czech Republic, Spain, Poland and Great Britain.

2.2. Data Collection

Field-Map technology (IFER-Monitoring and Mapping Solutions Ltd., Jilové u Prahy,
Czech Republic) was used to determine the tree layer structure and production parameters
in RPs (Research Plots) in 2015-2016. Four 50 x 50 m (0.25 ha) RPs were established in
cach country (Czech Rep., Spain, Poland and Creat Britain; a total of 16 RPs). The positions
of all individuals of the tree layer with a diameter at breast height (DBH) > 8 cm were
recorded. The height of trees, height of the live erown base and the crown projection were
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measured in at least four directions perpendicular to one another. The diameter of tree
layer individuals was measured by a Mantax Blue metal caliper (I laglof, Langsele, Sweden)
with an accuracy of 1 mm, and heights were measured using a Vertex laser hypsometer
(I Taglof, Sweden) with an accuracy of 0.1 m.

Dendrochronological samples were taken from codominant and dominant trees, ac-
cording to the classification described by [67], for significant growth response (compared
to subdominant and suppressed trees) [68]. We collected a total of 163 dendrochronological
samples, with a minimum of 34 samples on the research plot and a maximum of 47, with
one sample drilled from a single tree. The core samples were taken with Pressler auger
at BH (Breast Height), perpendicular to the axis of the tree along/against the slope. The
dendrochronological samples were glued to boards and carefully ground and polished,
so that it was possible to measure the distances between the annual rings, as polishing
also highlights the anatomical structure of the annual rings. The tree-ring width was
measured (accuracy 0.01 mm) using an Olympus binocular magnifying glass on a Lin'Tab
measurement table and registered using the TSAP-Win software (version 4.64, RINN'TECH,
Heidelberg, Germany).

Climatic data for the Czech Republic were obtained from the Czech Hydrometeorolog-
ical Institute (CHMI)—meteorological station Kralovice (49°58'54.522"" N, 13°29'38.331" I;
altitude 318 m; distance to RPs 22.4 km); for Poland from the Institute of Meteorol-
ogy and Water Management (IMGW)—meteorological station Ostroteka (53°04'59.9" N
21734'00.3" E; altitude 94 m; distance to RPs 27.2 km); for Great Britain from the Met
Office Integrated Data Archive System—the gridding process accounts for cffects such
as latitude, longitude, altitude, coastal influence, and the effect of urban land through
the use of normalization with respect to monthly 1961-1990 climate normals, and in the
case of some variables a regression model [69]. For more details about the construction,
see [70]. Climatic data for Spain were obtained from the State Meteorological Agency
(AEMET)—meteorological station Puerto de Navacerrada (40°47'18.863" N, 4°0'12.158" W;
altitude 1860 m; distance to RI’s 3.1 km).

2.3. Data Processing

The basic structure, diversity and production characteristics of the tree layer were
evaluated by the STBYTLA 'Triquetra 10 forest growth simulator [71]. For the evaluation of
the spatial pattern, the aggregation index [72] was calculated. Structural diversity was
evaluated by the Arten-profile index [73], diameter and height differentiation [74], crown
differentiation, vertical diversity and total stand diversity [75] (see Table 3). The stand
volume of pine was calculated according to [76]. Tree biomass was derived from the above-
ground biomass (stem, branches and needles) and below-ground biomass (roots and snags).
The above-ground biomass of pine in dry matter was derived from the model from [77].
The biomass of pine roots was calculated using a model from [78]. The content of carbon
(C) in pine trees was calculated following the research of [79] using the unit content of
elements in 10 mg kg*‘ of dry matter. 'The relative stand density index (SII) [#0] and the
canopy closure [81] were observed for each plot.

Dendrochronological analysis was performed in R (version 4.3.1) software [82]. Each
dendrochronological tree-ring series were detrended through a two-step process. First,
a negative exponential detrending function was applied, followed by a 67% insertion
cubic smoothing spline detrending, as per the ‘dpIR” instructions, to the original tree-ring
series. [83,54]. Detrending removes the age trend by preserving low-frequency climate sig-
nals [85-88]. The time frame of the dendrochronological data was divided into two periods
(Period 1: 1951-1985, Period 2: 1986-2016) to evaluate the Scots pine response to changing
climatic conditions. The DendroClim 2002 program was used to analyze dendrochrono-
logical curves with monthly climatic data, using the ‘response and correlation” function
from April of the preceding vegetation season to September of the current vegetation
season [89]. Spectral analyses and a Simple Linear Correlation (Pearson r) table were used
for the indexed (detrended) radial growth of Scots pine, using Statistica 13 software [90].
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The calculation was conducted with the ‘Single Furier (Spectral) Analysis” function for the
evaluation of fluctuations in tree-ring growth variability, using the output ‘Periodogram’
plot by ‘Period’ [90].

Table 3. Overview of indices describing the stand diversity and their common interpretation.

Criterion Quantifier Label Reference Evaluation
Horizontal Aggregation R (C&T) Clark and Evans mean value R = 1 (random distribution);
structure index . (1954) [72] aggregation R < 1; regularity R > 1
- o range 0-1; balanced vertical structure A < 0.3,
.\é‘i“ft‘l"' A"‘t‘"f“’f‘"' A (Pri) Pretzsch (2006) (73] inhomogeneous structure A= 0.3-0.6, multi-layered
SHucTIe moex structure A = 0.6-0.9, selection forest A > 0.9
: Jachne and ; 5 AR
> : ; s rS$<0.3, S=0.3-0.5, S$=05-07,
dvemy S0P Dohemeuscn 0 ey
> (1997) [75] 2 TR i
Stiiotiine Diameter dif. T™Md (Fi) Faildner (1995) [74] range 0-1; low 'TM < 0.3, medium TM = 0,3-0.5, high
differentiation Lleight dif. ‘TMh (L) ) ’ T™ =0.5-07, very high differentiation TM > 0.7
Jachne and ; _ i B
Crowndif. K (J&Di) Dohrenbusch ke Lmedian K18 o B SRR
(1997) (73] i e '
Coitlix Jaehne and monotonous structure B < 4, even structure B = 4-6,
divctl'si 8 Stand diversity B (J&Di) Dohrenbusch uneven structure B = 6-8, diverse structure B = 8-9,
e (1997) [75] very diverse structure B > 9
The dendrochronological indices were computed using the tutorial methods of [83,84].
The detrended ring-width data of Scots pine were used to calculate the EPS (expressed
population signal). The EPS indicates the reliability of a chronology as a fraction of the joint
variance of the theoretical infinite tree population. We used the ‘EPS cutoff” to increase the
quality of dendrochronological data, and therefore, the time series was shortened to the time
petiod 1951-2016 for all variants so that EPS > 0.85 [83,84]. This time period was defined
as the intersection of data availability due to the availability of comparable precipitation
and temperature forecasts. We also calculated the SNR (signal-to-noise ratio), which
evaluates the signal strength of chronology and R-bar (inter-series correlations) [86,91]. The
indicators EPS, SNR, R-bar, and AR1 were computed using the ‘dplr” guidelines [83,84],
which are based on standard principles of dendrochronology [85,86,91]. Information on
dendrochronological indicators can be found in Table 4.
Table 4. Characteristics of tree-ring chronologies of Scots pine for the period 1951-2016 in research plots.
Sampling Increment Increment
Country No. Trees  Age Mean Year {nnd) Min-Max (mm) Std. R-Bar  SNR EPS
Poland 40 125 2016 1.25 0.67-2.44 0.618 0.234 9.005 0.900
Czech Republic 42 132 2015 0.95 0.47-1.61 0.494 0247 1118 0917
Spain 47 119 2015 1.33 0.73-1.92 0.664 0.314 19172 0950
Great Britain 34 17 2016 222 (.82-4.85 1.017 0.385 8.254 0.887

Notes: No. Trees—number of trees; Age mean—mean sample age in years; Sampling year—year of dendrochrono-
logical sampling; Increment—average annual increment in tree-ring width; Increment min-max—the range
of minimum and maximum growth of the tree ring; Std.—standard deviation; R-bar—inter-series correlation;
SNR—signal-to-noise ratio; EPS—expressed population signal.

The analysis of negative pointer years (NPYs) was performed according to [92,93]. For
each tree, the pointer year was set as an extremely narrow tree ring that does not reach 40%
of the increment average from the four preceding years. The occurrence of the negative
year was proven if a strong reduction in increment occurred at least in 20% of the trees on
the plot.
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Principal component analysis (PCA) in CANOCO 5 [94] was used to analyze the
relationships between timber production, stand structure and diversity on RPs and also
radial growth (tree-ring width index) and climate factors (temperature and precipitation)
in relation to climate change for all countries. Data were log-transformed, centered and
standardized before the analysis. 'The results of PCA were exported into the form of an
ordination diagram. The situation map was made in ArcGIS 10 software (Esri, Redlands,
CA, USA).

3. Results
3.1. Stand Structure and Production

The DBIT and height range was 18.2-50.4 cm and 10.88-27.36 m, respectively, across
all RPs (Table 5). The number of trees was in the range from 144 trees ha—! on RF GB 1 to
768 trees ha—! on PL_1. Similarly, the highest basal area (47.6 m? ha~!) and stand volume
(510 m® ha~') was observed on RP PL_1 with the highest stocking (SDI). The highest
ever carbon sequestration (210 t/ha) was also found at PL._1. This index, influencing
the overall production of the stand, ranged between 0.31 and 0.93. In terms of average
values for all RPs and countries, the average basal area reached 30.6 m? + 10.7 SD, stand
volume 303 m® ha=! + 129 m® ha~' and carbon sequestration in biomass 123 t ha™! + 52
SD. Overall, the average annual radial growth in Table 4 best reflects the production in cach
RP. The highest increment was recorded in GB (2.26 mm), followed by SP (1.33 mm), and
PL (1.25 mm), with the lowest mean annual increments recorded in CZ (0.95 mm).

Table 5. Basic stand characteristics on RPs in the Czech Republic (CZ_1-C7_4), Spain (SP_1-SP_4),
Poland (PL. 1-PL_4) and Great Britain (GB 1-GB _4).

RP  DBH H v N BA % HDR  SDI cC BIO  Carbon
{cm) (m) (m?  (treeshal) (m’ha1) (m*ha?) (%) (tha 1) (tha1)
CZ1 258 1715 0439 596 31.2 261 66.5 0.62 75.8 213 11
CZ2 182 1695 0215 424 110 91 93.1 0.26 59.2 76 40
CZ3 232 1522 0372 368 15.5 137 65.6 0.33 47.6 110 58
CZ4 345 2543 1.061 316 29.6 335 737 048 62.4 236 124
SP1 282 1613 0663 556 4.7 369 57.2 0.68 749 286 150
SP2 274 1419  04% 752 445 373 51.8 0.88 75.8 293 154
SP 3 249 1455 0436 740 36.1 323 584 074 815 257 135
SP 4 247 1088 0335 676 322 227 440 0.67 76.4 180 94
PL1 281 1973 0664 768 476 510 70.2 0.93 841 101 210
PL2 276 1892 0683 716 428 489 68.6 0.85 747 381 200
PL3 317 1968 0973 384 30.2 374 62.1 0.55 69.0 281 147
PL4 380 2736 14% 304 345 455 72.0 0.60 9.0 346 181
GB1 436 1539 132 144 214 191 35.3 0.35 56.4 144 75
GB2 504 1912 1928 196 39.0 378 37.9 0.61 77.3 282 148
GB3 348 1302 0826 248 235 205 374 041 70.8 159 83
GB4 297 1428 057 232 16.1 132 481 0.31 62.2 105 55

Notes: DBH—mean quadratic diameter at breast height; H—mean height; v—mean stem volume; N—number of
trees per hectare; BA—basal arca; V—stand volume; HDR—height to diameter ratio; SDI—stand density index;
CC—canopy closure; BIO - biomass in dry matter; Carbon — carbon sequestration in biomass.

3.2. Diversity of Tree Layer

The horizontal structure of the tree layer was random in most RPs, aggregated in
the case of three RPs and regular on PL. 4. The vertical structure shows a monotonous to
very high diversity, approaching a selection forest. According to both evaluation indices,
vertical diversity reached the highest values in Spain. On the other hand, the lowest vertical
diversity was on the RP’s in Great Britain. Similarly, the highest diameter, height and
crown differentiation was observed in the case of plots in Spain. However, the structure
differentiation of stands was generally low to medium for all RPs. Total diversity, describing
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the complex diversity of forest stands, raged from B = 3.936 on RP GB 2 (monotonous
structure) to B =7.051 on CZ 1 (uneven structure) (Table 6).

Table 6. Diversity of tree layers on permanent research plots in the Czech Rep. (CZ_1-CZ_4), Spain
(SP 1-SP 4), Poland (PL 1-PL 4) and Great Britain (GB 1-GB 4).

RP Horizontal Vertical Vertical Diameter Height Crown Total
Structure Structure Diversity Differen. Differen, Differen. Diversity

cz.1 1.119 0.369 0.795 0.314 0.207 1.868 7.051
CZ:2 0.957 0.455 0.827 0.300 0.228 1.993 6.684
C7Z 3 1.078 0.383 0.742 0.254 0.206 1.618 5.346
CZ 4 1.104 0.674 0.484 0.200 0.125 1.101 5.134
SP 1 0.926 0.904 0.903 0.428 0.372 1.568 5.274
sp_2 0.943 0.789 0.875 0.327 0.243 1.926 5.548
SP_3 0.904 0.909 0.829 0.392 0.303 1.603 5.032
SP_ 4 0.797A 0.967 0.814 0.339 0.234 2.642 6.046
PL_1 1.079 0.398 0.786 0.367 0.227 1.791 5.995
PL.2 1.075 0.499 0.720 0.355 0.256 1.506 5.210
PL.3 0.875 0.631 0.812 0.423 0.351 2.142 6.124
PL 4 1.191R 0.168 0.805 0.217 0.136 2.095 5.957
GB_1 0.799A 0.251 0.781 0.391 0.252 1.535 4.823
GB 2 0.863 0.469 0.432 0.269 0.122 1.705 3.936
GB_3 0.655A 0.425 0.834 0.400 0.252 1.797 6.279
GB 4 0.811 0.487 0.737 0.324 0.201 1.956 6.166

Notes: A/R—statistically significant (p < 0.05) for horizontal structure (A—aggregation, R—regularity).

3.3. Interactions berween Production, Structure and Diversity

The PCA results are presented in an ordination diagram in Figure 3. The first ordi-
nation axis explains 31.2% of data variability, the first two axes combined explain 61.3%
and the first four axes 87.2%. The x-axis illustrates the canopy closure and stocking (stand
density index), and the y-axis represents the mean height and aggregation index with total
diversity. Tree characteristics (tree volume, diameter, height) were positively correlated
with the aggregation index (tendency to regularity), while these parameters were nega-
tively correlated with structural diversity indices. Total diversity and crown differentiation
decreased with the increasing mean height and diameter of trees. Stand volume was
positively correlated with the carbon sequestration in biomass, basal area, stocking and
canopy. Vertical structure and structural (height and diameter) differentiation increased
with the increasing number of trees. The aggregation index was the lowest explanatory
variable in the ordination diagram. Differences between all studied parameters (stand
characteristics, structural diversity indices) in the ordination diagram in Figure 3 were
remarkable for countries, as symbols ( B from each record were relatively distant from
one another, except for Great Britain and the Czech Republic (similarity between the two
countries). The lower part of the diagram was typical for stands with high structural and
overall diversity, while the upper part of the graph represents areas with a high production
potential and carbon sequestration.

3.4. Dynamtics and Spectral Analysis of Radial Growth

The detrended ring-width chronologies in Figure 4 show that the difference between
Periods 1 and 2 is mainly in the growth variability continuity of the curves. The period
1951-1985 was characterized by more significant fluctuations in detrendable growth than in
Period 2; however, a slight exception is the samples from Great Britain, where both periods
are almost identical. ‘The most incoherent growth took place in Period 1 in Poland and
Spain. Samples from the Czech Republic in Period 1 show smaller differences compared to
plots from Poland. The later Period 2 shows a gradual synchronization of the growth of
Scots pine across all studied habitats, especially in the period since 2000.

114



Torests 2024, 15, 91

100f 22

1.0

xR OGB 1
S
o
3]
o
o
o CZ3
] GB 4
TMh(F) & B (aDi)
P4

D
o|- | cz29

-1.2 PC1:31.2% 1.0

Figure 3. Ordination diagram focused on the species and environmental variables shows results
of the principal component analysis of relationships between stand characteristics (Stand volume,
Carbon—sequestration in biomass, lree volume, Basal area, Diameter, lleight, Number of trees,
Canopy closure, Stocking—stand density index), structural diversity (R (C&Ei), A (i), TMd (Fi), TMh
(T), K (T&Di), B (J&Di); see Table 2), and countries (CZ—Czech Republic, PL—Poland, GB—Great
Britain, SP—Spain). Symbols indicate B countriesand @ permanent research plots (label: country
+ number of plot).

Period 1 [ Period 2

Year 1951 1956 1961 1966 1971 1976 1981 1986 1991 1996 2001 2006 2011 2016
——RWI Poland —— RWI Czech Republic ——RWI Spain —— RW!I Great Britain

Figure 4. Detrended ring-width chronologies of Scots pine in Periods 1 and 2. Period 1 for 1951-1985,
and Period 2 for 1985-2016. RW1 means ring-width index.

In terms of NPYs, in Spain, extreme radial growth decline was scen in 1963, 1986, 1995
and 2004; in the conditions of the Czech Republic, these were the years 1962 and 1996. In
Poland, a significant decline in increase was observed in 1964 and 1974. No NPYs were
observed for Great Britain.

The spectral analyses of detrended data in Figure 5 show that there is a difference
between Period 1 and Period 2, chiefly in the ‘Periodogram values’, where in Period 1
there are higher values than in Period 2. Larger data values in the ‘Periodogram values’
suggest more differences between cycles. Areas in Spain go through the most visible cyclical
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fluctuations during Period 1, where Scots pine has the most significant cycles from 8 to
34 years according to the periodogram values. In contrast, the smallest cyclical fluctuations
are in areas in Great Britain, where the ‘Periodogram values’ are the lowest of our variants,
and there is not much difference between Periods 1 and 2. Overall, Period 1 shows the
greatest cyclical fluctuations at all research sites. In contrast, Period 2 shows smaller cycles
in the radial growth of pine, as confirmed by Figures 4 and 5.

Period 1 Period 2
Spectral analysis: RWI Polang Spectral analysis RWI Poland
08 08 08 08
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0 4 8 12 6 20 24 28 32 3B 0.0 00
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Figure 5. Spectral analysis ‘Periodogram’ of RWI for Poland, Czech Republic, Spain and Great Britain
in Periods 1 and 2. Period 1 is calculated for 36 cases (1951-1985), and Period 2 is calculated for
32 cases (1986-2016). RW] means ring-width index.

Cyclical fluctuations of detrendable growth in the Czech Republic and Poland share

nearly the same ‘Periodogram values’; in the Czech Republic, there are slightly higher
differences between growth cycles than in Poland. The same growth periods in the Czech
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Republic and Poland also occur, with 11-year cycles in Period 1 having the greatest value.
In Period 2, the 5- and 11-year cycles are more pronounced. In contrast to Poland, the
30-year cycles are more pronounced for the Czech Republic in Period 2, according to the
periodogram values, in contrast to Period 1. Furthermore, there are 4- and 11-year cycles in
Great Britain in Period 1, butin Period 2, there are fewer 6-year cycles. In Period 2, 7- to
10-year cycles are the highest in Spain. Overall, it can be said that in six variants of eight,
there are 11-year periods.

3.5. Effect of Temperature and Precipitation on Radial Growth

Correlation coefficients (Table 7) describe the correlations between the ring-width
index and average temperature and precipitation sums in the vegetation season and av-
erage annual temperature and annual precipitation sums. The correlations between the
temperatures and ring-width index do not show statistically significant values (p < 0.05).
However, the highest correlation with temperatures can be seen in the Czech Republic
for temperatures in the vegetation scason (r = —0.29) in Period 1. Spain shows a high
correlation with temperature in the vegetation season in Period 2 (r = —0.27). Tree rings
of pine show a higher correlation of annual temperature compared to temperatures in
the vegetation season, which show lower correlations, with the two exceptions already
mentioned above. Precipitation totals have mostly negative correlations with the ring-
width index, but all statistically significant values are positive. Higher correlations are
shown in vegetation season precipitation with tree-ring growth. Significant correlations
are for Period 1 tree-ring growth with precipitation in the vegetation season (r = 0.40) and
annual precipitation (r = 0.38). Spain also shows a significant correlation, where Period
2 is positively correlated with precipitation in the vegetation season (r = 0.39). The most
negative correlations between precipitation and the growth of tree rings arc evident for
values from Great Britain. Correlations between growth in Periods 1 and 2 tend to be
negative. These correlations are positive in the case of the average annual temperature for
locations in Poland, and only slightly negative in the Czech Republic. The correlation trend
for precipitation totals is also negative between Periods 1 and 2, except for Spain, where
values show a transition from lower correlations to higher positive correlations.

Table 7. Correlation coefficients of ring-width index (RWI) with temperature in the vegetation season,
annual temperature, seasonal precipitation and annual precipitation. Values in bold are statistically
significant (p = 0.05).

Plot Name

RWI Poland

RWI Czech
Republic

RWI Spain

RWI Great Britain

Time Period/Year Temperature in Annual Precipitation in Annual
Veg. Season Temperature Veg. Season Precipitation

Period 1/1951-1985 0.03 0.15 0.21 —0.02
Period 2/1986-2016 0.01 0.18 —0.01 -012
Period 1/1951-1985 -0.29 —0.01 0.40 0.38

Period 2/1986-2016 —0.07 0.19 —0.13 —0.06
Period 1/1951-1985 -0.07 0.12 0.02 —0.16
Period 2/1986-2016 —0.27 —0.16 0.39 —0.02
Period 1/1951-1985 0.09 0.16 —0.26 -0.27
Period 2/1986-2016 =0.03 -0.07 -0.23 -0.09

Comparing both time periods, the radial growth of pine was more affected by monthly

air temperature and the overall precipitation in the second period across all RPs (Figure 6).
Overall, a higher number of significant correlation cocfficient (p < 0.05) months affecting
growth were found, in six cases in the second period (cight significant values for all plots,).
In one case in the first period, we observed less frequent significant correlation values
with temperature on all plots (six significant values) for temperatures in CZ, and in one
case, equalized for temperatures in Spain. Generally, precipitation had a lower effect (12
significant correlation coefficients in different months—12 months) on radial growth in all
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research plots than temperature (16 months). Both studied climate factors had the same
effect on radial growth in the previous year (April to December—14 significant moths),
such as in the current year (January to September—14 significant moths). The climate in
August of the current year had the highest effect on radial growth (4 x significant values).
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Figure 6. The correlation coefficients of ring-width index values for Scots pine monthly temperatures
and precipitation from April (capital letter) of the previous year to September of the current year
(lowercase letter). Values are divided into Period 1 (1951-1985) and Period 2 (1986-2016). Statistically
significant values (p < 0.05) are marked with a round /circle symbol.

In terms of individual countries, the lowest influence of climate factors on radial
growth was recorded in Great Britain (3 significant months), followed by Poland (6 months;
Figure 6). Conversely, the most sensitive pine forest to climate factors was in the Czech
Republic (10 months) and in Spain (9 months). In Poland, the main limiting factor for radial
growth was low temperature from October to December of the previous year, while in
the case of the Czech Republic it was the period from Tebruary to March of the current
year. In Spain, the main limiting factor for growth of pine was low temperature from
February to March together with high temperature in June and July of the current year.
Precipitation and temperature in August of the previous year played a major role in the
case of Creat Britain.

Interactions between the radial growth of pine and climate factors (temperature and
precipitation) in different periods are presented by PCA in an ordination diagram in Figure 7
for all countries and both periods. All four ordination axes explain 71.1-79.2%, while in
all cases (except the Czech Republic), there was a higher explanation of climate factors in
relation to ring-width index in the second period. The diagram shows that the influence
of climatic factors (precipitation vs. temperature) and its intensity on radial growth has
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changed over time. Radial growth was more affected by climate factors in the second
period in all four countries.
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Figure 7. Ordination diagrams focused on the species and environmental variables show results
of the principal component analysis of relationships between radial growth of pine (black color:
RWI), temperature indicators (red color: TAA—annual temperature of the current year, TAP—annual
temperature of the previous year, TGS—temperature in growing season of the current year, TOG—
temperature outside growing season, [67—temperature in June and July of the current year) and
precipitation indicators (blue color: PAA—annual precipitation of the current year, PAP—annual
precipitation of the previous year, PGS—precipitation in the growing season of the current year,
POG—precipitation outside growing season, P67—precipitation in June and July of the current year).
Values are divided into Period 1 (1951-1985) and Period 2 (1986-2016) and countries (Czech Republic,
Poland, Great Britain, Spain). Symbol © indicates years.

119



Torests 2024, 15, 91

150f 22

4. Discussion
4.1. Stand Production

The stand volume of the studied heterogenous pine forests covered a broad range,
from 91 to 510 m® ha !, and a basal area from 11 m? ha ! to 47.6 m? ha 1. The stand
summary characteristics were variable in each country. The high variability of stand
characteristics was also confirmed in other studies, both from the conditions of native Scots
pine woodlands and from managed stands [58,95,96]. The lowest production parameters
were observed on RP CZ_2, CZ_3 and GB_4, with natural dynamics since the 1940s [57].
Comparable stand volumes (88-176 m® ha ') were observed in semi-natural pine stands in
the Czech Republic [96]. On the other side, [97] showed very high volumes of monospecific
pine stands, of 714 m> ha~', and even 874 m® ha~' for mixed ones. The authors of [98]
reported similar results from pure pine stands, with a volume of up to 714 m®> ha~'.

The biomass of RP pine stands varies from 71 to 401 t ha~'!, and carbon sequestration
from 40 to 210 t ha—!. The high productive potential and carbon sequestration of Scots
pine compared to other native or introduced tree species have also been documented in
several studies in Europe [99-101]. According to [100], Scots pine stands show signifi-
cantly higher values of carbon sequestration compared to spruce, Douglas fir or larch tree.
Conversely, [102] and [29] state that in the conditions of European beech forests, carbon
sequestration is up to twice as high as in the case of Scots pine stands, with a higher primary
production. The highest increment of codominant and dominant trees in our case is evident
in Great Britain (average annual increment in tree-ring width of 2.22 mm), the lowest in the
Czech Republic (0.95 mm), while intermediate increment rates were evidenced in Spain
(1.33 mm) and Poland (1.25 mm). The highest carbon sequence was recorded in Poland
stands, probably due to the larger volume of recorded RPs. 'The stand volume has a positive
effect on tree-stand biomass, which is related also with tree-stand age and height [103].

4.2, Stand Structure

The horizontal structure of the tree layer individuals was random in most RPs, aggre-
gated in the case of three RPs, and regular only in the case of one plot P1._4. The authors
of [27] confirm that in Scots pine stands with a limited regime of silvicultural interven-
tions, an aggregated distribution of trees is visible, while in typical production forests the
distribution of individuals is regular. The random horizontal structure of individuals in
heterogeneous stands was also shown by [95], where younger trees formed in such stand
aggregations, while older individuals were distributed regularly. Based on the spatiotem-
poral analysis, [104] observed in uneven-aged Scots pine-dominated forests a shift from
a random to a clumped pattern of pine trees with forest ageing, while for oak trees, the
spatial pattern developed toward uniform structures.

The vertical structure was relatively low in the case of Great Britain and high in
the case of Spain, with values typical for selection forests. This is also the case for the
diameter, height and crown differentiation. However, the structural differentiation of
stands was generally low to medium for most RPs. Higher structural differentiation
of Scots pine stands in Spain can be explained by the typical mountain environment,
management history [59,60] and significant pine mortality due to climate change in the
entire Valsain region, including the studied site [61]. According to studies dealing with
water stress [15,105], we can assume that the lack of moisture was the reason for significant
changes in the structure of pine stands also in this case. The study in [106] mentions that
diameter differentiation is significantly higher in heterogencous stands, but based on [73],
the diameter differentiation in RPs (index values 0.200-0.428) was low to medium. The
same applies to the height differentiation (index values: 0.122-0.372). For example, the
authors of [107] claim that height differentiation in heterogeneous stands with a limited
economic regime tends to be significantly greater. However, in their conclusions based on
comparable conditions, [106] mentions a similar range of height differentiation in Scots
pine stands as in our study. The crown differentiation index amounted to 1.101-2.642,
indicating low to high differentiation [74]. These values are comparable to [27].
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4.3. The Effect of Clinmate on the Radial Growth of Pine

We found a significant effect of climatic factors on radial growth, where temperature
and precipitation affected pine growth significantly more in the second period (1986-2016)
of ongoing climate change compared to the first one (1951-1985). Climate change is behind
the widespread dieback of pine forests in almost all of Europe. The main abiotic factors caus-
ing pine dieback are the lack of precipitation and the increase in temperature [8-13,108-110].
Dry periods also greatly affect the radial growth of Scots pine. Low correlation coefficients
(r=0.3 to —0.3) were observed between monthly precipitation values and temperature and
tree-ring growth. The lowest radial growth was observed in pine trees at sites in Great
Britain. A minimal correlation between the increment and precipitation is reported, for
example, by a study from Sweden; [111] claims that, on the contrary, it is the temperature
that significantly affects the radial growth of pine. The results show the negative impact of
rainfall on pine trees in Spain, where there is an uneven distribution of precipitation during
the vegetation scason. Their study also mentions the effect of temperature on the radial
growth of pine. While warming has a noticeable negative impact on growth [110], statisti-
cally, the authors are not able to confirm this effect. The absence of correlations between
precipitation and temperature and the increase of tree-ring width at sites in Great Britain
can be partly explained by the presence of the Gulf Stream, which ensures a significant
warming of the western shores of Europe, espedially in winter, thus maintaining a mild
climate [112] and reducing the frequency of extreme weather fluctuations [113]. However,
we are aware that the possibility of influencing the growth of trees by the Gulf Stream can
be called into question by the location of the research sites, i.e., inland with an altitude of
250-280 m a.s.l.

Overall, concerning all the investigated sites, monthly precipitation showed less
significant correlation with increment than monthly temperatures, except for the locations
in Creat Britain, where more significant correlations with precipitation were found. This
finding is surprising given the claims of other authors [114], who found in the climatic
conditions of Great Britain that temperature has a greater influence on the increment than
the total precipitation. Similarly, [114] and [115] report that the lack of precipitation affects
the diameter increment of pine trees. The results of our study confirm that temperature
is the main factor determining the radial growth of pine, which is shown by the higher
correlations of monthly temperatures to radial growth. IHowever, it is also necessary to add
that the growth of Scots pine, as well as other trees, could also be affected by air pollution
in the last century [116-118].

4.4. Cyclic Tree-Ring Growth of Pine Trees

Spectral analyses showed a difference between Period 1 and Period 2. A substantial
decrease in fluctuations in the tree-ring index and loss in the growth cyclicity of pine was
observed in the second period, likely affected by ongoing climate change. The explanation
for this phenomenon may be a smaller effect of winter temperatures on pine, which
was described in Estonia [119]. Moreover, the effect of winter temperatures is positively
correlated with pine RWI at three research sites, with the exception of the UK rescarch plot.

The high-frequency oscillations in 2 to 7 years on Scots pine might be associated with
the frequent changing in the temperature and precipitation [120,121]. However, these
high-frequency signals in RWT are lesser compared to the lower oscillations (larger RWI
cycles). Moreover, it was shown that in six out of eight cases, in the spectral analyses for the
research plots, there was a repetition of a 9- to 11-year period. This cycle can be linked with
the influence of the solar cycle that has been described for precipitation and temperature
across Europe [122,123] and can be observed in the tree-ring series of many tree species.
The 11-year growth cycle has been recorded on forest tree rings throughout Europe, on
European beech, for example, in the Czech Republic, Italy [124-126], and Bulgaria [127].
Scots pine forests also reflected solar cycles, for example, in western Russia [87,88,120].
The solar cycle is involved in weather that is either stale or changeable [122,128]. Overall,
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the cyclical processes of radial growth of pine may vary, but across the results, it is the
aforementioned 11-year cycle that can be found as a common factor in our results.

5. Conclusions

Scots pine forests representing a close-to-nature management approach (Czech Re-
public, Poland and Spain) and semi-natural forests in Great Britain showed high diversity
and vertical structure. These forest stands also reached high potential in terms of carbon
sequestration and biemass productivity. In all study sites, close-to-nature management and
natural development have led to high variability of stand structures, which is desirable for
increasing the resilience of forest stands. Tree-ring analyses from all four countries showed
a difference in the fluidity of radial increment curves in Period 1 (1951-1985) and Feriod 2
(1986-2016). Data reveal the presence of 11-year growth cycles in Period 1, while Period
2 was characterized by the prevailing loss of these cycles. On the contrary, the effect of
climate factors and stress was significantly higher in Period 2 compared to Period 1. The
results also partially confirm that temperature is the main factor influencing the radial
growth of pine, rather than precipitation totals. Locations in Great Britain are an exception,
where a mild relationship between precipitation and temperature and tree growth was
recorded. Scots pine thrives in sites with balanced precipitation and moderate temperatures,
characteristic of an oceanic climate. The highest average annual increment of dominant and
codominant trees in Great Britain also demonstrated this. Scots pine’s reaction to climatic
variables was more sensitive in Mediterranean and continental climate conditions. Forest
management affects the structural and production characteristics of pine stands, and the
growth of pine itself changes as a result of climate change, including climate resistance and
cyclicity dynamics.
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5.3.2 1. publikace: P#irozend dynamika v porostech borovice lesni jako model zvySovini

Jeji adaptability?

Originalni nazev: Stand dynamics in natural Scots pine forests as a model for adaptation
management?

Casopis: Dendrobiolgy (¢asopis zafazen do databaze SCOPUS a WOS, aktualng IF — 1.4, Q2)
Citace: Vacek, S.; Vacek, Z.; Bilek, L.; Remes, J.; H'unova, I.; Bulusek, D.; Kral, J.;
Brichta, J. (2019). Stand dynamics in natural Scots pine forests as a model for adaptation

management? Dendrobiology, 82, 24-42.
Souhrn:

Cilem vyzkumu bylo popsat charakter pfirozeného vyvoje porostii borovice lesni na pfirozenych
borovych stanovistich, a to ve vztahu k jejich ekologické stabilité, adaptabilité¢ na klimatické zmény

a imisnimu poskozeni.

Béhem hodnoceni porosti bez piimého vlivu ¢lovéka byla v letech 2006 a 2016 posuzovana jeho
horizontalni a vertikalni struktura a druhova diverzita. Inventarizace se zabyvala jedinci stromového
patra, mrtvym dievem a piirozenou obnovou kazdé z celkem 6 vyzkumnych ploch (0,25 ha) na uzemi
Piirodni rezervace (PR) Kostelecké bory (CR). Na zajmovych plochach bylo také odebrano vzdy
25 dendrochronologickych vzorki (celkem tedy 150 vzork®) pro naslednou dendrochronologickou

analyzu s cilem zjisténi Sitky jednotlivych letokruht.

Sitka letokruhti byla korelovana s klimatickymi udaji (srazky, teplota) V jednotlivych letech,
zaroven také s udaji o imisich SO (SO z let 1988-2015, NOx a AOT40F — expozice ozoénu z let
1992-2015). Opakovana inventarizace porostu potvrdila, ze se od roku 2006 do roku 2016 zvysila
zasoba porostu 0 26,0 %, tedy na 136 m*/ha (108 m*ha v roce 2006), zaroveii se zvysil také objem
mrtvého dfeva o 127,2 %, tedy na 27 m*/ha (12 m%ha v roce 2006). Horizontalni struktura stromového
patra a ptirozené obnovy byla pfevazné agregovana az zcela nahodna. Vyrazng€jsi zmény v biodiverzité
a charakteru struktury porostu byly zjistény pfedevsim u pfirozené obnovy (21,5 %) oproti stromovému
patru (2,8 %). Souhrnné Ize tvrdit, ze vyznamny nedostatek vlahy ve vegeta¢nim obdobi a zaroven velmi
vysoké teploty z piredchoziho podzimu a zimy byly limitujicimi faktory pro radialni rist dospélych
jedincu borovice lesni. Radialni rist negativné koreloval s koncentracemi SOz (P < 0,01) a expozici
ozonu (P < 0,05). Koncentrace NOx mély nicméné nizky vliv na radialni rist. Lze také potvrdit,
ze ptirozena dynamika lesa zde méla pozitivni vliv na biodiverzitu stromového patra, stejné jako na
mnozstvi mrtvého dieva ve zdejsich borovych porostech. Samovolny vyvoj porostu v tomto piipadé

predstavuje vhodny vzor pro management obdobnych porosti.
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Abstract: The paper deals with the dynamics of structure, diversity and growth of natural pine stands
without direct human impact during the ten-year period in Nature Reserve (NR) Kostelecké bory, Czech
Republic. The objective was to determine the main characteristics of the spontancous development of Scots
pine (Pinus sylvestris L.) forest stands in relation to their naturalness, ecological stability and adaprtation to
climate change and air pollution stress.

Horizontal and vertical structure and species diversity of the tree layer, dead wood and natural regeneration
of each permanent research plot (PRP) were evaluated (n = 6, 50 X 50 m /0.25 ha/, Northern Bohemia,
410-425 m above sea level). The average ring series of PRPs were correlated with the climatic data (precip-
itation, temperature) according to individual years from the Doksy climatic station, and the air pollution
data (8O, in 1988-2015, NO, and AOT40F - ozone exposurc in 1992-2015) from Radimovice station.

In 2016, the stand volume increased by 26.0% to 136 m* ha! (108 m® ha~'in 2006) and the volume of dead
wood increase by 127.2% to 27 m' ha-' (12 m® ha' in 2006). The horizontal structure of wee layer and
natural regeneration was predominantly aggregated to random. More distinct changes in biodiversity and
structural characteristics occurred in the natural regeneration (21.5%) compared to tree layer (2.8%). The
precipitation had a significantly higher effect on radial growth compared to temperature. The lack of pre-
cipitation in growing season and high temperature in previous autumn and winter were limiting factors for
growth. Climatic factors had significant effect on diameter increment in July of the current year (P < 0.01)
and June of the current and previous year (P < 0.05). Radial growth was negatively correlated with SO, con-
centrations (P < 0.01) and ozone exposure (P < 0.05). NO, concentrations had low effect on radial growth.
The natural stand dynamics had positive effect on biodiversity and functional integrity of natural pine eco-
systems.
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Introduction

Autochthonous Scots pine (Pinus sylvestris L.) oc-
curs in the Czech Republic in vegetation zones from
the lowlands to the mountains. Its ecotypes are based
on populations that survived the last glacial in vari-
ous isolated refuges (Pefina, 1960). Contemporary
autochthonous pine and pine-oak stands are the re-
sults of the vegetation development of predominantly
the last 10,000 years in the postglacial period (Mike-
ska & Vacck, 2008). These are azonal communitics
which gradually evelved from the preboreal and have
been preserved only in extreme habitats with the
limited competiriveness of other species (Matuszkie-
wicz et al., 2013). We naturally find these on a large
scale in the Czech Republic only on poor and dry
sandy soils. In other places, its natural appearance
is bound to the relatively smaller extreme locations
such as the rock outcrops and the edges of the crys-
talline and carbonate rocks and the sandstone rock
towns (Kucera, 1999; Bohn et al., 2003; Vacek ct al.,
2017). Among the most important works character-
izing these communities in Europe belong Passarge
(1963), Lilja and Kuuluvainen (2005), Rouvinen and
Kuuluvainen (2005), Gaudio et al. (2011), Matuszk-
iewicz et al. (2013).

Scots pine is considered to be an undemand-
ing tree with pioneer strategy (Lanier et al., 1986;
Zadworny ct al.,, 2016). Apart from the mountain
ccotypes, however, it is very demanding on light (De
Chantal et al., 2003; Dehlin et al., 2004; Gaudio et
al., 2011). At the same time, it is highly tolerant to
drought (Picon-Cochard et al., 2006; Sanchez-Gomez
et al., 2006). Many of its ccotypes are adapted to the
entire range of habitats (Richardson, 2000; Medail,
2001; Ostonen, 2007; Sterck et al., 2012; Reich,
2014; Uria-Diez et al., 2017). Due to this, it is able
to survive practically in any environment from water-
logged areas to xerothermic sites (Mikeska & Vacek,
2008; Zadworny ct al., 2017).

Pine as important commercial tree species has
expanded significantly beyond its natural habitats in
Europe in the last few centuries (Zerbe & Brande,
2003; Mirschel et al., 2011). In addition to the in-
crease of forest production, this change in species
composition has led to a range of ecological prob-
lems, especially in monoculture stands (Kazda &
Pichler, 1998; Zaitsev et al.,, 2014). Recently, there
is an evident trend to transform artificial forest into
ecosystems with higher degree of naturalness (Zer-
be, 2002; Schou ct al., 2012; Hlasny et al., 2017) and
higher resistance and resilience (Déchéne & Buddle,
2010; Griess et al., 2012; Neuner et al., 2014; Allen
et al., 2002; Reynolds et al., 2013; Salamon et al.,
2008; Zaistev et al., 2014). In addition, in less pro-
ductive pine forests, reduction in active management
has occurred in recent decades, which may also result
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in positive successive changes (Vacck ct al., 2017).
Since 2006 the monitored stands and the whole Na-
ture Reserve (NR) Kostelecké bory have been left to
spontaneous development (Vacek et al., 2012). Prac-
tically, however, these stands have not been actively
managed since the 1970s.

As such, the forests left to spontancous develop-
ment can be an important source of information for
understanding natural processes and deriving pro-
cedures of close-to-nature silviculture (Burrascano
ct al., 2011; Petritan ct al., 2014; Pucttmann ct al.,
2015; Bilek ct al., 2016). Understanding the forest
development in response to natural disturbances and
changing environmental conditions is very important
for the setting of management approaches and meas-
ures (Pham et al., 2004; Dobrowolska & Veblen,
2008; Durak & Durak, 2015).

The aim of this paper is to evaluate the structure
and development of selected stands of relict pine
stands left to spontancous development in the peri-
od from 2006 to 2016. The structure of forest stands
can be defined on the basis of a number of param-
eters (Spies & Franklin, 1991; Poage & Tappeiner,
2005). The structure includes both the vertical and
the horizontal components and the species arrange-
ment (Maltamo et al., 2005; Vacek et al., 2017). Since
the relict pine stands left to spontaneous develop-
ment have been scarcely explored from this point of
view in Central Europe, we have focused on all the
above-mentioned attributes in this paper. The basic
scientific questions were as follows:

1. What are the main characteristics of the sponta-
neous development of natural pine forest under
the given conditions?

2. Do these changes lead to higher naturalness and
ecological stability of the studied stands?

3. Ts the spontaneous development of pine stands
on edaphically extreme sites a suitable adaptation
measure to the ongoing climate change?

Materials and Methods
Study Area

The Kostelecké bory Nature Resetve, with an area
of 51.2 hectares, was declared in 2003 and forms
rock crests under the hill Kostelec (433 m above sea
level). The geological bedrock is formed of the Meso-
zoic rectangular sandstone of the middle Turon. The
most widespread soil type in the area is the arcnic
Podzol together with the arenic Cambisol on the
sandstone slopes. The predominantly sandy soils are
minerally poor and low in humus content. Climati-
cally, the NR territory is classified according to Quitt
(Quitt, 1971) as a slightly warm area MT9. The aver-
age anhual temperature is approximately 7.5 °C and
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the average annual rainfall is around 650 mm (To-
lasz, 2007). The vegetation is formed by acidophilus
forest communities. The Dicrano-Pinetum forest types
(Pinetum relictum hwmile saxatile; Preising et Knapp ex
Oberdorfer 1957) are bound to the ridges and rocky
edges with a shallow layer of soil, and the cranberry
pine-oak forests of Vaccinio vitis-idaeae-Quercetum robo-
ris forest type (Oberdorfer 1957) are found marginal-
ly on the less exposed habitats. The tree layer of both
communities is dominantly formed by pine (Chytry
ct al., 2010; AOPK, 2014). The herb layer consists
mainly of blueberry, cranberry, and several other
acidophytes. Only in extreme locations in the pine
stands, a more pronounced moss and lichen layer has
developed. Among the most important plant species
are the Morrison spurrey (Spergula morisonii Boreau)
and the chickweed wintergreen (Trientalis europaea L.)
- (AOPK, 2014).

The permanent rescarch plots (PRP) are situated
inaltitude 410-425 m above sea level with south-cast
exposition and mean slope of 5 degrees. The location
of PRPs 1-6 50 X 50 m is shown in Fig. 1. Accord-
ing to the forest management plan (2017-2026) the
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Data Collection

To determine the tree layer structure and natu-
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Fig. 1. Location of permanent research plots (PRP) 1-6 with natural pine forest stands in Nature Reserve Kostelecké bory

in Protected Landscape Area Kokofinsko — Machtiv kraj
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auger at DBH perpendicular to the axis of the tree
along/against the slope. The annual ring width was
measured (accuracy 0.01 mm) using an Olympus
binocular magnifying glass on a LINTAB measure-
ment table and registered using the TSAPWin soft-
ware (www.rinntech.com).

For dead wood, the degrees of decomposition
(five-point scale: 1 — undisturbed trunk, 5 - final de-
cay phase; the scale adjusted according to Spetich et
al. (2001), its volume and share in the total stand
volume were cxamined. The natural regeneration
was measured in 2006 and in 2016 on individual
PRPs at 10 x 50 m transects that are representative
from the point of regenerarion. The following charac-
teristics were measured for the natural regeneration:
the position, the height, the height of live crown base
and the width of the crown with height gauge rod (1
€m accuracy).

Data processing

Horizontal and vertical structure and species di-
versity of the tree layer, dead wood and natural re-
generation of each PRP were evaluated. The basic
stand characteristics of the tree layer were evaluated
using the simulator SIBYLA Triquetra 10 (Fabrika &
Pretzsch, TUZVO). The PointPro 2.1 (Zahradnik &
Pus, CULS) program was used to calculate the char-
acteristics of the horizontal layout of the individuals
on the plot. The test of the significance of deviations
from the values expected for the random arrangement
of the points was made using Monte Carlo simula-
tions. For the evaluation of biodiversity, the follow-
ing indices were computed: index of non-random-
ness (Mountford, 1961), aggregation index (Clark &
Evans, 1954), index of cluster size (David & Moore,
1954), indexes of diameter and height differentiation
(Fiildner, 1995), species richness index (Margalef,
1958), species heterogeneity index (Shanon, 1948),
species evenness index (Pielou, 1959), Arten-profile

index and total stand diversity index (Jachne &
Dohrenbusch, 1997) (Table 1). Further, the stand
density index (SDI), the crown closure (CC) and
crown projection area (CPA) were calculated.

The annual growth ring width series were indi-
vidually cross-dated (error correction associated with
the absence of missing rings) using statistical tests
in the PAST application (Knibbe, 2007) and subse-
quently subjected to visual inspection according to
Yamaguchi (Yamaguchi, 1991). If a missing tree ring
was found, a tree ring with a width of 0.01 mm was
inserted in its place. The individual curves from the
PRP were further de-trended in a standard way and
the average annual series was creared in the AR-
STAN program (Laboratory of Tree-Ring Research).
The 30-year spline was applied (Grissino-Mayer at
al., 1992). Negative significant pointer years were
analyzed according to Schweingruber (Schweingru-
ber et al., 1990). For each tree, a significant year was
identified as an extremely narrow tree ring, which did
not reach 40% of the average tree ring widths from
the previous 4 years. The occurrence of the negative
year was proven if the strong reduction in growth
occurred in at least 20% of the trees in the area. The
average ring series of PRPs were correlated with the
climatic data (precipitation, temperature) according
to individual years from the Doksy station (1948-
2016; 284 ma.s.l.), and the air pollution data (80, in
1988-2015, NO, and AOT40F — ozone exposure in
1992-2015) from Radimovice station (378 m a.s.l.).
DendroClim software (Biondi & Waikul, 2004) was
used to model the diameter increment depending on
climatic characteristics.

In order to analyze the effect of overall meteoro-
logical conditions on the growth, Sielianinov hydro-
thermal coefficient (K) was used (Radzka & Rymuza,
2015). To determine the combined effect of average
annual temperature and an annual sum of precipi-
tation on diameter increment of pine, correlation
quadratic model was used.

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

Criterion Quantifiers Label Reference Evaluation
Horizontal Index of o (P&Mi) Mountford (1961) mean value ¢ = |; aggregation « > |; regularity ¢ < |
structure non-randomness
Aggregation R (C&Ei)  Clark and Evans (1954} mean value R = 1; aggregation R < |; regularity R > |
index
Index of cluster ~ CSI (D&Mi) David and Moore (1954) mean value CSi = 0; aggregation CSI > 0; regularity
size csl< 1
Vertical Arten-profile A (Pri) Pretzsch (2006) range 0-1; balanced vertical structure A < 0.3; selection
diversity index forest A > 0.9
Structure Diameter dif. ™, (Fi) Fiildner (1995) range 0-1; low T™M = 0.3; very high differendation
differentiation Heighr dif. ™, (Fi) ™ = 0.7
Species Richness D (Mai) Margalef (1958) minimum D = 0, higher D = higher values
diversity Heterogeneity H’ (Shi) Shannon (1948) minimum H' = 0, higher H" = higher values
Evenness E (Pit) Pielou (1975) range 0-1; minimum E = 0, maximum E = |
Complex Stand diversity B (J&Di)  Jachne and Dohrenbusch monotonous structure B < 4; uncven structure B = 6-8;
diversity (1997) very diverse structure B > @
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Table 2. Basic stand characteristics of pine forest on individual permanent research plots 1-6 in 2006 and 2016

Age dbh h v N BA v HDR MAI CC CPA  sDI
fhe e g cm m m* treesha’  m‘ha' m'ha! m' ha 'y % ha

1 2006 195 211 111 0.230 624 21.8 143 52.6 0.73 770 147 048
2016 201 229 119 0281 624 258 176 52.0 0.88 78.1 152 055

2 2006 201 19.6 105  0.205 720 21.6 148 53.6 0.74 785 1.54 049
2016 206 214 11.2 0.252 724 26.0 183 52.3 0.89 80.2 1.62 057

3 2006 183 19.4 124 0221 560 16.5 124 63.9 0.67 723 129 036
2016 187 213 133 0.274 560 19.9 153 62.4 0.82 742 135 042

4 2006 172 220 127 0.295 316 120 93 57.7 0.54 578 086 025
2016 178  23.7 135 0352 324 14.2 114 57.0 0.64 579 0386 029

5 2006 154 17.3 85 0.134 572 13.4 76 49.1 049 66.8 1.10 031
2016 159 18.8 93  0.165 608 16.9 100 49.5 0.64 713 125 038

6 2006 163 13.7 7.9 0074 836 12.2 62 57.7 0.38 683 1.15 0.32
2016 165 14.7 84  0.088 996 17.0 88 57.1 0.53 741 135 043

Notes: age - weighted arithmetic mean of ages of the trees forming the particular stand component, dbh — mean quadratic breast height
diameter, h — mean height, v — average tree volume, N —number of trees per hectare, BA — basal area, V - stand volume, HDR - slen-
derness ratio, MAT — mean annual increment, CC — canopy closure, CPA — crown projection area, SDI - stand density index.

In order to determine the response of the stand
health status to site conditions, the climatic data (the
sum of precipitation and mean temperatures in the
current and previous year), air pollution factors (SO,
concentrations, NO, concentration, AOT40F) and
radial growth were tested for correlations in the soft-
ware Statistica 12 (StatSoft). Unconstrained princi-
pal component analysis (PCA) in Canoco 5 program
(Smilaver & Leps, 2014) was used to analyze the
relationships among climatic data, SO, concentra-
tions, NO, concentration, ozone cxposurc and the
ring width. The data were log-transformed, centered
and standardized before the analysis. The results of
the PCA analysis were visualized in the form of an
ordination diagram.
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Results

Tree Layer Structure and Production

In 2006, the stand density ranged from 316 to 836
trees ha ! (for pine it was 224-756 trees ha ') witha
stand density index (SDT) of 0.25-0.49 (Table 2). The
stand volume was 62-148 m* ha~', of which 61-147
m?* ha™' were pines, 8-9 m® ha™' were spruces (PRP
3-5 only) and the rest was formed by silver birch
(Betula pendula Roth). The highest stand volume was
found on PRP 2, where it reached 148 m* ha™! and
the lowest on PRP 6, 62 m* ha~'. The highest stand
volume of pine was alse found on PRP 2 (147 m*
ha!) and the lowest on PRP 6 (61 m® ha!). The
stand basal area ranged from 12.0-21.8 m* ha ! (pine

2016
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Fig. 2. Histograms of diameter structure of the tree layer on permanent research plots 1-6 Kostelecké bory in 2006 and

2016
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9.1-21.4 m? ha™’) and the mecan annual increment
was 0.4-0.7 m*ha !y ! (pine 0.4-0.7 m* ha * y *).

In 2016, number of live trees ranged from 324 to
996 trees ha ! (pine 224-884 trees ha ‘) with SDI
of 0.29-0.57 (Table 2). The stand volume was 88-
183 m* ha !, of which 84-182 m?ha™' were pines,
12-14 m?* ha ’ spruces (PRP only 3-5), and the rest
was formed by birch. The highest stand volume
was found on PRP 2 with 183 m’ ha™' (pine 182 m*
ha™') and the lowest on PRP 6 with 88 m* ha~' (84
m?® ha™!'). The stand basal arca ranged from 14.2 to
26.0 m? ha~! (pine 10.5-25.7 m? ha™') and the mean
annual increment was 0.5-0.9 m* ha™* y! (the pine
is 0.4-0.9 m* ha ? y *). In 2016, the canopy classi-
fication ranged from 0.58 to 0.80 in crown closure
and from 0.86 to 1.62 in crown area. Comparing year
2006 and 2016, the highest increase was observed in
stand volume (+26.0%) and in basal area (+22.9%),
while it was the lowest in crown closure (+3.6%),
followed by number of trees (+5.7%).

The highest pine trees reached a height of 20-23
m. The highest individuals of admixed spruce on
PRPs 3 and 4 reached 20-22 m, but spruce mostly
occurred in the middle storey. The birch was predom-
inantly in the middle storey with the highest individ-
uals between 13-15 m. Tn the course of 10 years, the
average height increase of pine and spruce was up to
1.0 m, in case of birch, it was 1.2-1.8 m. In terms of
the diameter structure, the diameter class of 4-8 cm
prevailed in 2006, only on the PRP 3 prevailed the di-
ameter class of 8-12 cm (Fig. 2). The average DBH of
the trees at the PRP was 21.3-23.7 am, in case of pine,
it was 21.6-24.41 cm and the spruce 14.4-17.9 cm.

Tree Layer Biodiversity

In 2016, the vertical structure according to A in-
dex was moderately diverse (index values 0.55-0.62)

on PRPs 1-5 and highly varicd on PRP 6 (0.72; Table
3). Diameter differentiation TM, was predominantly
medium (0.29-0.35) and height differentiation ™™,
was low on PRPs 1-4 and 6 (0.22-0.29), only on PRP
5 it was medium (0.33). [n terms of species diversi-
ty according to H’ entropy, the species heterogeneity
was very low on PRPs 1 and 2 (0.03-0.08), low on
PRPs 3, 5 and 6 (0.11-0.23) and PRP 4 had medium
biodiversity (0.37). On the basis of species evenness
E, PRPs 1 and 2 had low diversity (0.10-0.27), PRPs
3, 5and 6 had medium diversity (0.35-0.47) and PRP
4 was of high biodiversity (0.61). The total complex
diversity B indicated uneven stand structure (6.34-
7.10), only PRP 6 has even stand structure (5.9). The
biodiversity of the tree layer changed between 2006
and 2016. Generally, biodiversity increased during
the time on PRPs (+2.8%), especially in species het-
crogeneity H' (+5.1%) and height differentiation
TM, (+3.3%). In total diversity B, as the only one,
increase was monitored on all PRPs (+1.2%).

The horizontal structure of the tree layer in 2006
and 2016, according to valuated o, R and CST indices,
is predominantly random on PRPs (Table 3, Fig. 3).
An exception is PRP 2 and 6 with the highest stand
density, where the distribution of trees was aggregar-
ed. During stand dynamics, the horizontal structure
of the tree layer changed only slightly with no ap-
parent trend to clustering or more regular horizontal
structure (Table 3).

Interactions of Radial Growth, Climate
Factors and Air Pollution

The average tree ring width in the years 1800~
2016 on PRP 1 was 0.65 mm (+ 0.5 SD), PRP 2 0.77
mm (£ 0.3 SD), PRP 3 0.68 mm (x 0.4 SD), PRP
4 values 0.77 mm (2 0.3 SD), PRP 5 values of 0.96

Table 3. Bicdiversity indices of pine forest stands on permanent research plots 1-6 in 2006 and 2016

PRP Year A ™, T™, H’ E o R* csr® B
1 2006 0.556 P 0.291 5 0.243 P 0.078 > 0.253 a 0.943 1.063 0.058 6273 .

2016 0.573 0.297 0.255 0.081 0.269 0.970 1.040 0.053 6.366
2 2006  0.566 % 0.321 % 0.288 % 0.026 5 0.091 5 1.343% % 0.933* = 0.3724 X, 6.461 P

2016 0.551] 0315 0.278 0.029 0.096 1:3324 09414 0.3584 6.483

3 2006 0.557 0.378 0.293 0.229 0.457 1.337 0.982 0.229 6.382
7 A % N A N 2 N 7

2016  0.583 0.351 0.287 0.212 0.444 1.303 0.998 0.212 6.500

4 2006 0.605 0.337 0.261 0.342 0.601 1.123 1.014 0.056 7.063
7 7 7 Fai o N d 2 2

2016  0.624 0.351 0.287 0.365 0.606 1.102 1.030 0.065 7.104

5 2006 0613 0.347 0318 0.203 0.452 1.243 0.938 0.216 6.841
_ 2 P 2 72 7 2 7l . N 2

2016 0.631 0.373 0.333 0.225 0.472 1.267 0.980 0.206 6.964
6 2006 0.703 o 0.264 % 0.203 » 0.101 ; 0.338 2.5024 o 0.853% o 1.7994 - 5.798 r

2016 0.720 0.286 0.215 0.106 0.352 2.538% 0.886% 1.860" 5.853

Notes: A (Pri) — Arten-profile index, TM, (Fi) - diameter differentiation, TM, (Fi) - height differentiation, H" (Shi) — species heteroge-
neity, E (Pii) — species evenness, o (P&Mi) - index of non-randomness, R (C&Ei) - aggregation index, CSI (D&Mi) - index of cluster

size, B (J&DI) - total stand diversity.

*statistically significant for horizontal structure (* — aggregation, * - regularity); changes: N — decrease, 7 - increase.
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Fig. 3. Horizontal structure of natural pine stands on permanent research plots 1-6 in Kostelecké bory in 2016
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mm (+ 0.3 SD), and PRP 6 valucs of 0.72 mm (=+ 0.4
SD). Comparison of the average ring-width curves
for individual PRPs showed their high reliability of
synchronization. From the regional standardized
dendrochronology, there is obvious a relatively heter-
ogenous radial growth in the years 1800-2016 (Fig.
4). The age of the upper layer pine trees was between
237-264 years. The years 1976 were analysed as neg-
ative pointer years for low radial growth of pine (Jan-
uary-July precipitation amount 161 mm, mean 340
mm in 1948-2016).

Correlations of diameter increment with the av-
erage monthly temperatures and precipitation in
1948-2016 indicated some staristically significant
values from software Dendroclim (Fig. 5). There
were significant negative correlations of diameter in-
crement with temperature in September of the pre-
vious year (r = —0.29) and in January of the current
year (r = —0.23). Conversely, precipitation amount
had a predominantly significant positive effect on ra-
dial growth, especially in June and July of the previ-
ous year (r = 0.22 and 0.27) and from May to July of
the current year (r = 0.22-0.34). The negative effect

of the precipitation was obscrved only in November
of the previous year (r = —0.22, Fig. 5).

The main factor influencing the diameter in-
crement of pine in the study area was identified as
the precipitation (Fig. 6). Diameter increment only
slightly increased with increasing annual mean tem-
perature, while the considerable increase of growth
was observed with increasing annual sum of precip-
itation. According to hydrothermal index K, climate
(combination of temperature and precipitation) had
significant positive impact on radial growth in July of
the current year (r = 0.37, P < 0.01) and June of the
current and previous year (r = 0.24-29, P < 0.05).

In addition to climatic factors, air pollurion had
significant effect on radial growth. Diameter incre-
ment was significantly negatively correlated with SO,
concentrations (1988-2015), especially in growing
season (r = —0.56, P < 0.001). In terms of month
SO, concentrations, there was no significant corre-
lation of radial growth with December, January, and
February (P > 0.05), while significant negative cor-
relation was observed in all other months with the
highest negative effect in July (r = —0.58, P < 0.001).
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Fig. 4. Standardized average ring width chronology for pine after age detrending in period 1800-2016
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Fig. 6. Response of ring width index of pine to the annu-
al sum of precipitation and annual mean temperature
(correlation quadratic model, years 1948-2016)

Similarly radial growth was negatively correlated
with ozone exposure (1992-2015), especially in
April (r = —0.56, P < 0.01) and May (r = —0.51,
P < 0.01). On the contrary significant NO, effect
(P > 0.05) on radial growth was not detected. Di-
ameter increment was also significantly (P < 0.01)
positively correlated with the sum of precipitation in
the current and previous growing season and with
the sum of precipitation from May to August of both
years (1948-2016). No significant cffect (P > 0.05)
of temperature on diameter increment was observed
in any time period (Table 4).

Results of the PCA are presented in an ordination
diagram in Fig. 7. The first ordination axis explains
23.7% of the variability in the data, the first two axes
together 43.4% and the first four axes together 69.9%.
The first axis x represents annual ring width, the sum
of precipitation in growing season of the previous
year with ozone exposure. The second axis y repre-
sents NO, concentrations with mostly temperature
indicators. Radial growth was positively correlated
with precipitation in growing scason and from May to

2
P

PrecActV-Vill

TempActVeg
3 TempAnnMean

1.0 ) 1.0

Fig. 7. Ordinarion diagram showing the results of principal
component analysis of the relationships among climatic
data (Temp — mean emperature, Prec — sum of precipita-
tion, Act — current year, Last — last year, Veg — vegetation
season, NonVeg - non-vcgemrion season, Sunt — summa-
ry; 111, V=VIIT months), air pollutants (S0,Ann — mean
annual SO, concentrations, SO,Veg — mean SO, con-
centrations in vegetation season, SO,Max — maximal
annual SO, concentrations; NO,— NO, concentrations,
AOT40F - ozone exposure) and ring width (AnnRing —
annual ring width); codes e indicate years 1992-2015

August of the previous and current year, while these
parameters were negatively correlated with SO, con-
centrations and ozone exposure. NO, concentrations
had low effect on radial growth. With respect to time,
radial growth during the first third of the investigar-
ed period (the 1990s) was related more to strong air
pollution (SO, concentrations and ozone exposure),
whereas during the second part of the investigated
period (2000s, 2010s) it was related more to climatic
factors. The lowest contribution of interacrions was
observed in NO, concentrations in growing scason.

Table 4. Correlations between the radial growth increment of pine with climatic data (1948-2016) and air pollution
factors (SO, 1988-2015; AOT40F, NO, 1992-2015); significant correlations are in bold (P < 0.05) and undetlined

(P <0.01)
SO, SO, SO, NO, NO, NO, AOT40F AOT40F AOT40F Temp Temp Temp
Veg Ann Max Veg Ann Max Veg Ann Max ActAnn ActVeg LastVeg
Increment -0.56 =053 =048 -0.10 =004 =011 =-042 =0.51 -0.45 0.05 0.03 =007
Temp Temp Temp  Temp Prec Prec Prec Prec Prec Prec Prec
ActV-VIIT  LastV-VIII Actl-Ill Nonveg ActSum ActVeg LastVeg ActV-VIIT LastV-VIII Actl-Ill  Nonveg
Increment 0.07 —0.02 0.02 0.04 0.19 0.33 041 0.40 0.42 0.01 0.01

Notes: SO,Veg - mean SO, concentrations in vegeration season, SO Ann — mean annual SO, concentrations, SO, Max — maximal annual
SO, concentrations, NO, - NO, concentrations, AOT40F ~ ozone exposure, TempActAnn — mean annual temperature, TempActVeg —
mean temperature in the current vegetation season, TemplLastVeg — mean temperature in the previous vegetation season, TempActV—-
VIII — mean temperature in May-August of the given year, TempLastV-VIII — mean temperature in May-August of the previous year,
TempActl-1ll — mean temperature in January-March of the given year, TempNonveg — mean temperature in the non-vegetation season
(from October of the previous year to March of the given year); Prec — sum of precipitation.

137



Stand dynamics in natural Scots pine forests as a model for adaptation management?

33

The dynamics of paramcters in the course of 24 years
was remarkable especially for the period from 1992
to 1998 as marks of each record are relatively distant
from one another whereas marks after the year 1998
were relatively closer together in the diagram.

Structure and Dynamics of Dead wood

The volume of dead wood ranged in 2016 between
15.8-39.3 m* ha™' (Table 5). Dead wood volume ac-
counts for 8.0-25.6% of the total wood volume (live
and dead trees). The percentage of lying dead wood
ranged between 22.0-58.2% (41.9% on average) of
the total dead wood volume. Overall, the share of
standing dead wood prevailed (58.2%). Dead wood
consisted of pine (93.4%), spruce (4.7%) and birch
(1.9%). Of the lying dead wood, there were 56.3% in
the 4 stage of decay, 25.4% in the 3™ stage, 11.7%
in the stage 5, 5.7% in stage 2 and 0.9% in stage 1
(Table 5).

The proportion of standing dead wood ranged from
41.8-78.0% of the total dead wood volume. Standing
dead wood was mainly pine (96.5%) and the rest was
spruce. The most volume of dead wood was in the 22

degree of decomposition (61.8%), in the 3™ degrece
it was 26.0%, in the 1% degree 11.6% and in the 4%
degree 0.6%. The horizontal structure of the standing
and lying dead wood was random on all PRPs.

The total volume of dead wood in 2006 was sig-
nificantly lower in comparison with 2016 (7.2-21.4
m? ha; Table 5). During 10 years, volume of dead
wood increased by 127.2%. Dead wood accounted for
3.9-13.2% of the total wood volume (live and dead
trees). The share of lying dead wood prevailed slight-
ly (53.7%), while standing dcad wood prevailed in
2016 (58.4%). Morcover in 2006, dead wood of birch
was not found. Nearly no changes occurred in the
proportion of dead wood in the individual stages of
decomposition.

Structure, Dynamics and Game Damage
of Natural Regeneration

The number of individuals of natural regener-
ation ranged from 1,700 (PRP 5) to 10,250 (PRP
2) recruits ha=! in 2006 (Table 6). In the course of
10 years, the PRPs 2-6 had seen an increase in the

Table 5. The volume of standing, lying and total dead wood differentiated by the degrees of decomposition on permanent

research plots 1-6 in 2006 and 2016

Degrees of decomposition of dead wood (m?® ha™?)

PRP Year Standing dead wood Lying dead wood Tortal
1. 2: 3. 4. Total 1. 2: 3 4. 5. Total

1 2006 2.4 5:2 2.3 0.0 9.9 0.0 0.3 1.0 0.0 0.0 1.3 11.2
2016 31 12.3 6.2 0.0 21.6 0.0 0.1 1.4 4.2 0.4 6.1 277

2 2006 0.5 23 < 1) 0.1 6.4 0.0 04 0.4 0.0 0.0 0.8 7.2
2016 1.7 1.8 8.0 0.0 11.5 0.4 0.1 0.8 3.0 0.0 4.3 15.8

3 2006 0.2 2.8 22 0.1 53 0.0 2.1 1.4 0.7 0.0 4.2 9.5
2016 1.2 4.9 4.7 0.6 11.4 0.0 04 4.8 6.7 1.4 133 24.7

4 2006 6.3 9.0 0.0 0.0 153 0.1 14 3.7 0.9 0.0 6.1 214
2016 0.6 23.2 1.1 0.0 24.9 0.2 0.0 4.4 7.0 2.8 14.4 39.3

5 2006 24 2.9 0.0 0.0 53 0.7 3.1 1.3 0.0 0.0 5.1 10.4
2016 4.4 9.2 0.0 0.0 13.6 0.0 33 3.5 5.7 20 14.5 28.1

6 2006 0.5 6.2 14 0.1 8.2 0.2 0.5 238 06 00 4.1 123
2016 0.0 7.1 4.6 0.0 11.7 0.0 0.0 2.6 12.2 1.5 16.3 28.0

Table 6. Number and share of natural regeneration and mean recruit height differentiated by tree species in 2006 and 2016

Density Mean height

PRP  Year Pinus Picea Betula Fagus Total  Pimus  Picea Betula Fagus Mean
pecs ha ! % pcsha! % pesha! % pesha! % pesha'  cm cm cm cm cm

1 2006 8,250 94.2 250 2.9 250 2.9 - 00 8,750 137 14 6 - 129
2016 7,750  100.0 - 0.0 - 0.0 - 00 7,750 280 - - - 280

2 2006 9750 95.2 250 24 250 2.4 - 0.0 10,250 89 12 7 - 85
2016 11,500 97.9 250 21 - 0.0 - 00 11,750 255 57 - - 250

3 2006 7,000 70.0 250 25 2250 225 500 5.0 10,000 92 16 61 29 30
2016 9,750 56.5 500 2.9 6500 37.7 500 2.9 17,250 147 53 122 82 132

4 2006 6,500 72.2 - 00 2500 278 - 0.0 9,000 94 - 70 - 87
2016 9,500 66.7 - 00 4750 333 - 0.0 14,250 153 - 142 - 149

5 2006 1,400 82.4 100 59 200 117 - 0.0 1,700 70 13 12 - 60
2016 3,900 100.0 - 0.0 - 0.0 - 0.0 3,900 95 - - - 95

6 2006 1,300 72.2 100 56 300 166 100 56 1,800 73 10 25 132 65
2016 2,800 93.3 = 0.0 100 3.3 100 33 3,000 109 - 105 240 113
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Fig. 8. The average height structure of natural regeneration on permanent research plots differentiated by tree species in

2006 and 2016

number of regeneration individuals, with only PRP 1
slightly decreasing. There occurred a significant shift
towards the maturity of natural regeneration on all
the PRPs (Fig. 8). In 2016, the number of natural
regeneration ranged from 3,000 (PRP 6) to 17,250
(PRP 3) recruits ha ! (Table 6). On average, pine
represented 78.1%, spruce 1.3%, birch 19.6%, and
European beech (Fagus sylvatica 1..) 1.0% of all regen-
eration individuals. The average height of the pine
regeneration was 95-280 cm, of spruce 53-57 cm, of
birch 105-142 ¢cm and of beech 82-240 cm (Table 6).
In 2016, the share of individuals with the termi-
nal shoot damaged by browsing was low (pine 1.6%,
spruce 8.7%, birch 0.2%), only in case of beech it
was high (36.2%). The most affected were individ-
uals with a height of 20-80 cm. Compared to 2018,
the damage was significantly higher in 2006 (pine
12.2%, spruce 19.4%, birch 2.3%, beech 92.5%).
The species richness D was medium on PRP 3 and
low on remaining PRPs. The species heterogeneity

according to the H” entropy index was low on PRPs
1, 2 and 5 and medium to high on PRPs 3, 4 and
6. The species evenness of regeneration according to
the index E was low on PRPs 1, 2 and 5, medium to
high on PRPs 3 and 6 low and very high on PRP 4.
On PRPs 2 and 4, the situation was similar in 2016
and 2006. The decrease in biodiversity in the moni-
tored years was observed on PRPs 1, 5 and 6, but it
increased significantly only on PRPs 3.

The spatial pattern of the regeneration was sig-
nificantly aggregated on PRPs except PRP 2 and 4 ac-
cording to monitored indices in 2016 (Table 7). The
clustering of the regeneration individuals according
to their distance (spacing) arises also from the Ripley
L-function (Fig. 9). The distinctly clustered natural
regeneration pattern was on PRPs 5 and 6, slightly
clustered on PRP 3. On PRP 4, the horizontal struc-
ture of the regeneration was between the clustered
and random spacing. On PRPs 1 and 2, a clustered
regeneration was to the distance of 0.5 m and then

Table 7. Biodiversity indices of natural regeneration on permanent rescarch plots 1-6 in 2006 and 2016

PRP Year D H’ E a* R* csI*
1 2006  0.220 5 0.157 N 0.143 % 1.709 0.898* 5 0.565% <
2016 0.000 0.000 0.000 1.532 0.912 0.330
2 2006 0217 2 0.138 % 0.126 5 2.348% = 0.822* P 0.306 %
2016 0.107 0.103 0.149 1.668 0.868" 0.253
3 2006 0312 3 0.342 3 0.247 e 3.307* % 0.748" i 0.5094 5
2016  0.326 0.896 0.646 2.4014 0.780% 0.406*
4 2006  0.110 0.591 0.852 2.703% 0.911 0.409*
N Vo 7 Ve 7 N
2016  0.109 0.637 0.918 2.9074 0.933 0.285
5 2006  0.269 % 0327 N 0.297 N 4.056% N 0.872* 2 0.961* \
2016  0.000 0.000 0.000 3.538* 0.871* 0.818*
6 2006 0.271 < 0429 g 0.390 < 2.664* g 0.624% % 0.844% »
2016  0.250 0.291 0.265 1.762 0.599* 0.9914

Notes: D (Mai) — species richness, H' (Shi) — species heterogeneity, E (Pii) — species evenness, « (P&Mi) - index of non-randomness, R

(C&Ei) —aggregation index, CSI (D&Mi) — index of cluster size

*statistically significant for horizontal structure (* — aggregation, * - regularity); changes: N — decrease, 7 - increase.
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Fig. 9. The sparial pattern of natural regencration on permanent rescarch plots 1-6 expressed by L-function in 2016; the
black line represents the L-function for real distances of recruits; the bold grey line represents the mean course for
random spatial distribution and the two thinner central curves represent 95% interval of reliability; when the black
line of recruits distribution on the plots is under (below) this interval, it indicates a tendency of recruits toward ag-

gregation (regular) distribution

the distribution was random. In 2006 on the PRPs
1-6, there was found clustered distribution of nat-
ural regeneration. During the monitored period, on
PRPs horizontal structure was more aggregated in
2006 compared to 2016, only on PRP 4 distribution
of recruits was more regular.
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Discussion

As part of the ongoing climaric changes (Knoke
et al., 2008; Bosela et al., 2016; Dyderski et al.,
2018), and in the context of often borderline habi-
tat conditions for the forest existence, natural pine
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ccosystems are rightfully receiving more and more
attention (Popa et al., 2017; Wang et al., 2017). The
structure and growth of pine stands in the Czech Re-
public were dealt with by Bilek et al. (2016); Vacek et
al. (2016) or Sharma et al. (2017). The dynamics of
relict pine stands in relation to environmental condi-
tions were dealt with in the Czech Republic by Bilek
etal. (2016) and Vacek et al. (2017).

The main characteristics of spontancous devel-
opment of natural pine stands in given conditions
arc high age of individual trees in the upper story,
extraordinary regeneration capacity with predomi-
nantly clustered spatial distribution of seedlings and
saplings, and a significant increase of dead wood dur-
ing the monitoring period. The summary stand char-
acteristics on PRPs such as tree density, basal area
and growing stock have mostly increased over the
monitored period and can be regarded as balanced.
Generally, we assume that these structural attributes
contribute to higher naturalness, heterogeneity and
ccological stability of the studied stands, and thus
can be considered as a possible mitigation measure
to ongoing global climate change. Nevertheless, in
the case of the studied areas, and also in compari-
son with other authors, the variability of the results
is generally high. This is due to the interaction of
numerous factors such as the growth characteristics
of each species, climatic and edaphic habitat condi-
tions, the structure of the stands and the previous
management (Forrester, 2014; Bauhus et al., 2017).

According to Forrester et al. (2017), for example,
mixed and unmixed stands can vary considerably in
the productivity, function, and stability, the extent
and direction of these differences being very hetero-
geneous. [n the context of higher structural diversity,
correlation with the production of above-ground bio-
mass has been confirmed for the pine stands (Balvan-
era et al., 2006; Szwagrzyk & Gazda, 2007; Ercanli
& Kahriman, 2015). The diameter structure on indi-
vidual plots remained almost unchanged during the
period under review and is markedly left-tailed with
the Liocourt curve character. This arrangement is
usually the result of the opening of the canopy cover
when a relatively rapid onset of natural regeneration
takes place (Franklin et al., 2002; Zeibig et al., 2005).
The diameter structure in the shape of the Liocourt
curve is also referred to as typical for the close to
nature stands of other tree species (Krdl et al., 2010;
Sagheb-Talebi et al., 2015). A similar left-tailed dis-
wribution as on our plots reported Szmyt and Tara-
siuk (2018) from the pine forests in Poland. Their
work shows clearly the increase in the thickness of
the individuals on the research plots during the 14-
year period, which correlates with the decrease of
their number.

For the natural regeneration and the tree layer,
there is a predominant random to cluster spatial
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distribution, while the horizontal structurc has
changed only slightly with no prevailing trend. A
cluster distribution is typical for arcas with more ex-
treme habitat conditions (Serd et al., 2000; Bulugek
etal., 2016) and also results from the establishment
and growth of natural regeneration in gaps of the
parent stand (Bolte et al., 2014). This is the pref-
erence of a micro-site with better light conditions.
On the contrary, the mortality of individuals in the
casc of increasing stand density (Getzin ct al., 2006;
Das et al., 2011), or in the absence of openings in
the stand (Haasc ct al., 1996; Uria-Dicz & Pom-
merening, 2017) contributes to the regularity of the
spatial distribution. In connection with this, Szmyrt
& Tarasiuk (2017) confirm the change in the stand
structure during the stand development from ran-
dom to regular. In the pine stands, a cluster arrange-
ment (Brown et al., 2015; Tuten et al., 2015) and
regular arrangement (Li et al., 2012) were confirmed
according to various authors.

The tree ring analyses show that the age of the
upper layer of the studied stands was in case of pine
between 237-264 years. Precipitation had signif-
icantly higher effect on radial growth compared to
temperature. Especially precipitation in June and July
of the previous year and in May-July of the current
year influenced radial growth positively. Similarly,
the precipitation in May, June and July significantly
positively influenced the radial growth of Scots pine
trees in the Kuyavian-Pomerania region in Poland,
while there was positive effect of the mean monthly
temperature for February and March of the current
year (Koprowski et al., 2012). Also study from Lat-
via showed, that the air temperature from the sec-
ond half of January to the first half of April of the
same year has significant effect on radial growth of
pine (Zunde et al., 2008). Tn the relict pine stands in
the national nature reserve (NNR) Adrépach-Teplice
Rocks in the Czech Republic, the statistically impor-
tant correlations of radial growth with the tempera-
ture in December of the previous year and in March
and August of the current year were recorded. Sim-
ilarly, significant positive correlations were found
with the precipitation amount in July of the previ-
ous year and in June of the current year (Vacek et al.,
2017). In natural lowlands in eastern Bohemia, radial
growth was positively correlated with the tempera-
ture in March of the current year and precipitation
in November and December of the previous year and
February, March and April of the current year (Vacek
et al., 2016). Also, other studics from the Mediter-
rancan arca (Augustaitis ct al.,, 2007; Oberhuber et
al., 2007; Bogino et al., 2009) suggest that droughr is
a decisive factor for the radial growth of Scots pine.
Similarly, in the northeastern lowlands of Branden-
burg (Germany), a sufficient amount of precipita-
tion in the autumn of the previous year and summer
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precipitation of the current year are very important
for foliage formarion and radial growth. According to
the work of Insinna et al. (2007), the temperature
has less influence on growth processes than precipi-
tation. From the regional standardized ring chronol-
ogy, there is a relatively unstable radial growth be-
tween 1800-2017. Years with a low radial increase
were in 1922, 1976, and 1998. Especially negative
pointer year 1976 was the driest year since 1959 (an-
nual precipitation 492 mm, long-term average 620
mm), the monthly rainfall in June rcached only 22
mm (average 69 mm) with high temperatures in the
growing season (1.2 °C above the long-term aver-
age). Similarly, in 1998, when the very beginning of
the growing season was marked by very high temper-
atures and minimal precipitation (April temperature
+2.1 °C and rainfall only 41% of the average).

In accordance with other studies (Vacek et al.,
2017; Wilczyniski, 2006), radial growth was nega-
tively correlated with SO, concentrations and ozone
exposure. NO, concentrations had low effect on ra-
dial growth, while in other studies from natural pine
stands in the Czech Republic mean NO_ concentra-
tions affected the radial growth positively (Vacek et
al., 2016). On the other hand, high concentrations
of NO, and SO, in combination with severe climate
events can lead to serious defoliation (Vacek et al.,
2016) with further degradation of the forest stands.

Dead wood as an important component of natu-
ral forest ecosystems (Odor et al., 2006; Jakoby et
al., 2010) occurred in the studied locality in 2016 in
the range of 15.8-39.3 m* ha~'. During the research
period, the volume of dead wood increased signifi-
cantly (by 127.2%) compared to 2006 (7.2-21.4 m’
ha ). Within natural forest dynamics steep increase
of dead wood volumes is mainly related to the deg-
radation phase of the tree layer. Some authors also
refer to spatial relationships and mutual competition
of trees as important factors in relation to mortality
(LeMay et al., 2009; Larson ct al., 2015). Significant-
ly higher volume of dead wood in pine primary for-
ests in North America in the range of 37.2-124.1 m°
ha!are reported by Silver et al. (2013). Uotila et al.
(2001) report in the pine primary forests in Finland
and Russian Karelia 66.7 m? ha '. On the contrary,
similar results are presented from the relict pine for-
ests of the NNR of the Adr3pach-Teplice Rocks by Va-
cek et al. (2017) with an average dead wood stock of
33.1 m* ha . The standing and lying dead wood ratio
on studied plots was consistent with the Karjalainen
& Kuuluvainen (2002), which presents a substan-
tially identical standing (39%) and lying dead wood
(61%) ratio.

Our results also show a significant regeneration
capacity of researched pine stands. This is very impor-
tant from the point of view of natural dynamics since
natural regeneration is an important component of
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natural forest ccosystems (Petritan ct al., 2007; Par-
dos et al., 2008; Dov¢iak & Brown, 2014). The num-
ber of natural regeneration individuals ranged from
3,000 to 17,250 recruits ha '. This density is sub-
stantially higher in comparison with another relict
pine forest in Czech Republic, (Vacek et al., 2017).
During the monitored period, a rather significant in-
crease (by 55.0%) in the number of natural regener-
ation was recorded, with the exception of onc PRP
but Martin-Alcén et al. (2015) presents the opposite
trend. The works by Sticha et al. (2010) and Prévosto
ct al. (2012) then present the competition of grass
vegetation as a possible negative impact on natural
regeneration. Other works present browsing as a
negative effect for natural regeneration, especially for
the attractive tree species (Ammer, 1996; Cermak et
al., 2009). Even though in 2006 the game was dam-
aging also other species, beech has to be judged as
the most attractive tree species for ungulates in the
studied locality.

Conclusion

During the monitored years 2006-2016, the
changes in the diversity of the relict pine stands were
generally low, while significant changes occurred in
the development of natural regeneration. Under a
reduced pressure of the ungulates, the development
of the stand goes to grearter spatial diversity and to
a larger proportion of admixed trees such as birch,
spruce, and beech. We conclude that natural stand
dynamics characterised by gap formation and fol-
lowing regeneration process had positive effect on
functional integrity of natural pine ecosystems. Un-
der similar conditions, active management of forest
stands should aim to achieve these attributes that
are specific to natural pine stands. If passive manage-
ment scenarios are preferred, control methods ana-
lysing the regeneration process and vitality of parent
trees are needed. With respect to observed changes
in the stand structure (success of natural regener-
ation and related increase in tree species diversity,
balanced growing stock and dead wood, vertical and
horizontal heterogeneity), spontaneous development
on the stand level and in given temporal frame can
be judged as suitable adaptation measure to ongoing
climate change.
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Souhrn:

Cilem niZe popsané studie bylo zjistit vliv smiSeni smrku ztepilého [Picea abies (L.) Karst.]
a borovice lesni (Pinus sylvestris L.) na produkei, strukturu, diverzitu a riist smiSenych porostt v niz§ich
polohach Ceské republiky. Cilem prace také bylo stanovit vliv klimatickych faktorti na radialni réist

téchto drevin.

Zajmovou lokalitou byl lesni Gisek Kloko&na (Lesy CR, s. p., LZ Konopiitg), jehoZ porosty jsou
V rezimu pfemény na vybérné hospodaistvi. Celkem 5 trvalych vyzkumnych ploch (25 m x 50 m) bylo
navrzeno tak, aby zastoupeni dievin na plose bylo nasledujici: (i) borovice 92,5-100 % (borovice 100
%), (i1) 75 = 7,5 % borovice a 25 = 7,5 % smrk (borovice 75 %), (iii) 50 £ 7,5 % borovice a 50 = 7,5 %
kete (borovice 50 %), (iv) 25 £ 7,5 % borovice a 75 + 7,5 % smrk (borovice 25 %) a (v) 92,5-100 %
smrk (smrk 100 %). S vyuzitim technologie Field-Map byla zaznamenavana poloha vSech jedinct

s DBH > 7 cm, u kterych byly dale zjiStovany jejich dendrometrické charakteristiky.

Vysledky studie prokazaly vy$si produkci porosti smiSenych, a to o 29,8 % ve srovnani
se smrkovymi a borovymi monokulturami. Smrk ztepily dosahoval vy$§iho radidlniho ristu,
nicméné¢ variabilita radialniho rdstu byla vyssi nez u borovice, jejiz letokruhy byly z hlediska tloustky
vice pravidelné. Teplota méla ve srovnani se srazkami vEtsi vliv na radialni rist obou dfevin, zejména
ve vegetacnim obdobi. Zjisténa data také potvrdila, Ze ve srovnani s nesmiSenymi porosty smrku

a borovice dosahovaly smiSené porosty vyrazné vyssi strukturni diferenciace a celkové diverzity.
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Abstract: Mixed forests play a key role in terms of stability, production potential, and adaptation to climate change.
In addition, the studied Norway spruce [Picea abies (1..) Karst.] and Scots pine (Pinus sylvestris 1..) belong Lo the most
economically important tree species in Europe. The objectives were Lo determine the effect of the species composition
of these two free genera on the production, structure, diversity, and growth of mixed stands at lower elevations in the
Czech Republic. Based on dendroecological samples, research was also carried out on the influence of climatic factors
and climate change on the radial growth of these trees of interest. Mixed forests showed higher timber production
by 29.8% compared to spruce and pine monocultures. The production of mature stands ranged from 328 to 479 m*ha".
Spruce achieved higher radial growth, but its growth variability was higher than that of pine. Compared to precipitation,
temperatures had a greater influence on the radial growth of both tree species, especially in the growing season. In terms
of diversity, mixed stands achieved significantly higher structural differentiation and overall diversity compared to mon-
ospecific variants. Mixed stands can achieve higher production potential, diversity, and especially resistance to climatic
extremes in the lowland regions of the Czech Republic. The differences between mixed stands and monocultures, i.e. the
eftect of tree species mixing, depend on the appropriate proportions of tree species and their spatial pattern.

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

Norway spruce [Picea abies (1..) Karst.] and Scots
pine (Pinus sylvestris L.) are Lthe most economically
important tree species in Europe (Eckenwalder 2009;
Krakau et al. 2013; O'Reilly-Wapstra et al. 2014; Se-
vik, Topacoglu 2015; Caudullo et al. 2016; Brichta
et al. 2023). From the point of view of their pros-
perity in the conditions of global climate change
(Vaccek ct al. 2016, 2023; Usoltsev ct al. 2022), their
origin (Taeger et al. 2013; LeStianska et al. 2023),
the habitat, and stand conditions are important
{Mikulenka et al. 2020; Gallo et al. 2021; Kovalevs-
kii et al. 2022). Due to their high production, Nor-

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

Drought is, therefore, a significant and frequent
predisposing factor for forest decline and distur-
bances (Hlasny etal. 2021; Knizek et al. 2021}). 'The re-
sistance of the forest to drought depends primarily
on the intensity of the drought but also on specific
functional properties (Greenwood et al. 2017) and
can also vary among individuals of the same species
(Gazol et al. 2017; Camarero et al. 2018). Compared
to Scots pine, Norway spruce is one of the most
drought-sensitive European trees (van der Maaten-
Theunissen et al. 2013; Hartl-Meier et al. 20145
Leuschner, Ellenberg 2017; Cermak et al. 2019), be-
cause it is a species demanding on rainwater or soil
moisture and has a shallow root system (Horgan
el al. 2003; Johnson, More 2006; OECD 2006; Far-
jon 2010). In contrast, Scols pine has a deep root sys-
tem and can obtain water from significantly greater
depths than Norway spruce (Praciak et al. 2013).
For these reasons, it is advisable to grow spruce and
pine in a two-story high forest (Poleno et al. 2009).

In connection with global climate change, the
distribution arcas of these tree species are also
changing. Both Norway spruce and Scols pine are
significantly retreating in the more southerly areas
of their ranges and at lower altitudes, and, on the
contrary, increasing their range at higher altitudes
and in their northern locations (Benito Garzén
et al. 2008; Reich, Oleksyn 2008; Matias, Jump 2012;
Hanewinkel 2013; Vacek et al. 2023). The man-
agement strategy of these stands is consequently
changing in an attempt to increase their adaptabil-
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ity to climate change (Vacek et al. 2022). In spruce
stands at lower elevalions, their transformation into
mixed stands corresponds in composition Lo stands
close to nature (Hanewinkel, Pretzsch 2000; Spiecker
et al. 2004; Teuffel et al. 2005; Soucek, Tesat 2008;
Poleno et al. 2009; Svec et al. 2015). In Scots pine
stands, existing clearings and clearings created dur-
ing stand regeneration are shrinking, and natural re-
generation methods are increasingly applied as part
of shelterwood methods of management (Biclak
et al. 2014; Spathelf et al. 2015; Bilek et al. 2016;
Drossler et al. 2018; Aleksandrowicz-1rzcinska
etal. 2017, 2018; Brichta et al. 2020). The shelterwood
method of natural regeneration is more favourable
concerning the nature of microhabitats during the
ongoing global climate change (Matfas, Jump 2012;
Alcksandrowicz-Trzcinska et al. 2014, 2017, 2018;
Vitamvas et al. 2019; Brichta et al. 2020). In Scots
pine stands in richer habitats, rebuilding is also oc-
curring, from both economic and ecological points
of view (Cizek et al. 1959; Soucek et al. 2018). Con-
siderable areas of these stands are potentially threat-
ened by widespread damage of both abiotic and
biotic nature, so it is imperative to look for suitable
management alternatives using methods of close-to-
nature silviculture (Pliva 2000; Prisa 2001). 'There-
fore, il is necessary Lo implement changes in the
species composition aimed at structuring mixed
stands with Scots pine, which will better fulfil all the
required functions of the forest (Andrzejezyk 20086;
Bielak et al. 2014). Mixed stands with varying de-
grees of structuring ensure higher stability and di-
versity (Bauhus et al. 2017; Vacek et al. 2021b).
The replacement of existing monocultures with
mixed stands fulfils the goals of the current forestry
policy (Poleno et al. 2009; Novak et al. 2017). In addi-
tion, mixed stands, in comparison to monocultures,
can achieve higher production potential and carbon
sequestration in the context of climate change miti-
gation (del Rio et al. 2016; Pretzsch, Schutze 2016;
Vacek et al. 2023). Modifying the species composi-
tion towards species mixtures with a higher potential
to mitigate the negative effect of climate changeis one
of the basic silvicultural measures (Fiirst et al. 2007;
Podrazsky, Remes 2010; Remes et al. 2020).

This research aims to cvaluate the degree of sta-
bility and the possibility of adaptability of stands
of Norway spruce and Scots pine in the lower ar-
eas of Central Bohemia. 'The specific objectives are
Lo determine (7) the production potential of mixed
spruce stands, (i) the structure and diversity of the
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studied stands, and (iii) the effect of precipitation,
temperature, and climate change on the radial
growth of Scots pine and Norway spruce.

MATERIAL AND METHODS

Study areaand natural conditions. The area ofin-
terest is managed by the Forests of the Czech Repub-
lic, a state enterprise (Lesy CR, 5.p.), and is part of the
Konopisté forest enterprise and the Ri¢any forest
district. 'Lhe forest block has a size of 3.2 km* (GPS:
49°58"29'N, 14°43'05'E). 'Lhe altitude of the studied
area ranged from 430 m a.s.l. to 480 m as.l. with
a characteristic lat reliel in the 3% and 4% forest
vegetation zone (Remes, Kozel 2006). From a typo-
logical point of view, these are mainly groups of for-
est types 3K — Querceto-Fagetum acidophilum and
AP — Querceto-Abietum variochumidum acidophi-
lum (Viewegh et al. 2003). The predominant soil
types are cambisol, pseudogley, and luvisol, with
long-term considerable soil acidification (Podrézsky
et al. 2005; Podrazsky, Reme§ 2007). The average
temperature of the area of interest is 7.5 °C, the total
annual precipitation is 600 mm, less than 400 mm
in the growing season, and the length of the growing
season is about 150 days (Svec et al. 2015). Accord-
ing to the Forest Management Plan, the age of the
upper tree layer of the investigated forest stands
is in the range of 87-117 years. The investigated ma-
ture stands are mixed and made up of two main tree
species — Norway spruce and Scots pine. Other ad-
mixed tree species are silver fir (Abies alba Mill.) and
Douglas fir [Pseudotsuga menziesii (Mirbel) Francol.

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

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

For the analysis of radial growth, core samples
were obtained from the Lrees with a Pressler auger
(Hagléf, Sweden) at the height of 1.3 m in the direc-
tion north/south. From each tree species, 30 sam-
ples of Norway spruce and 30 of Scots pine from
the dominant and co-dominant trees according
to the Kraft classification (Kraft 1884) were randomly
[RNG function, MS Excel (Version 365, 2023)] taken
as the significant growth response (compared to sub-
dominant and suppressed trees; Remes et al. 2015).
All these selected trees only come from the upper
tree story with a registration value of DBH over
30 ¢m. ‘The annual increments of the tree rings were
then measured with an accuracy of 0.01 mm using
an Olympus binocular microscope (SZ51; Olympus,
Japan) on a LINTAB measuring table (6d; Rinntech,
Germany) and recorded in TsapWin software (Ver-
sion Professional 4.82b2, 2022). Climate data were
taken from the nearest Czech Hydrometeorologi-
cal Institute (CHMI) station, Ondicjov (49°54'36'N,
14°46'48'F) for the period 1962-2021.

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

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

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

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

Criterion Quantifiers Label

Reference

Evaluation

Horizontal P SLiAsy . ; mean value R = 1, aggregation R < 1
S&E Clark, $ (195 % U
G aggregation index R (C&Ei) lark, Evans (1954) cegiliinite K 1
% r & 0-1, balanced vertical structure 0.3,
Arten-profile index A (Pri) Pretzsch (2006) tnge0-L.b \lancﬁd yeal s 440
Vertical selection forest A > 0.9
structure 5 cieordh .. Jachne, Dohrenbusch low § < 0.3, medium § = 0.3-0.5,
vertlcal diversity.  SURPD (1997) high S = 0.5-0.7, very high diversity § >0.7
diameter ;
P O
differentiation Lk range 0-1,
. ) Fildner (1995) low TM < Q.3,
Structure height TM, (Fi) very high differentiation TM > 0.7
differentiation  differentiation k
crown K (J&Di) Jaehne, Dohrenbusch low K < 1.0, medium K = 1.0-1.5,
differentiation (1997) high K = 1.5-2.0, very high differentiation K > 2.0
s g ) i monotonous structure B < 4,
(,‘omp!t.x stand diversity B (J&Di} Jachne, Dohrenbusch uneven structure B = 6-8,
diversity (1997)

very diverse structure B> 9

C&FEi — Clark and Evans index; Fi — Filldner index; J&Di — Jachne and Dohrenbusch index; Pri — Pretzsch index
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a tree ring of 0.01 mm in width was inserted in its
place. Residual chronologies and detrended average
Lree ring series were calculated in the ARSTAN pro-
gram (Version 49vla, 2017) (Cook, Holmes 1984).
Firstly, negative exponential spline and subsequently,
0.67n spline were used for age detrending (Grissino-
Mayer et al. 1992). 'Lhe analysis of negative pointer
years was carried out, as shown in Schweingruber
(1996) and Desplanque et al. (1999). For cach tree,
the pointer year was Lested as an extremely narrow
tree ring that does not reach 40% of the increment
average from the four preceding years. 'The occur-
rence of the negative year was proved if such a strong
reduction in increment occurred in at least 20%
of trees on the plot. To express the relationship be-
tween climate characteristics (monthly average tem-
peratures and the sum of precipitation in particular
years) and radial growth, the DendroClim software
(Version 1.0, 2002) was used (Biondi, Waikul 2004).

‘The dendrochronological indicators were calcu-
lated in R software (Version 4.2.1, 2022) with the
dpIR package instructions (Bunn, Mikko 2018).
‘Lhe expressed population signal (EPS) was calcu-
lated to indicate the reliability of the chronology
(Fritts 1976). The EPS dendrochronological data set
results for every research plot were EPS > (.85 to pre-
serve a strong climatic signal in the used chronol-
ogy. The signal-to-noise ratio (SNR) indicator was
calculated, representing the strength of the chro-
nology. Finally, the R-bar (inter-serics correlations)
and arl (first-order autocorrelation) was computed
(Fritts 1976) for pine and spruce. lhe differences
between individual tree species in terms of ra-
dial growth were tested in STATISTICA 13 (Ver-
sion 13.4.0, 2018) using analysis of variance (ANOVA)
and Tukey's HSD (honestly signilicant difference)

https://doi.org/10.17221/76/2023-JES

test. The variability of radial growth was indicated
by the standard deviation.

RESULTS

Production potential. Production characteris-
tics of forest stands on permanent research plots
differentiated by the species composition are
shown in Table 2. The number of trees ranged
from 256 (reessha ! in spruce monoculture
to 512 trees-ha ! in a stand with an equal propor-
tion of spruce and pine (in this variant, the highest
basal area was also reached — 39.0 m*ha ). Simi-
larly, the stand density index o monospecific stands
reached values 0.44-0.54 compared to higher num-
bers (0.60—0.71) in the case of mixed forests. Stand
volume was in the range of 351-479 m*ha~', while
mixed stands reached up to 29.8% higher produc-
tion compared to monocultures. The mean annual
increment ranged from 3.35 to 5.0¢m%ha .y .
Likewise, tree biomass and carbon sequestration
were more advantageous in mixed stands.

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

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

tion (variants) in 2022

Variant DBH h v N G V.  HDR SDI CC  MAI BIO  Cupo
(cm) (m) (m% (treessha')(m*ha')(m*ha’) - - (%) (m*haly ") (tha') (thal)
Pine 100% 38.7 2509 1.369 256 30.0 351 64.8 054 749 3.73 262 137
Pine 75% 34.6 24.82 1.150 416 389 479 7.7 071 8l1.6 5.04 356 187
Pine 50% 31.2 21.87 0.859 512 39.0 440 70.1 068 67.6 1.58 315 165
Pine 25% 34.5 2210 1.002 400 371 401 641 060 61.7 4.18 276 144
Spruce 100% 341 2848 1.077 304 27.7 328 83.5 044 757 3.35 211 110

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

al breast height; G — basal area; / — mean height; HDR — slenderness coeflicient; MAJ — mean annual increment; N — number

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

Variant R (C&Ei) A (Pri) § (J&Di) T™M, (Fi) TM; (Fi) K (J&Di) B {J&Di)
Pine 100% 0.907 0.537 0.364 0.256 0125 0.744 3.329
Pine 75% 0.948 0.404 0.732 0.280 0.287 1.358 5.631
Pine 50% 0.964 0.682 0.676 0.417 0.322 1.387 5.960
Pine 25% 0.989 0.706 0.749 0.393 0.308 1.051 4.661
Spruce 100% 1.021 0.214 0.266 0.270 0.103 0.495 2.573

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

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

Mean RW Mean min—max

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

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

Norway spruce 30 334+ 1.45 1.36-4.08 73-104 0.63 0.85 0.92 11.02

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

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

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

‘The period from April of the preceding year (capital letters) to September of the current year (lower-case letters) between

1962 and 2021 was used for all correlation analyses presented. Correlation values are highlighted only if a significance level

corresponding to P < 0.05 was reached.

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

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

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

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

On the site of interest described in this study,
rescarch has already been conducted by Remes
and Kozel (2006), who report a stock of broad-
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ly comparable production characteristics from
spruce and pine stands in conversion with inter-
spersed fir, oak, and beech. 'The range of stock
was set at 366-378 m*ha', i.e. the upper range
of stock was 101 m?* lower than in our study (which
is 351-479 m*ha ). The production of mixed
stands of pine and spruce is also described in stud-
ies by Pretzsch and Schiitze (2016) or Ruiz-Peinado
ctal. (2021) in their research across Europe, where
they concluded that it is such mixed stands that
achieve a statistically significant increase in pro-
duction compared to monocultures. Pretzsch and
Biber (2016) have found up to a 35.9% increase in the
production of mixed stands of pine and spruce with
beech compared to monocultures. Their conclu-
sions are confirmed by our work, in which we found
that the variants from mixing 75% pine and 50%
Scots pine are the most favorable in terms of stand
stock and basal area. The production characteristics
for Scots pine under given habitat and stand condi-
tions in the Czech Republic are comparable to Va-
cek et al. (2016) and Cihak and Vejpustkova (2021).
Similar production characteristics of Scots pine
and Norway spruce [rom the Ric¢any Forest District
are reported by Bilek et al. (2013), depending on the
nature-{riendly management methods and the con-
version process. While the number of trees in our
case ranged from 256 trees-ha™! in a spruce mono-
culture to 512 trees-ha! in a stand with an equal
proportion of spruce and pine, Bilek et al. (2013)
set the range at 288-476 trees-ha ', The same was
true for stock (273-346 m*ha ') and basal area
(24.2-27.6 m*ha'). For stands under conversion
to a sclection forest, Saniga and Szanyi (1998) re-
portedarangeof270-725 trees-ha ', and Réh (1978)
reported a similar range of 348-985 trees-ha™'.
The aforementioned differences in the production
characteristics of the conversion stands can be jus-
tified by how conversion Lo a selective forest was
initiated. In our case, it was introduced after a par-
tial disruption of the forest stands (Remes, Ko-
zel 2006), while in the works of Saniga and Szanyi
(1998) and Réh (1878), [or example, the models
are based on the assumption of a homogeneous
closed stand.

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

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

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

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

CONCLUSION

In the context of the climatic fluctuations of the
last decades and the increasing adaptability of for-
est stands under Central European conditions,
it is increasingly necessary to reflect on silvicultur-
al options for the essential commercial tree species.
In many places, Scots pine and Norway spruce are
beginning to fail when managed traditionally, but
this does not mean that these twoe now semi-fragile
species cannot be combined into mixed stands.
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Based on our results, we conclude that mixed
stands of Scots pine and Norway spruce are not
only significantly more resilient to various environ-
mental factors, have a diverse structure and bio-
diversity, and offer opportunities for mixing with
other tree species but are also significantly more
productive and have higher carbon sequestra-
tion compared to monocultures. This is, of course,
also linked to the economic benefits of mixed for-
ests in Lerms of higher profits, long-lerm sustain-
ability, and reduced production uncertainty. These
benefits can also be enhanced by interspersing
other tree species due to the higher heterogene-
ity of such stands. However, given the wide range
of both species, it is necessary Lo continue research
into these forms of mixing, with as large a sam-
ple of study sites as possible, evenly across the
range of pine and spruce. In conclusion, however,
it should be stressed that within the framework
of the different ecological requirements of the spe-
cies present, mixed forests must not be managed
as monocultures.
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Skodam loupanim zvéri
Originalni nazev: Scots pine (Pinus sylvestris L.) demonstrates a high resistance against bark

stripping damage.

Casopis: Forest Ecology and Management (asopis zafazen do databaze SCOPUS a WOS,
aktualné IF — 3.7, Q1)
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Citace: Cukor, J., Vacek, Z., Linda, R., Vacek, S., Simtinek, V., Machacek, Z., Brichta, J.,
Prokupkova, A. (2022). Scots pine (Pinus sylvestris L.) demonstrates a high resistance

against bark stripping damage. Forest Ecology and Management, 513, 120182.
Souhrn:

Cilem pfedloZené studie bylo piedpovédét vliv rizné silného poskozeni kiry stromu loupanim
a naslednou hnilobou na ristové parametry borovice lesni. Dal§im cilem bylo také stanovit vliv

klimatickych faktor na rizné poskozené stromy.

Vyzkum byl proveden v celkem 15 probirkovych porostech borovice lesni, v zapadnich Cechach,
kde se zaroven objevuje pocetna populace jelena siky (Cervus nippon nippon). Poskozeni stromu bylo
klasifikovano do 3 kategorii: zdravé stromy (poSkozeny obvod < 1/8 obvodu kmene), mensi poskozeni
zpusobené zvéti (poSkozeny obvod > 1/8 a < 1/3 obvodu kmene) a rozsdhlé poskozeni zptisobené zveii
(poskozeny obvod > 1/3 obvodu kmene). Inventarizace byla dale doplnéna o zajisténi celkem
60 dendrochronologickych vzorkt. Pro potieby analyzy rozsahu nésledné hniloby bylo také pokéceno

40 stromt, které byly nasledné rozdé€leny na 20 cm vytezy.

Dendrochronologicka analyza stanovila signifikantni rozdily v tloust'ce a objemu zdravych a silné
poskozenych stromt. Obvodové poskozeni stromu nemélo signifikantni vliv na objem stromu, na rozdil
od vysledkii obdobného vyzkumu na smrku ztepilém. K prvnimu poskozeni stromu doslo primérné
v 18,5 letech Zivota stromu. Bylo zjisténo, Ze hniloba, vznikla poranénim kiry, od mista ptuvodniho
zranéni nedosahla délky > 50 cm. Pramérna rychlost vertikalniho $ifeni hniloby byla 0,9 cm/rok. Nebyl
zjistén vyznamny rozdil ptsobeni klimatickych faktorti na poSkozené a neposkozené stromy (60
vzorkll). Zdravé stromy vsak reagovaly vice na vlivy teploty, poskozené stromy byly citlivéjsi k

mnozstvi srazek. Zavery vyzkumu prokazaly vysokou rezistenci borovice lesni vici loupani lesni zveti.
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Bark stripping damage reduces timber quality due to fungal infection and structural defects. Weakened stems
may break and induce the death of trees, which strongly affects forest stability. Some free species, such as
Norway spruce (Picea abies [1..] Karst.), are highly susceptible to bark stripping, but Scots pine (Pinis sylvestris 1..)
has been studied to a lesser extent. The objective of this study was to predict the effect of the degree of bark
stripping damage and rot on the production parameters of Scots pine and to determine the influence of climatic
factors on various damaged trees. The research was conducted on 15 pine forest stands aged 4042 years with a
numerous sika deer (Cervus nippon nippon) population in the western part of the Czech Republic (425-492 m as.
1.). The resulls showed significant differences in tree diamelter and volume (but not height) between healthy and
extensively damaged trees according to 417 pines measured. However, no differences were found between lightly
damaged trees, Similarly, circumference damage did not significantly affect mean tree stem volume, in contrast
to previously reported results for Norway spruce. The trees were first damaged by deer al the age o 18.5 years on
average. According to the prediction model based on 40 felled and sampled trees, rot did not reach a distance >
50 ¢m from the site of the bark stripping on the stem, with a mean speed of vertical spreading of 0.9 em yr 1.
Concerning the effect of climatic factors on radial growth (60 core samples taken), the difference between
healthy and minor to extensively damaged trees was negligible. However, healthy trees responded more to the
effects of temperature, and damaged trees were more sensitive to the precipitation amounts. Scots pine appears
to be a suitable tree species for afforestation in areas with high game pressure during continuing climate change.

1. Introduction

other factors, including the low numbers of large predators (Kuijpe
etal, 2013; Martin et al,, 2020) which have also become diminished due

In recent decacles, the European continent has not only seen an in-
crease in the abundance of cloven-hoofed game populations but also an
increase in the geographical range of their distribution (Baltzinges et al,
2016; Carpio et al., 2021; Heurich et al., 2015; Thulin et al., 2015;
Valente et al,, 2020). Thus, wild ungulate populations in some areas of
Europe have reached levels that can be defined as overpopulated (Carpio
et al., 2021, Valente et al., 2020). Cloven-hoofed game overpopulation
can be characterized by several factors, including biological criteria such
as the physical condition of the species, ecological criteria, e.g., negative
impacts on different components of the ecosystem, and socio-economic
criteria, which include, in particular, wildlife conflicts with humans and
human management (Carpio et al., 2021; Marada et al., 2019; Warren,
2011).

This increase is not only due to environmental changes but also to

* Corresponding author,

https://doi.org/10.1016/) foreco.2022.120182

to illegal hunting (Cerveny et al., 2019; Heurich er al., 2018). Hunting
and its management have gradually become a tool to reduce game
numbers (Bischof et al.,, 2012; Heurich et al., 2015; Hothorn and Miiller,
2010). However, the effectiveness of hunting strongly depends on the
hunting effort expended, local laws, and especially basic hunting phi-
losophy (Williams et al., 2002, 2013).

Significant game damage to forest stands caused by high population
density is not only affected by native wildlife species but also by intro-
duced ones (Barrios-Garcia et al., 2012; Z. Vacek et al., 2020). One of the
most successfully introduced species, in the context of the European
continent, has been sika deer (Cervus nippon nippon) (Barlos, 2009;
Biedrzycka et al., 2012; McDevitt et al,, 2009; Pérez-Espona et al.,
2009). With their gradual increase in abundance, sika deer have been
ranked among the 10 invasive species with the greatest negative impact
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on the European landscape (Gallardo, 2014), including the Czech lands,
where they were introduced in 1891 (Kokes, 1970).

Therefore, the current increase in ungulate population density is
reflected by an increase in negative impacts on forest ecosystems (Carpio
et al., 2021; Gerhardt et al., 2013; Hothorn and Miiller, 2010; Vacek
et al., 2014; Valente et al, 2020). The effect of deer on woodland
vegetation has resulted in significant changes in forest stand structure,
composition, and stability (Gill and Beardall, 2001). One well-deseribed
impact of game damage is leader browsing on young trees (forest
regeneration), which alters the stand structure and species composition
and may retard woodland successional development (D'Aprile et al |
2020; Holik et al., 2021; Stokely and Betts, 2020; Vacek et al., 2014).
Bark stripping is another serious type of damage caused to forest stands
(Candaele et al., 2021; Gill and Beardall, 2001; Krisans et al., 2020;
Nagaike, 2020; Verheyden et al., 2006).

Bark stripping has a direct effect on reducing radial growth and the
production capacity of damaged trees (Cukor et al., 2019a; Minsson and
Jarnemo, 2013). Moreover, damaged trees are generally more sensitive
to drought, especially in drought-sensitive areas (Makinen ecal, 2001).
Bark-stripped trees by ungulates indicate a greater sensitivity to a lack of
precipitation, especially in June, compared to healthy trees (Cukoretal.,
2019b; Z. Vacek et al., 2020). Extreme climatic fluctuations and long-
term drought periods are becoming more frequent in recent years due
to ongoing climate change (Vicente-Serrano et al., 2020).

The most vulnerable trees to batk stripping are in young forest stands
under 40 years of age (Gill, 1992; Welch et al., 1988), and the most
vulnerable section of the trunk to bark damage was found to be between
30 and 210 cm above ground level; however, the potential height of
damage can be significantly limited by low growing branches (Pach,
2002). Moreover, the bark stripping damage causes secondary rot in-
fections of the wood mass by fungal pathogens (Arhipova et al,, 2015;
Burnevica et al., 2016; Z. Vacek et al.,, 2020). In particular, the subse-
quent spread of the stem rot negatively affects the stability of damaged
stands ([{risans et al., 2020; Z. Vacek et al., 2020). This destructive effect
has so far been described in Norway spruce (Picea abies [L.] Karst.)
where the rot can affect a few meters of the stem according to the range
of previous damage of the bark (Candaele et al., 2021; Cukor et al,,
2019b; Krisans et al., 2020). Another tree species, which is affected by
rot infection after bark stripping, is silver fir (Abies alba Mill.) (Pach,
2008, 2005, 2003). Scots pine (Pinus sylvestris L.), one of the most
important commercial coniferous tree species in Europe (Mitscheletal
2011; S. Vacek et al,, 2020), is another tree species threatened by
damage caused by ungulates. The Scots pine share in the European
Union’s commercial forests is approximately 20% (Marciulynas et al.,
2019; Mason and Alia, 2000). The impact of bark stripping on the pro-
duction characteristics of Scots pine has so far only been assessed on a
limited scale in the Baliic States and Pennoscandia (Faber, 1996; Mel-
slaid et al., 2013). However, detailed evidence of the impact of this type
of damage is absent.

This paper aims to evaluate the effects of bark stripping by the
introduced sika deer on the production characteristics of Scots pine in
the common acid and poor-nutrient pine stands. The particular objec-
tives of this study are to evaluate (i) production differences in terms of
diameter, height, and stem volume of trees according to circumference
damage, (ii) stem rot development in relation to different bark stripping
parameters, and (iii) the effects of climatic factors (precipitation, tem-
perature) on the radial growth according to the extent of the damage.

2. Material and methods
2.1. Area of interest

The impact of sika deer on pine stands was assessed in the south-
western Czech Republic in the Unésov hunting district (2,142 ha),

Lisfany-Hunéice hunting district (2,100 ha), Ceminy-Kumberk hunting
district (1,502 ha), and Luhov hunting district (909 ha). Research was
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conducted in five separate forest units (Fig. 1). Three stands were
evaluated in each forest unit/hunting district (15 altogether). The age of
the stands ranged between 40 and 42 years according to the forest
management plan. In 2019, a game census was conducted in the area
using thermal imaging devices, which determined the abundance of sika
deer to be 18.2 individuals per 100 ha. The number of hunted in-
dividuals in 2004 to 2018 fluctuated between 13.9 ind. to 18.5 ind. with
a long-term average of 14.7 sika deer individuals per 100 ha in the
hunting distriet Lisfany-Huncice (center of the area) where the tree
samplers were cut (see below). The number of hunted individuals in the
surrounding hunting districts is comparable. Therefore, the area shows a
well-established sika deer population in western Bohemia (Barancekova
et al., 2012).

The area of interest consists of secondary pine forests on Fagetum
acidophilum sites at an altitude of 425-492 m a.s.1. The forest stands were
artificially established as even-aged monocultures with 10,000 pine
seedlings per hectare (in accordance with Regulation No. 13/1978). The
stands are formed by predominant Scots pine (>>90%) with interspersed
Norway spruce, European larch (Larix decidua Mill.), and common oak
(Quercus robur L.). All measured Scots pine stands are owned by the
Czech state (Czech State Forests) and therefore their management is
identical. The first thinning intervention was performed at 13-22 years
of age, with a stocking reduction by a maximum of 20% (focusing on the
removal of predominant and dying/dead trees according to standard
silviculture practices of pine). According to the forest management plan,
the average stand volume of studied pine forests is in the range of
115-160 m® ha™*. The slope ranges from 0 to 4°. The predominant soil
type is modal oligotrophic Cambisol, and the parent rock is phyllitic
shale.

The average annual temperature is 8.4 "C with a maximum (18.0°C)
in July, and annual precipitation is 488 mm with a maximum (67 mm) in
June (data from the Kralovice meteorological station in 1961-2020).
The study territory has typically warm, dry summers and cool, dry
winters with a narrow annual temperature range (Cfb) according to
Koppen climate classification (Koppen, 1936). The growing season
(Trax > 10 °C) lasts 155 days, with a mean precipitation of 325 mm and
a mean temperature of 14.3 °C. The number of tropical days (Ty.x >
30°C) is 6, the number of frost days (Tpax < 0 “C) is 34, and the number
of days with snow cover is 48.

2.2. Data collection

Growth characteristics (diameter at breast height and tree height)
were measured on a total of 417 Scots pine specimens. The studied
stands were measured after the first thinning. The predominant and
dominant pine trees — according to the classification by Kraft (Kralt,
1554), were chosen as the significant growth response (Remes et al.,
2015). In each of the 15 forest stands, 24-32 trees were randomly
selected using the RANDBETWEEN function (Excel). The diameter at
breast height (DBH > 4 cm) was measured with a standard forestry
caliper (Haglof, Sweden) to the nearest 0.1 mm. The height of individual
trees was measured with a Laser Vertex hypsometer (Haglof, Sweden) to
the nearest 0.1 m. For each tree, the circumference damage, length of the
damage, and distance of the center of the damage from the ground were
recorded. Peripheral bark damage (old and new) was measured with a
standard circumferential tape at the widest point of the wound with an
accuracy of 1 mm. In the case of multiple lesions (located one above the
other), the sum was recorded at the widest damage site. Furthermore,
the length and mean height (widest damaged area on the stem) of bark
stripping was documented to the nearest 1 em.

Bark stripping was evaluated and classified using the methodology of
the Institute of Forest Ecosystem Research, Ltd. (IFER, Jilové u Prahy,
Czech Republic) and the Forest Management Institute (OUHUL, Brandys
nad Labem, Czech Republic), applying national inventory measure-
ments. Game damage was measured along the girth of the tree stem
utilizing a tape (to the nearest 1 mm) at DBH and was subsequently
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Fig. 1. Location of five separate studied forest units, and the Meteorological station Kralovice

the source of data used for dendrochronology analyses and the mean

monthly climatic values (1961 2020); forest stands arc marked in gray; the map was created in AreGIS 10 software (Fsri).

divided into three categories: healthy trees (damaged circumference <
1/8 of the stem girth), minor game-induced damage (damaged
circumference > 1/8 and < 1/3 of the stem girth), and extensive game-
induced damage (damaged circumference > 1/3 of the stem girth)
(Cukor et al., 2019a; Kosmala et al., 2008; Z. Vacek et al., 2020).
Repeated damage was very rare in the damaged trees. However, if there
was more damage of the tree stem, these bark damages were added
together around the circumference for analysis (does not apply if the
damage was below each other - the maximum damage can reach max
100% of the stem circumference).

To assess the vertical spread of stem rot in damaged trees and the age
of the first damage, a total of 40 sample trees of Scots pine (DBH range
10.1-24.6 ¢m) with varying degrees of circumference damage (10 x
trees each with the following damage ranges: <10%, 10-20%, 20-30%,
and >30%) were felled between January and April 2020, Trunks were
then sampled in sections (the section length was 20 cm) from the point
of the widest circumference damage, both toward the top and the base of
the trunk (stem). In the case of rot occurrence, the boundary between the
wood infected by fungal pathogens and healthy wood was marked on

each crosscut (see Hig. 2). Each mark was documented on every crosscut
using a Canon camera (Canon, Ota, Japan) with a focal length of 50 mm.
The photos of the rot-damaged areas were measured in the ImagelJ
processing program (Schindelin et al., 2015). The age at the first
occurrence of bark stripping damage was determined from photos of the
crosscuts of the stem at the widest point of damage. The age of the
damage was deducted from the annual rings and subsequently, 4 years
were added to the total age of the first damage due to the growth of the
tree to the mean height damage — 0.9 m (increase calculated from the
surrounding, newly established pine stands by artificial regeneration).
The selected stands were bore-holed for subsequent analyses of
radial increment in relation to climatic factors. In each of the 6 stands in
the Lisfany-Huncice hunting district, 5 bores were taken from healthy
trees and 5 from extensively damaged individuals from randomly
selected (RANDBETWEEN, Excel) predominant and dominant trees. A
total of 60 Scots pine boreholes were collected for dendrochronology (30
samples of healthy trees and 29 samples of damaged trees were
analyzed). The bores were taken with a Pressler auger (Haglof, Sweden)
perpendicular to the trunk axis at a height of 1.3 m in a north-south

Fig. 2. Scots pine trunk crosscuts and highlighting the rot-damaged area.
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direction. Individual tree rings were then measured with an accuracy of
0.01 mm using an Olympus microscope on a LINTAB measuring table
(RINNTECH) and recorded in TSAP-Win software (RESISTOGRAPH).

2.3. Data analysis

For each tree (DBH > 4 cm), volume was calculated based on
measured dendrometric characteristics (Petras and Pajik, 1991). Re-
lationships between production parameters (average DBH, average
height, and mean stem volume) were tested according to different de-
grees of game damage using analysis of variance (ANOVA). The
demonstrable differences between variants were further evaluated using
the Tukey post-hoc test. In the case of failure to meet the data normality
condition (tested by the Shapiro-Wilk test), the Kruskal-Wallis test was
used with subsequent multiple comparisons (Siegel and Castellan Jr.,
1968). The aforementioned analyses were performed using Statistica 12
software (StatSoft, Tulsa).

A linear model was constructed for predicting the trunk volume (m%)
based on DBH (em) and stem circumference damage (in percentage).
The mean tree height volume was considered in the model, i.e., the
model intercept was corrected for the mean tree height, The results of
the model are presented in the respective table (Table 1) and graphically
depicted in the respective plot.

Linear and multiple linear regression were used (R Core Team, 2020)
to examine the relationship between rot-damaged areas and damaged
trunk girth, and between the vertical spread of rot (or the percentage of
the area affected by rot) and the distance from the location of the
damage on the trunk.

The tree-ring series were individually cross-dated (removing errors
associated with the occurrence of possible missing tree rings) using
statistical tests in the PAST software (inibbe, 2007) and then visually
inspected according to Yamaguchi (Yamaguchi, 1991). If a missing tree
ring was found, a 0.01 mm wide ring was inserted in its place. Individual
curves for specific variants were then standardly cletrended by a 16-year
spline for removing short-term fluctuations. Based on the detrending, an
average tree-ring series was generated in the ARSTAN software. The
expressed population signal (EPS) was calculated for the detrended data.
EPS represents the reliability of the chronology as a fraction of the joint
variance of an infinite perfect population. The limit for using the data for
comparison against climate data was a significant EPS threshold, such
that EPS » 0.85 (Bunn, 2008). Also, the signal to noise ratio (SNR),
which represents the signal strength of the chronology, and R-bar (inter-
series correlation) were calculated (Fricts, 1976). First-order autocor-
relation (Arl) and signal-to-noise ratio were also performed. The EPS,
SNR, R-bar, Arl values were calculated according to the “dplt™ guide-
lines (Bunn, 2010) based on common dendrochronological theories
(Fritts, 1976; Speer, 2010).

The analysis of negative pointer years was carried out as shown in
Schweingruber (1990) and Desplanque et al. (1999). For each tree, the
negative pointer year was tested as an extremely narrow tree ring that
does not reach 40% of the average increment calculated from the pre-
vious four years. The occurrence of a negative pointer year was evident
if this severe reduction in increment occurred in at least 20% of the trees
from a given variant. The DendroClim software was used for the
investigation of radial growth response to climate (Biondi and Waikul,

Table 1

The results of the linear model for predicting mean tree height stem volume
based on the DBH and stem circumference damage. Significant results are
marked in bold.

Variables R squared = 0.96

Estimate tvalue pvalue
Intercept 0.246
DBH (em) +0.027 71.629 < 0.001
Relative circumference damage (%) 0.00009 1.199 0.231
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2004). The regional tree-ring index of healthy and extensively damaged
pine trees was correlated with monthly air temperature and monthly
sum of precipitation from April of the previous year to September of the
current year in the period 1984-2019. Monthly climatic data were taken
from the Kralovice meteorological station (468 m a.s.l; WGS84
49°58'51"N, 13°29'06”"E), which is on average 30 km away from the site
of interest. The period 1984-2019 was chosen depending on the value of
EPS, and whether it was substantial enough for dendrochronological
analyses.

3. Results
3.1. Extent of the damage and the production of damaged trees

Out of 417 examined trees for estimation of production parameters,
258 (62%) were classified as healthy trees (the bark-stripping damage
did not reach 1/8 of the stem circumference). Minor damage was
observed on 122 trees (29%), and extensive damage (the bark-stripping
damage reached over 1/3 of the stem circumference) was observed on
the rest (37 trees; 9%). The mean damage of the stem circumference in
the category of trees with minor damage reached 19.0%, or 41.8% in the
case of extensively damaged trees. On average, the center of bark
stripping damage was found at the height of 89.8 cm + 1.7 SE above
ground. The average length of the damage (along the stem) was
observed to be 43.3 cm + 2.1 SE.

Significant differences between the variants studied (healthy trees,
trees with minor damage, and trees with extensive damage) were found
in the DBH (K-W test, H — 6.61, p < 0.034) and the volume of the mean
stem of the pines (K-W test, H = 7.62, p = 0.022; Fig. 3). In these cases,
there were significantly (p < 0.05) higher stem diameter and volume in
healthy trees compared to extensively damaged. In contrast, no differ-
ence in overall height between the variants was found (K-W test, H —
1.49, p = 0,481).

The highest mean diameter was found in undamaged trees (18.9 em
+ 0.2 SE), compared to lightly damaged (18.3 ¢cm + 0.3 SE) and
extensively damaged individuals (17.4 cm + 0.5 SE). The height ranged
from 18.8 m + 0.3 SE for extensively damaged individuals to 19.2 m +
0.1 SE for undamaged individuals, but their means were not signifi-
cantly different. The highest percentage of difference was found in the
mean-stem volume, with lightly damaged indivicluals showing a volume
loss of 11.1% (0.238 m® + 0,009 SE) and extensively damaged in-
dividuals up to 16.9% (0.222 m® +0.014 SE) compared to healthy trees
(0.267 m* + 0.008 SE).

The results of the linear model for prediction of the mean tree height
stem volume based on the DBH and stem circumference damage are
shown below (Table. 1). The constructed mocdel has the form of y =
-0.246 + 0.027* DBH [cm] — 0.00009*CD [%], where y denotes the
stem volume in m3, the DBH and circumference damage (CD) in %. The
stem volume was significantly affected by DBH (p < 0.001), but no
statistical significance was found for circumference damage (p = 0.23).
The model is valid for the DBH range present in the dataset used
(9.9-31.1 em), and the R? value reached 0.96. The following form of a
linear model was used to fit the data (R software notation; R Core Team,
2020: Mean tree height stem volume ~ DBH + Relative circumference
damage).

3.2. Effect of damage on the spread of rot in the trunk

Based on the crosscuts, the relationship between the crosscut area of
the rot-damaged trunk at the widest point of trunk damage - in relation
to the extent of circumference game damage — was determined using
linear regression (Fig. 4). The results indicate a relatively good ability to
predict the area of the rot-infested crosscut at the point of the largest
circumference damage by measuring the damaged circumference of the
trunk. The coefficient of determination (R = 0.48) reaches a lower
value, primarily because of the two outliers with a greater extent of rot
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Fig. 3. The mean DBH (plot A), mean height (plot B), and volume of the mean stem (plot C) differentiated according to damage variants (healthy — no damage; minor
damage — circumference damage < 1/3 of the trunk girth; extensive damage — circumference damage > 1/3 of the trunk girth); significant differences between

variants at the 0.05 significance level are indicated by different letters.
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Fig. 4. Dependence of rol-damaged crosscut area al the damaged location on the damaged stem circumference.,

damage. Tests of statistical significance show a decidedly significant
relationship (p < 0.001). The minimum value of the rot-damaged
crosscut area at the stem damage was 0.71 em? (with a damaged stem
circumference of 3.2 em), while the maximum value observed was
158.67 cm’ (with a damaged circumference of 46.2 cm). The predicted
value of the rot-damaged area on the crosscut at the damaged location
increased by 1.73 cm?® (SE = 0.295) with each millimeter of damaged
stem circumference.
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A quadratic function regression was used to model the vertical
spread of rot through the stem (Fig. 5). The crosscut area damaged by rot
at the bark-stripped spot was used as a reference (rot-damaged area at
the damaged spot = 100%). According to the visnalization of the
regression with a quadratic function, the vertical spread in the trunk can
be predicted as fairly good (coefficient of determination reaches R =
0.58). The model shows that the rot-affected crosscut area decreases
rapidly with increasing distance from the damage location. Half of the
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Fig. 5. Dependence of the relative area of the rot-affected crosscut through the trunk on the distance of the erosscut from the location of the stem damage.

extent of rot in relation to the damage location (crosscut, point O on the
X-axis) can be expected as early as about 35 cm toward the tip and base
of the tree. The model assumes that rot no longer occurs more than 50
cm from the damage location. The average rate of vertical spread of rot
is 0.86 cm/year, with the average first bark stripping damage to the
trunk occurring at 18.5 + 1.5 SE (8-35 years; Fig. ©). The most frequent
period of the first damage was found in pine trees aged 8-11 years
(37.5% of trees), when the average DBH of debarked trees was in the
range of 3.3-6.4 cm.

The dependence between the area on the crosscut affected by rot, the
age when the damage was caused, and the relative circumference
damage (%) was assessed by a linear model. The results are given in the
following table (Table. 2). The area of the crosscut affected by rot
damage was significantly (p < 0.01) affected by the range of damaged
circumference, but no statistical significance was found for the age at the
first damage occurrence (p — 0.82).

3.3. Effect of damage on radial increment and climate sensitivity

The mean tree-ring width of undamaged individuals during the study
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Fig. 6. Age distribution of the first bark stripping damage of Scots pine trees.
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Table 2

The results of 2 linear model for predicting relative crosseut damage by rot based
on relative circumference damage and tree age when the first damage occurred.
Significant results are marked in bold.

Variahles R squared = 0.19

Estimate t value p value
Intercept 7.45
Age at the first damage occurrence (y) —0.05 —0.23 0.8206
Relative circumference damage (-) 27.89 2.76 0.0091

period (1984-2019) was 2.54 mm + 0.32 SE, whereas the width of
extensively damaged pine individuals was 18% lower (2.08 mm 4 0.24
SE; Table. 2). Extensively damaged pines (1.25-3.37 mm) had lower
values of minimum and maximum radial growth than healthy pines
(1.53-5.15 mm). Fig. 7 shows that a pronounced decline of radial
growth in damaged trees began in 1991 (about 2-5 years after the most
frequent debarking damage), and this decline lasted until 2002. In this
period, the ring width of healthy trees (3.51 mm =+ 0.10 SE) reached
higher values by 51% compared to extensively damaged trees (2.33 mm
+ 0.06 SE). Then, again, the radial growth of both variants (undamaged
and extensively damaged trees) is balanced. In terms of EPS, both var-
iants studied are reliable enough for comparison with climatic data, with
damaged pines having EPS = 0.85 and healthy ones EPS = 0.88. The
other parameters, i.e., R-bar, EPS, and SNR, did not show significant
differences; however, damaged pine trees have slightly lower values
compared to the healthy ones.

Fig. & also shows a difference in the radial growth dynamics of Scots
pine on the detrended tree-ring curve (removal of the age trend), pri-
marily in the first half of the study period. Overall, greater variability in
growth was found in extensively damaged individuals (SE 0.03)
compared to undamaged trees (SE 0.01). No significant year with
extremely low radial increment was found in either variant.

The effect of monthly precipitation and average temperature on the
radial growth (regional tree-ring width index) of healthy and extensively
damaged trees was tested in relation to climatic factors in the period
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Table 3
Dendrochronological characteristics of the pine radial growth in 1984-2019.
Number of samples Mean RW (mim) RW Sample age Arl R-bar s SNR
min-max (mm) min-max
Extensive damage 24 2.08 (=1.30) 1.25-3.37 17-39 070 0.23 0.85 582
Healthy 25 2.54 (+1.77) 153-5.15 21-36 0.76 0.26 0.88 711

Note: RW - tree-ring width; Arl  first-order autocorrelation; R-bar - inter-series correlation; EPS - expressed population signal; SNR - signal-to-noise ratio.
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Fig. 7. Dynamics of mean tree-ring width (RW) of Scots pine with standard error (+SE) and sample depth (number of core samples) according to variants of
circumference damage (healthy trees, extensively damaged trees) in 1984 2019.
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1984-2019. Fig. 9 shows the significant effect of average precipitation compared to healthy trees (3 significant months).

and temperature on the radial growth of Scots pine in different months. In the case of temperature, no demonstrably different effect on the
A difference was found in the case of precipitation. Extensively damaged radial growth was found between healthy and damaged trees. Healthy
trees were more affected by precipitation (5 significant months) trees were more correlated with temperature, while precipitation had a
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Fig. 9. Correlation coefficients of the regional tree-ring index of Scots pine with mean monthly temperatures from April of the previous year to September of the
current year, in 19842019, differentiated by circumference damage: statistically significant (p « 0.05) values are highlighted in black (for healthy trees) and grey
{for extensively damaged trees); capital letters indicate months of the previous year, while small letters represent months of the current year.
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greater effect on the radial growth of damaged trees. Temperatures in
the previous year’s growing season had a negative effect on pine growth
and positive ones in February and March of the cwwrent year. Precipi-
tation had a preclominantly negative effect in winter and a positive effect
in the growing season of the current year. Overall, February was iden-
tified as the most important month that influences the radial growth in
regard to temperature (r = 0.42-0.56) and July for precipitation (r =
0.37 for both variants).

4. Discussion
4.1. Production potential in relation to damage

The research confirmed demonstrable differences between the
growth parameter sizes of extensively damaged and undamaged Scots
pines. Significant differences in diameter and standing volume of trees
with minor damage compared to undamaged ones were not found.
Moreover, the effect of circumference damage on height growth was not
confirmed. Based on our findings, it is possible to state that the Scots
pine indicated a high resistance to circumference damage in relation to
growth parameter sizes. In the case of Norway spruce stands, under
comparable conditions, a significant effect on the diameter and mean
stem volume was already demonstrated for minor damage (damaged
circumference > 1/8 and < 1/3 of the stem girth; (Cukor et al., 2019a,b;
Z. Vacek et al., 2020). However, height increment was also less affected
in the case of Norway spruce, with only a strong effect confirmed under
comparable conditions in southwestern Bohemia (Cukor et al., 2019b).

Generally, it is possible to state a lower effect of game damage on the
height and diameter increment of Scots pine stands compared to spruce
stands. The sensitivity of Norway spruce to game-induced damage has
been emphasized in the past (Gill, 1992; Vospernil, 2006), Pine has also
been significantly less studied to date compared to spruce. Only one
relevant study from Estonia simulated damage by artificial bark removal
(Metslaid et al, 2013). However, no demonstrable differences between
height increment of damaged and control individuals were found in
voung pine stands in the 5-year period after damage (Metslaid et al,,
2013), similar to our results in older stands.

4.2. Bark stripping and stem rot

The occurrence of the first damage was found at the range of 8 to 11
years. A comparable age was described by Gill (1992), who reports that
the most vulnerable age for Scots pine is between 5 and 16 years. This
time period is significantly shorter compared to Norway spruce (5 to 50
years) which could be explained by different bark thickness. At the age
of 8 to 11 years, the DBH of Scots pine was between 3.3 and 6.4 cin. The
wider diameter range of debarked trees was also described from the
natural environment of sika deer in Japan (mostly 5 to 15 cm; Akashi
and Nakashizuka 1999), which was also confirmed by Nagaike (2020)
who reported that most trees subjected to bark stripping were small
(<10 cm at DBH). Of the total of 417 trees examined for circumference
damage, 62% of pines were classified as healthy, 29% as lightly
damaged, and 9% as extensively damaged. However, not only is the
circumnferential extent of the damage important, but other parameters
such as the length of the damage also play a significant role (Gill, 1992).
In our case, the average length of the bark stripping was 43.3 cm at an
average height of 89.8 cm above ground. Similarly, the values of both
length (39.0 cm) and height (87.9 cm) of damage were documented by
(Z. Vacek et al., 2020) from spruce stands damaged by sika deer.

Scots pine has shown considerable resilience to the spread of stem rot
in damaged trees compared to Norway spruce. Thanks to the presence of
chemical compounds in their heartwood, pine species are often more
resistant to stem rot even after damage to the stem (Baudet et al., 2020;
Marciulynas et al.,, 2019; Rennerfelt and Nacht, 1955) when compared
to other coniferous species, especially to Norway spruce (Swedjemark
et al., 1999), This fact was also confirmed in our study. In the case of
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pine damage, the rot protruded vertically within a maximum of 60 cm of
the trunk crosseut at the point of the widest circumference damage, with
an average rate of spread of 0.9 cm yr !, In contrast, in a previously
conducted study on Norway spruce in comparable conditions (the same
locality with comparable soil conditions, sika deer density, and age of
the trees analyzed), stem rot progressed vertically up to 4.5-6.0 m with a
spread rate of 5.7-9.6 cm yr ' in middle-aged stands between 40 and 50
years (7. Vacek et al., 2020). The rot spread was confirmed also in silver
fir, where the stem rot spread maximally up to 3 m above the ground
level in middle-aged stands with a spread rate of 4.7 cm per year (Pach,
2005). Moreover, silver fir showed considerable regenerative potential.
The average rate of wound closure in the first five years after the injury
was 3.29 mm yr 1 and a more rapid closure was observed in smaller
wounds (Pach, 2008).

The rot infection of Scots pine is affected by several factors, including
different origins — provenances, or soil types when e.g., the vulnerability
to Heterobasidion annosum infection was confirmed on afforested agri-
cultural land (Lygis et al., 2004; Marciulynas et al., 2019). Similarly, the
low vertical spread of rot was found in lodgepole pine (Pinus contorta)
damaged by bark stripping in Estonia, where the spread of rot did not
exceed 10 cm above and 20 em below the margins of the wound
(Arhipova et al., 2015).

4.3. Radial growth in response to climate

Our results further reveal that overall, greater variability in radial
growth was found in damaged individuals compared to undamaged
trees, yet no significant negative years, i.e., significant years with
extremely low radial growth, were confirmed. This is mainly due to the
better soil, and thus moisture conditions at a given site in the studied
secondary pine stands compared to natural pine stands in rocky and
exposed sites with a shallow soil profile (5. Vacek et al., 2020). In this
study of relict pine stands in the Kostelecké bory Nature Reserve in the
Czech Republic, three significant negative pointer years (1922, 1976,
and 2017) with significantly low radial growth were reported due to a
lack of precipitation in the growing season. However, the effect of cli-
matic conditions varies according to microhabitat characteristics in the
given location. In comparison with the same area, several negative
pointer years (2003 and 2015) were found for Norway spruce due to
drought and high temperatures (7. Vacek et al., 2020), which was not
observed in our study for pine. In addition to habitat conditions, the
growth of Scots pine is greatly influenced by silvicultural practices
(Bilek et al., 2016; Makinen and Isemiki, 2004; Saarinen et al., 2020).

Our study proves that a demonstrable difference was found in the
relationship between precipitation and radial growth. For precipitation,
the negative effect was predominant in winter and positive in the
growing season (July) of the current year. Temperatures in the growing
season of the previous year had a negative effect on the radial growth of
Scots pine, while the effect was positive in February and March of the
current year. Similarly, Vacek S. et al. (5. Vacek et al., 2020) reported a
positive correlation of radial growth with temperature in April and
precipitation in May and July in natural pine forests. In lowland pine
forests in eastern Bohemia, radial growth was also positively correlated
with temperature in March, and especially with precipitation in the
growing season of the current vear (Vacek et al,, 2016). Also, other
studies from the Mediterranean and Alpine environments (Augustaitis
et al., 2007; Bogino et al.,, 2009; Vacek et al,, 2017) indicate that pre-
cipitation or drought are critical factors for radial growth of Scots pine in
Central Europe. Similarly, according to Insinna et al. (2007), tempera-
ture has less influence on growth processes of pine than precipitation.

Concerning bark stripping and rot, extensively damaged pine trees
were more affected by precipitation, while healthy trees responded more
to the effects of temperature. The higher sensitivity of damaged trees toa
lack of precipitation and drought stress was also confirmed by other
stuclies on coniferous tree species in the Czech Republic (Cukor er al.,
2019b; Z. Vacek et al., 2020) and Finland (Makinen et al,, 2001). Thisis
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related to bark stripping and extensive damage of the phloem, which is
essential for distributing water-soluble nutrients and organic matter
throughout the tree, crucial for radial growth (Ryan et al,, 2014).

4.4. Recommendations and study limitations

An increase in damage to forest ecosystems could be expected in the
future, with increasing population densities of wild ungulates leading to
an overabundance on a local scale (Cukor et al., 2017; D'Aprile et al.,
2020) but also in wider areas or on the territory of particular European
countries (Carpio et al., 2021; Valente et al,, 2020; Warren, 2011). This
relationship between ungulate population clensity and game damage has
been demonstrated not only for sika deer (Volk, 1999) but also for native
European deer (Cervus elaphus) (Ueckermann, 1956; Verheyden et al.,
2006) or for browsing intensity on pines by moose, where the damage
was positively related to moose pellet group counts (Edenius et al,
2015). However, the bark stripping intensity is not only influenced by
local and regional wild ungulate abundance, but also by other factors
like winter food shortages and stand properties like thermal and visual
cover and scarcity of a herbaceous layer (Candaele et al, 2021). Another
factor is the direct effect of human disruption on wildlife populations
(Ando et al., 2004; Cukor et al., 2021), which significantly increased the
browsing pressure by ungulates (Most et al., 2015; Szwagrzyk et al,,
2020). The deer disruption could be affected not only by anthropogenic
activities but also by natural predators. For instance, the browsing in-
tensity by moose was higher in the high-wolf utilization areas compared
to areas with low-wolf utilization (van Beeck Calkoen et al, 2018), It
was confirmed that the control of red deer populations is a key measure
for bark stripping reduction (Candlaele et al., 2021).

Based on the findings, the possibility of the increased use of Scots
pine in places with locally elevated deer populations can be assumed, in
light of the advancing global climate change (Hanewinkel et al,, 2012;
Hlasny et al,, 2017). Scots pine, in particular, is one of the tree species
relatively tolerant to the negative effects of climate change, such as
warming, prolonged periods of drought, or extreme weather fluctuations
(Kellomaldi et al, 2018), Also, the first forest inventory in the Czech
Republic shows that only 6% of Scots pine individuals in the second age
class (21-40 years) is damaged by game, while the damage in Norway
spruce is abourt 5.5 times higher in the same age class (Vasicek et al,,
2007). The relevance of the issue of the negative impact of wild game on
forest stands has been highlighted in recent years by the current situa-
tion in forest management with the devastating bark beetle calamity of
Norway spruce and advancing climate change (Cerny et al., 2020; Riedl
etal, 2019; Sommerfeld et al., 2021). These salvage clearings will need
to be restored with resilient tree species, such as Scots pine, planted to
increase stability, maintain production potential, and enhance the
adaptation to climate change (Pretzsch et al., 2020; Steckel et al., 2020).

A limitation of this study is that bark stripping damage was evaluated
at only one broad location (15 forest stands; 5 separate forest units).
Scots pine is the tree species with a wide extension area (owalska et al |
2017; Mar¢ivlynas et al.,, 2019). However, the acidic and nutrient-poor
sites where the bark stripping was studied are one of the most typical
sites with Scots pine stands (Kowalska et al., 2017; Matuszkiewicz et al.,
2013; Sharma et al., 2017). Moreover, the experiment was conducted
with even-aged stands between 40 and 42 years of age. This age range
was chosen deliberately because of high thinning intensity in forest
stands between 30 and 45 years of age (Aun et al,, 202 |; Niemistc et al |
2018; Saarinen et al., 2020) when e.g., in the 45-year-old (middle-aged)
stands, the thinning intensity could be up to 24% (Aun et al,, 2021).
Therefore, our findings have significant application potential, especially
in forest management practice, because the thinning intensity may not
reflect the range of bark stripping damage on Scots pine stands
compared to Norway spruce, where the influence of bark stripping has a
significant impact on wood production and stand stability (Cukor et al |
2019b; Krisans et al., 2020; Z. Vacek et al., 2020).
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5. Conclusion

Analyses of Scots pine exhibited a relatively low impact of bark
stripping damage on the production characteristics of stands. Circum-
ference damage had no significant effect on wood production potential,
with the lowest effect on tree height. In addition, the secondary rot was
minimally spread in the stem. In relation to climatic factors, extensively
damaged trees were more sensitive to drought stress, but again, only
negligibly when compared to healthy trees. On the other hand, healthy
trees responcled more to the effects of temperature. In this context, when
the climate change is more pronounced (mean temperature rise, long-
term droughts, climatic extremes), these findings can be important for
forest management regarding the stability of damaged pine stands.
However, the limited area of interest at lower altitudes, where there is a
relative lack of precipitation, must be taken into account when inter-
preting these results.

The results thus highlight the potential utilization of Scots pine in the
areas with more abundant deer populations, especially under conditions
of global climate change, where Scots pine has a much greater chance for
successful development when compared to Norway spruce, which suf-
fers much more from precipitation deficit. However, in order for the
young-growth pine stand to grow successtully, it is first necessary to
ensure that the culture is well-established. This is difficult to achieve in
areas with a local increase in game numbers. It should therefore be
emphasized that the observed resistance of Scots pine was only assessed
in terms of the stands at the small-pole stage. In addition to focusing on
damaged pine stands at higher elevations, future research should not
only focus on both young stands and tree diameter preferences for bark
stripping, but also on old stands where the effect of stem rot may be
more pronounced.
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6. DISKUZE

6.1 Vliv strukturujicich péstebnich zasahi na aspéSnost prirozené obnovy borovice lesni

S ohledem na klimatické vykyvy, potfebu snizovat ndklady na obnovu porosti, udrzovat
lokalni populace lesnich dfevin, ¢i také v kontextu mimoprodukénich funkei zachovavat lesni
prostiedi, je potfeba zkoumat alternativni zptisoby obnovy lesnich porostti. V piipade borovice
lesni je vySe zminéné navic velmi aktuédlni, nebot’ se jedna o jednu z nejvice hospodarsky
vyznamnych dfevin Evropy. Soucasnd 1 historickd odborna literatura v tomto kontextu zmifiuje
moznosti podrostniho hospodateni také se svétlomilnou borovici, kdy 1ze dosahnout dobrych

vysledki jak v ramci ekologie lesa, tak z hlediska ekonomickych aspektl jeho obnovy.

MozZnostem podrostniho hospodateni s borovici lesni se v ramci disertacni prace vénovala
studie BRICHTA et al. (2020). Ke zjisténym vysledkiim je nejprve nutné dodat, ze ackoli byla
prokézéana nejvyssi hustota jedinct piirozené obnovy pod mateiskym porostem zakmenéni 0,4,
samotnou hustotu matefského porostu nelze taxativné povazovat za faktor, ktery ma na
pocetnost jedincti obnovy jednoznacné pozitivni vliv. Matetské stromy vytvaii konkurenci
0 dostupné slune¢ni zafeni, ziviny i vodu, a to jak mezi sebou, tak ve vztahu k nové generaci
lesa (VALKONEN et al. 2002; SANCHEZ-SALGUERO et al. 2013). Negativni efekt konkurence
nemusi byt patrny bezprostfedné po opadu semen ¢i jejich pocateCnimu vzejiti, o¢ekava se vSak
s dal$im odrastanim jedinct obnovy (BELAND et al. 2000), a to jak v piipad¢ borovice lesni,
tak borovice vejmutovky (Pinus strobus L.) (PITT et al. 2011). Niz$i hustotu pfirozené obnovy
na holose¢i lze oduvodnit zejména skuteCnosti vétsi vzdalenosti semennych stromu,
tedy fadove niz§im poctem semen na ploSe (KUULUVAINEN & PUKKALA 1989). Niz§i pocet
semen na holose€i, v porovnani s poftem semen pod matefskym porostem vyzkum BRICHTA
et al. (2020) potvrdil. Podobny experiment stanovili také BELAND et al. (2000), a sice obdobné
pro nékolik variant zakmenéni matetského porostu (200 matefskych stromii/ha; 160 matetskych
stromil/ha; holose€), s vyuzitim piipravy pidy kombinovanou lesni frézou. Zatimco Setieni
BRICHTA et al. (2020) stanovilo nejvyssi pocty jedincl ptirozené obnovy (32 402 ks/ha)
Vv porostu se zakmenénim 0,4 (cca 120 matetskych stromi/ha), ve studii BELAND et al. (2000)
pro nizkou hustotu porostu (160 matefskych stromi/ha) bylo zaznamenano az 53 000 ks/ha.
Jesté vyssi hodnoty byly zjistény v porostu s nejvyssim zakmenénim (200 matetskych

stromt/ha; 90 000 ks jedincti pfirozené obnovy/ha). HUTH et al. (2022) ve své studii, podobné

176



studiim BELAND et al. (2000) ¢i BRICHTA et al. (2020) popsali hustotu jedinct ptirozené obnovy
pod porostem, s rliznymi variantami piipravy pady, v intervalu 5900-199 000 ks/ha. Prace
BELAND et al. (2000) rovnéz zjistila velmi nizky pocet jedinci obnovy v prostiedi holosece
(3 700 ks/ha). BRICHTA et al. (2020) uvadi pocet jedinci piirozené obnovy na holoseci
Vv zavislosti na konkrétni metod¢ skarifikace pidy od 11 500 ks/ha do 21 960 ks/ha, nicméné

se vzdy jednalo o hustotu obnovy niz§i nez pod matefskym porostem zakmenéni 0,4

(32 402 ks/ha).

Dobré vysledky pfirozené obnovy pod uvolnénym matetskym porostem (zakmenéni 0,4)
lze odvodnit také lepsimi podminkami mikroklima v ¢astecném krytu matetskych stromd,
které diky méteni teploty piidy a vodniho potencidlu ptady potvrdil také vyzkum disertacni prace
(BRICHTA et al. 2020). Na zakladé méfeni vodniho potencialu pudy a teploty pudy lze tedy
usuzovat, ze idealni mikroklima zarucuje kryt siln¢ rozvolnéného matetského porostu, nikoli
prostfedi holosece nebo naopak hustého matefského porostu. Zminénou myslenku potvrzuji
také studie LIMOUSIN et al. (2008), DEL CAMPO et al. (2014), ¢i GEBHARDT et al. (2014),
ktefi uvadi, Ze uvolnéni mateiského porostu ma pozitivni vliv na vodni potencial pidy, zejména
diky niz$i intercepci matetského porostu (LIMOUSIN et al. 2008), stejn¢ jako jeho snizené
konkurenci a evapotranspiraci (KELLOMAKI et al. 1998; GIUGGIOLIA et al. 2013). Silnym
snizenim hustoty matef'ského porostu je tak mozné zvysit mnozstvi vody v pudé o 20-40 %

(DEL CAMPO 2014).

Zjisténa nizka hustota jedinct piirozené obnovy pod mateiskym porostem je nicméné
znama z Turecka (KARA & TOPACOGLU 2018), kde 5 let po clonné se¢i v matefském porostu
o zakmenéni 0,5 €inil primérny pocet jedinct pouze 7 000 ks/ha, coz je v podstaté srovnatelné
s vyzkumem ALEKSANDROWICZ-TRZCINSKA et al. (2014), ktefi uvadi 9 190 ks/ha na holoseci.
Vysledky disertacni prace potvrzuji pozitivni vliv pfipravy pidy na iniciaci pfirozené obnovy,
jak pod matefskym porostem, tak na holoseci. Piikladem Ize uvést rozdil nejvyssi hustoty
pfirozené obnovy z kontrolnich variant - bez ptipravy pudy (5 902 ks/ha) a nejvyssi pocet
jedinci pfirozené obnovy na ploSe s piipravou plidy kombinovanou lesni frézou
(32 402 ks/ha). Podobné zavéry byly publikovany mnoha autory (ORLANDER et al. 1990;
KARLSSON & ORLANDER 2000; HILLE & OUDEN 2004; BARBEITO et al. 2011). Kromsé

okamzitého vzejiti semenacki piedev§im hlubsi piiprava pidy vyznamné snizuje také pomer
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C/N, zvysuje mnozstvi P, Mg a S (ORLANDER et al. 1996) a potlacuje konkurenci ptizemni

vegetace (HILLE & OUDEN 2004; NILSsON et al. 2002; GAUDIO et al. 2011; HYPPONEN et al. 2013).

Dulezité je také porovnat, jak se pocty jedinct prirozené obnovy pod matetskym porostem
na urovni zakmenéni 0,4 (az 32 402 ks/ha; BRICHTA et al. 2020) 1isi od platnych doporuéeni
a aktualni legislativy. Platné normy pro minimalni poéty sazenic pii obnové lesa v Ceské
republice ¢ini 8 tis. ks/ha (VYHLASKA MZE ¢. 456/2021 Sb), v Polsku 8-10 tis ks/ha
(ZHL 2023), ¢i 6-10 tis ks/ha v Némecku (VERSUCHSANSTALT 2008). V tomto kontextu
mizeme tvrdit splnéni zdkonné povinnosti a vyhovéni doporuceni, V naSem ptipadé
prostiednictvim podrostniho hospodafeni. S ohledem na inventarizaci jedinci ptirozené
obnovy (BRICHTA et al. 2020) pravé po 3 letech od provedeni clonné sece, 1ze v podminkach
CR zarovefi porost povazovat za zalesnény (ZAKON ¢. 289/1995 Sb.). V soucasné dobé je pro
potieby zkoumani podrostniho hospodafeni s borovici lesni zalozen novy projekt
mezinarodniho tymu CLIMAFORCEELIFE (LIFE). Vysledky ¢asti projektu inspirovaného
designem vyzkumu BRICHTA et al. (2020) by m¢ly odpovédét na otazky jak ekonomické
efektivnosti iniciace pfirozené obnovy pod porostem, tak na tuto alternativu z hlediska

klimatické zmény.

Na zakladé vysledka publikace BRICHTA et al. (2020) mtzeme potvrdit, ze ackoli pfirozena
obnova pod matefskym porostem ve srovnani s holosec¢i vykazuje vétsi hustotu, dimenze noveé
vzniklych jedinct (vyska rostliny a Sifka koruny) jsou zastinénim matefskych stromii ovlivnény
spiSe negativné. Se zminénym zavérem je v souladu také dalsi studie predlozené disertacni
prace (SLEGLOVA et al. 2023), kde bylo méfeni jedinct ze stejné lokality provedeno s vysokou
piesnosti, v laboratornich podminkach. Obecné nejlepsi vysledky dimenzi pfirozené obnovy
Vv praci BRICHTA et al. (2020) a SLEGLOVA et al. (2023) byly pozorovany na holosedi,
ackoli v porostu se zakmenénim 0,4 byly dimenze v nékterych piipadech zkoumanych variant
srovnatelné. Vys$§i hodnoty vySek jedinc obnovy v pfipadé holoseCe a porostu
o zakmenéni 0,4 pravdépodobné souvisi s lepsi dostupnosti svétla. Ackoli VITAMVAS et al.
(2018) uvadi, ze u jednoletych jedincti borovice lesni ma oslunéni evidentni vliv ve vétsi mite
na podzemni ¢ast rostliny, tak RIIKONEN et al. (2016) popisuji velmi dobrou schopnost mladych
borovic v reakci na uvolnéni stromového patra zvétsenim $irky koruny. Zminény fakt potvrzuji
nejen stardi literarni prameny (WIEDEMANN 1925), ale také dalsi aktudlni studie (SLEGLOVA

et al. 2023). Vyzkum zaméfeny mimo jiné na stanoveni vlivu zastinéni matef'ského porostu na
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dimenze jedinct pfirozené obnovy borovice lesni potvrdil, Ze ptimé oslunéni ma pozitivni vliv
na $itku koruny i na jeji rozvétvenost. Z dané studie tak vyplyva, ze ¢im vice svétla ma rostlina
k dispozici, tim vice vétvi riznych fadl se na ni nachazi. Vysledky prace FINNEY et al. (2013)
zminény vztah posuzuji z hlediska konkurence ostatnich rostlin, tedy Ze borovice lesni
v konkuren¢nim prostiedi soustfedi vice energie v rustu do vysky rostliny nez s ohledem na
Sitku jeji koruny. V tomto kontextu je znama informace také o fototropismu borovice lesni
(RAUH 1939). K vlastnostem vétveni jedinct piirozené obnovy lesnich dfevin je vSak nutné
také dodat, ze pfili§ Cetné vétve riznych fadl nejsou pro praktické lesnictvi zadouci,
nebot” vytvaii velké mnozstvi sukti (STEVENS & PERKINS 1992; JELONEK et al. 2022).
Také v tomto kontextu se tedy doporucuje péstovat borovici lesni pod matefskym porostem,

nicméné s dostate¢nym piisunem svétla (SLEGLOVA et al. 2023).

Ve vyzkumu BRICHTA et al. (2020) se nepodafilo prokazat pozitivni vliv pfipravy ptdy na
dimenze jedinct ptirozené obnovy. VIiv skarifikace ptidy na vysku rostlin a $ifku jejich korun
nicméné prokazaly jiné studie (NILSSON et al. 2002; GAUDIO et al. 2011). Pozitivni vliv
skarifikace na dimenze mladych borovic je obecné odivodiovan lepsimi chemickymi
a mechanickymi vlastnostmi pudy, stejn¢ jako niz§i konkurenci bylinné vegetace (KARLSSON

& ORLANDER 2000; VARMOLA et al. 2004; SAURSAUNET & MATRISEN 2018).

6.2 Produkce a struktura diferencovanvch a smiSenvch borovvch porostd,

vliv vvbranvch abiotickvch a biotickych faktoru na vitalitu borovice lesni

6.2.1 Produkce diferencovanych a smiSenych borovych porostit

Setfeni zasoby studovanych heterogennich borovych porostii v riiznych statech Evropy
(BRICHTA et al. 2024) dosahlo velmi Sirokého rozpéti hodnot, a to od 91 do 510 m®ha,
s kruhovou zakladnou od 11 do 47,6 m?/ha. Souhrnné charakteristiky porostli se vsak
Vv jednotlivych zemich vyzkumu liSily. Vysok4 variabilita produkénich parametri borovych
porostil byla potvrzena i v dalSich studiich, a to jak u pfirod€ blizkych borovych porosti,
tak u bézné obhospodatrovanych porostii borovice lesni (VACEK et al. 2019). Nejnizsi produkéni
parametry byly dle BRICHTA et al. (2024) pozorovany na vyzkumnych plochach,
které se vyznacuji ptirozenym vyvojem porostu jiz od 40. let 20. stoleti (VACEK et al. 2023).

Zasoba porostu s podobnou spodni hranici intervalu byla pozorovana také v dalsi studii
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predlozené diserta¢ni prace (VACEK et al. 2019), v podminkéach piirozenych borovych porostd,
a to 88-176 m®ha. Né&které dalsi studie (BALVANERA et al. 2006; SZWAGRZYK & GAZDA 2007;
ERCANLI & KAHRIMAN 2015) nicméné potvrzuji, Ze existuje souvislost pozitivniho vlivu
strukturni diferenciace borovych porostl na jejich produkci. Ve studii BRICHTA et al. (2024),
prostfednictvim které byly studovany strukturné diferencované porosty borovice lesni napiic¢
Evropou, byl zaznamenan nejvyssi radidlni pfirtist kodominantnich a dominantnich stromu na
(0,95 mm), zatimco ve Spanélsku (1,33 mm) a Polsku (1,25 mm) byl tento piirist praimérny.
Vysoké hodnoty Sitky letokruhli v borovych porostech Velké Britanie lze vysvétlit zdejSim

mirnym klimatem, zajisténym proudénim Golfského proudu (DAWSON 2009; PALTER 2015).

Také s ohledem na vyrazné zmény klimatickych podminek je diivodné zabyvat se nejen
adaptaci Cist¢ho borového ¢i Cistetho smrkového hospodafstvi na tyto zmény, ale rovnéz
ptipadnymi moznostmi smiseni v kontextu zvySovani produkce (BRABEC et al. 2023). Smrkové
a borové porosty zejména v poslednim desetileti vykazuji slabou odolnost vii¢i abiotickym
a biotickym faktorim prostiedi (HLASNY et al. 2021; LISKA et al. 2021; HABERSTROH et al.
2022). Jsou vSak znamé také studie, které borovici lesni povazuji za dievinu adaptabilni na
probihajici klimatické zmény, a to v souvislosti se zalesiiovanim byvalych zeméd¢€lskych ploch
¢i s prostou obnovou lesa (VACEK et al. 2021b). Je nicméné dostupna cela fada publikaci
tvrdicich opak, a to na zakladé zkuSenosti s chfadnutim borovych porostl, v rtiznych ptirodnich
podminkach (MASON & ALIA 2000; OBERHUBER 2001; BIGLER et al. 2006; GAO et al. 2017,
BURAS et al. 2018; HABERSTOH et al. 2022). Vyzkumy z riznych stanoviStnich podminek
vSak naznacuji, Ze je mozné borovici se smrkem péstovat dohromady, formou strukturné
diferencovanych smiSenych porosti (REMES & KOZzEL 2006; BIELAK et al. 2014; SVEC et al.
2015; RUIZ-PEINADO et al. 2021). Zminéni autofi rovnéZ hovofi nejen o lep$im plnéni funkci
lesa, ale také o lepsi produkci porostu borovice se smrkem. Tento fakt potvrzuji také vysledky

naseho vyzkumu (BRABEC et al. 2023).

Na zajmové lokalité (LU Kloko&na) popsané v této studii, jiz prob&hl vyzkum REMES
& KozeL (2006), ktefi uvadéji zasobu zhruba srovnatelnych produkénich charakteristik
ze smrkovych a borovych porostli, pomistn¢ doplnénych jedlemi, duby a buky. Rozsah zasob
porosttl byl v tomto piipadé stanoven na 366-378 m3/ha. Horni hranice tohoto rozsahu byla

0 101 m® nizsi nez v pripadé vyzkumu BRICHTA et al. (2024), tedy 351-479 m3/ha. Jesté nizsi
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hodnoty zjistili také BILEK et al. (2013) ve studii ze stejné oblasti (az 346 m®ha). Produkci
smisenych porostli borovice a smrku popisuji i studie PRETZSCH & SCHUTZ (2016) nebo Ruiz
-PEINADO et al. (2021), ktefi ve svém vyzkumu dospéli k zavéru, ze takové smisené porosty
dosahuji statisticky vyznamného nartstu produkce oproti monokulturdm. PRETZSCH & BIBER
(2016) dale stanovili az 35,9 % narust produkce smiSenych porostii borovice a smrku s pfimési
buku ve srovnani s monokulturami. Jejich zavéry potvrzuji i vysledky Setfeni BRABEC et al.
(2023) zaveérem, tedy ze varianty smiseni se 75 % ¢i 50 % zastoupenim borovice lesni v porostu
jsou z hlediska celkové porostni zasoby porostu nejpiiznivéjsi. Znama je nicméné také studie
NOVAK et al. (2019) z lesnich porosti Méstskych lestt Hradec Kralové, kde byla naopak zjisténa
vys8i produkce borovice po odstranéni smrkové spodni etdze. Autofi tento vysledek
argumentuji odstranénim efektu korunové intercepce poduroviiovych smrkil, ve prospéch
nadurovitovych borovic. Tato ¢astecné protichidna myslenka by pak méla byt ndmétem pro
vyzkum vlivu odstranéni smrkové etaZe také z porosti na LU Klokoéna vyzkumu BRABEC
et al. (2023). Samostatna produkce borovice lesni na obdobnych stanovistich v Ceské republice
je srovnatelna s praci VACEK et al. (2016) a CIHAK & VEIJPUSTKOVA (2021). Podobné produkéni
charakteristiky borovice lesni a smrku ztepilého ze stejné oblasti uvadi BIiLEK et al. (2017),
a to v zavislosti na pfirod¢ blizkych metodach hospodaieni a procesu piemény na vybérné
hospodaistvi. Na zakladé vysledk inventarizace prace BRABEC et al. (2023) lze tvrdit,
ze smiSené porosty borovice lesni a smrku ztepilého vykazuji lepsi produkcéni schopnosti,
jak s ohledem na produkci, tak na pocet jedincti. VALINGER (1992) tvrdi, Ze potencial zvyseni
piirtistu je ve smési v ptipadé borovice ve srovnani se smrkem vyrazné nizsi. Setieni disertaéni
prace (BRABEC et al. 2023) je s vys$§im piirustovym potencialem smrku ve smési s borovici
v souladu, a to i s ohledem na fakt, Ze borovice lesni ve studovanych porostech ¢asto tvoii

dominantni postaveni z hlediska vertikalni struktury porostu.

6.2.2 Struktura diferencovanych a smiSenych borovych porostii

V praci BRICHTA et al. (2024) byla horizontalni struktura heterogennich porosti borovice
lesni v riznych statech Evropy ve vétSin€ piipadid ndhodnéa ¢i agregovana. Toto tvrzeni je
v souladu se studii VACEK et al. (2016), ktefi dale popisuji, Ze V heterogennich porostech
borovice lesni s omezenymi péstebnimi zésahy se zpravidla objevuje agregovand az nahodna
struktura porostu, na rozdil od typickych produkénich porosti, kde se setkdvame s pravidelnym

rozmisténim jedinci. Vyzkum VACEK et al. (2019) ¢i prace MASON et al. (2007) navic
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horizontéalni strukturu heterogennich borovych porosti popisuji tak, ze skupinkovité rozmisténi
jedincti plati predevS§im pro mladsi stromy, kdezto starSi stromy jsou rozmistény spiSe
pravidelné. Analyza vyvoje porostu (SzMYT & TARASIUK 2018) nasledné odhaluje pravidlo
zmeény struktury ptirozenych borovych porostt s pribyvajicim vékem, od ndhodné struktury ke
shlukovitému usporadani porostu, avsak konkrétné¢ Vv ptipadé dubu se v daném porostu

postupem Casu vytvari pravidelna struktura.

Studie BRICHTA et al. (2024) prokazala rozdily vertikalni struktury mezi zkoumanymi
heterogennimi porosty, a sice nizkou vertikalni diverzitu v ptipad¢ lokalit ve Velké Briténii,
naopak vysoké hodnoty vertikalni diverzity ve Spanélsku. Vysoka vertikalni diverzita,
ale take tloustkova a vySkova diferenciace, v€etné korunové diferenciace na lokalitdich Valsain
(Spanélsko) mize byt zptisobena typickym horskym prostiedim, vyznamnymi disturbancemi
Vv této oblasti (PARDOS et al. 2017), ale predevsim systémem hospodaieni, zaméfujicim se na
individualni vybér v porostu (MONTES et al. 2005; EDWARDS & MASON 2006).
Ackoli MALTAMO et al. (2000) konstatuje, ze tloustkova diferenciace v heterogennich porostech
je ve srovnani s homogennimi porosty vyznamné vyssi, tak v piipadé vysledku disertaéni prace
(BRICHTA et al. 2024) byly hodnoty tohoto indexu (0,200-0,428) spiSe nizké az stiedni.
BARBEITO et al. (2009) také dodava, ze rovnéz vySkova diferenciace je v heterogennich
porostech s omezenym managementem vyS§i neZ v porostech homogennich. Vyzkum
MALTAMO et al. (2000) se vsak v piipadé vyskové diferenciace heterogennich borovych porosti
od studie BRICHTA et al. (2024) neodchyluje, oproti tomu zmifnuje podobné hodnoty vyskové
diferenciace. NasSe vysledky obsahuji také hodnoty indexu korunové diferenciace,
kterd zde ¢inila 1,101-2,642, coz V intencich stfedni az velmi vysoké korunové diferenciace
naznacuje také velmi vysokou variabilitu ziskanych dat. Hodnoty korunové diferenciace jsou

nicméné srovnatelné s vysledky studie CASTAGNERI et al. (2015).

Vyzkumem struktury smiSenych lesnich porostli na Kloko¢né se kromé studie predlozené
disertaéni prace (BRABEC et al. 2023) rovnéz zabyvala Setfeni REMES & KOZEL (2006), VACEK
et al. (2007) ¢i BiLEK et al. (2016). Autofi shodné potvrdili pfevazné nahodnou horizontalni
strukturu v porostech vybérného charakteru. Na§ vyzkum z hlediska celkové diverzity prokazal
u monokultur homogenni strukturni diverzitu, pro porosty smisené strukturni diverzitu blizsi
heterogennimu stavu. V ostatnich porostech na Kloko¢né, Vv jinych studiich, monokultury

vykazovaly jednotnou az nepravidelnou strukturu, smiSené porosty strukturu heterogenni
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(VACEK et al. 2007). Obdobné vysledky byly zjistény i na Skolnim lesnim podniku Kostelec nad
Cernymi lesy, které jsou shodné ve stadiu pfemény homogennich porostd na vybérny les
(REMES & KOzEL 2006). V praci REMES & KOZzEL (2006) byla nicméné popsana horizontalni
struktura porostu jako nahodild az mirné pravidelna, zaroven zde byla nizka tloustkova
i vySkova diferenciace, vcetn¢ celkové strukturni diferenciace. Tento vysledek je
pravdépodobné ovlivnén pivodnim slozenim porosti ve formé smrkovych monokultur
na Skolnim lesnim podniku v Kostelci nad Cernymi lesy, naopak v naem piipadé byla ptivodné
na lokalité Kloko¢na ve velké mife pfitomna také borovice lesni. VACEK et al. (2017, 2020)
upozoriuji na vyrazn€ nepravidelnou az bohatou strukturu reliktnich smisenych borovych
porostll, ktera je vtomto kontextu utvofena dvéma hlavnimi faktory heterogenni struktury
porostil — piirozenou tvorbou mezer a existenci pfirozené obnovy. Tato zjisténi jsou také
v souladu se studii GALLO et al. (2020), ktefi potvrzuji, Ze na diverzitu porosti ma podstatny
vliv také zpuisob hospodafeni. V ramci nasi studie (BRABEC et al. 2023) Ize v tomto kontextu

tvrdit, Ze individualni vybérné principy pozitivné ovlivnily heterogenitu lesniho prostiedi.
6.2.3 VIiv vybranych abiotickych faktorit na vitalitu borovice lesni

I pres odlisné piirodni podminky riznych stati Evropy zména klimatu stoji za ¢astym
chiadnutim borovych porostli t¢éméf na celém evropském tizemi. Hlavnimi abiotickymi faktory
zpusobujicimi chfadnuti az odumirani borovic jsou nedostatek srazek a zvysSujici se primérna
teplota (VITAS 2008; DAUSKANE et al. 2011; MARTINEZ-VILALTA et al. 2012; SANCHEZ-
SALGUERO 2012; CAMARERO et al. 2015; SRAMEK & HELLEBRANDOVA 2016; GAO et al. 2017;
BURAS et al. 2018; ETZOLD et al. 2019). Mnohé studie popisuji zmény klimatu jako p#ili§ limitni
pro borové hospodaistvi V soucasné podob¢, zname vSak také prace, jejichz zavéry jsou
s negativnim efektem zmény klimatu na rist borovice lesni v rozporu. KUSTERS (2002)
Z podminek Bavorska uvadi schopnost borovych porosti regenerovat na zmény klimatu
a udrzet piijatelné tempo ristu, a to i navzdory zvySujicim se primérnym teplotam,
a naopak ubyvani dostupnych srazek. STUBNER (2007) dokonce popisoval mozné rozsiteni
ristového arealu borovice lesni. Jiné prace (BORCHERT & KOLLING 2004; LASCH & SUCKOW
2007) sice klimaticka rizika zminuji, avSak s argumentem, Ze se borovice z hlediska
zdravotniho stavu s klimatickymi extrémy vyrovna diky své velmi Siroké ekologické amplitudé.

BORCHERT & KOLLING (2004) vsak také dodavaji, ze vtomto kontextu u borovice dojde
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ke snizeni pfirtstu, tedy i celkové produkce. Nutno dodat, Zze vySe zminéné studie, hovoftici

o nepftili§ zasadnim efektu klimatickych zmén na rtst borovice lesni, jiz nejsou zcela aktudlni.

Zavéry jednotlivych vyzkumi piedlozené disertacni prace potvrzuji aktualné vétsi vliv
klimatickych extrémi, zejména na radialni rist borovice lesni. Vysledky studie BRICHTA et al.
(2024), zabyvajici se heterogennimi porosty borovice lesni v nékolika evropskych zemich,
naznacuji, ze hlavnim klimatickym faktorem, ovlivitujicim radidlni rdst borovice je teplota.
Nizsi korelaci mezi radialnim pfiristem a srazkami uvadi také studie ze Svédska (MACIAS et al.
2004), ktera shodné se zavérem vyzkumu BRICHTA et al. (2024) tvrdi, Ze je to teplota,
ktera vyznamnéji ovliviiuje radidlni rist borovice. Zminéné zavéry potvrzuji také vysledky
naseho dalsiho vyzkumu (BRABEC et al. 2023) na Kloko¢né, v podminkach smisenych porosti
borovice lesni a smrku ztepilého, a sice vétsi vliv teploty nez srdzek na radialni rist obou dievin,
zejména ve vegetatnim obdobi. Setfenim porostli predlozené disertaéni prace, konkrétnd
v podminkach pfirozenych borovych porosti Kosteleckych bort (VACEK et al. 2019),
i homogennich porostti borovice lesni na zapadé Cech (CUKOR et al. 2019) bylo naopak
zjisténo, ze korelace mezi srazkami a prirtstem byla siln€jsi nez v ptipadé teplot. Vysledky
jednotlivych vyzkumu disertacni prace se tedy v tomto kontextu 1isi, pravdépodobné zejména
z divodu rtzného charakteru porostli. Vyzkum borovych porostli v nékolika evropskych
zemich (BRICHTA et al. 2024) nicméng¢ statisticky nepotvrdil vztah srazek ani teploty s radialnim
rustem borovic na lokalitach ve Velké Britanii. Toto piekvapivé zjisténi 1ze nicméné odivodnit
pritomnosti Golfského proudu, ktery zajistuje vyrazné oteplovani zapadnich biehti Evropy,
zejména v zimé, ¢imz zde udrzuje mirné klima (DAWSON 2009) a snizuje frekvenci extrémnich
klimatickych vykyvi (PALTER 2015). Moznost ovlivnéni rlstu strom Golfskym proudem
muze byt vyvracena polohou vyzkumnych lokalit, tedy polohou vnitrozemi,
s nadmotskou vyskou 250-280 m n. m. Celkové l1ze u vSech zkoumanych lokalit vyzkumu
BRICHTA et al. (2024) v piipadé mési¢nich srazek zminit mén¢ vyznamnou korelaci s radialnim
ristem nez s mési¢nimi teplotami, s vyjimkou lokalit ve Velké Britanii, kde byly naopak
zjiStény vyznamngj$i korelace se srdzkami. Toto zjiSténi se odliSuje od vysledki GRACE
& NORTON (1990), ktefi v klimatickych podminkach Velké Britanie naopak zjistili, Ze teplota
ma veétsi vliv na radialni pfirast nez celkovy uhrn srazek. Avsak GRACE A NORTON (1990)
¢i ALDEA et al. (2021) ptipomina, ze také nedostatek srazek samoziejmé ovliviiuje radialni rust

borovic. Vysledky prace BRICHTA et al. (2024) potvrzuji, ze teplota je hlavnim faktorem
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urcuyjicim radialni rast borovice, coz se projevuje vysSimi korelacemi meési¢nich teplot

s radialnim rustem Stromu.

Potieba je také zminit, ze Zadna ze studii diserta¢ni prace nehodnotila vliv klimatu na rtizné
staré ¢i rizné dimenzované jedince. VEIPUSTKOVA et al. (2020) v tomto kontextu nicméné
zminuje, ze nejvice jsou teplotnimi extrémy a nedostatkem srdzek ovlivnény porosty stiedni
az vyspélé kmenoviny. Dalsi z publikaci ptredlozené disertacni prace (CUKOR et al. 2022)
pak potvrzuje, ze borovice poskozené loupanim kury jsou vice ovlivnény piipadnymi
negativnimi vlivy klimatu. Studie MARQUES et al. (2022) vsak signifikantn¢ potvrdila, Ze sucha
obdobi snizuji rist borovice bez ohledu na vitalitu stromu. Vysledky nasich studii (VACEK et
al. 2019; BRABEC et al. 2023; BRICHTA et al. 2024) sice souhrnné naznacuji, ze teplota,
respektive srazky jsou hlavnimi faktory ovliviwyjicimi radialni riist borovice, nicméné je také
faktem, zZe v minulém stoleti byl radialni rust jist¢ ovlivnén také znecisténim ovzdusi (LEBEDEV
1862; VACEK etal. 2019; KUKARSKIH et al. 2022; SENSULA et al. 2022). Na zakladé¢ naseho Setieni
piirozenych borovych porostii v prostiedi Kosteleckych boriti (VACEK et al. 2019) mtizeme
zminénou tezi o vlivu znecisténi ovzdusi na radialni rast borovic potvrdit. Také v souladu
s dal$imi studiemi (WILCZYNSKI 2006; VACEK et al. 2017) potvrzujeme, Ze radialni rust borovic

byl negativné korelovan s koncentracemi SO; a expozici ozonu.

Pro jednotlivé vyzkumy disertacni prace, zabyvajici se vlivem klimatu na radidlni rist
borovice lesni (VACEK et al. 2019; BRABEC et al. 2023; BRICHTA et al. 2024) byl pro podminky
stfedni Evropy jako statisticky vyznamny negativni rok shodné stanoven rok 1976. Zminény
rok byl charakteristicky extrémné nizkou bieznovou teplotou, zaroven dlouhodobym suchem
Vv ¢ervnu. Spektralni analyzy letokruhovych sérii borovice lesni napti¢ Evropou (BRICHTA et al.
2024) potvrdily vyrazny pokles kolisani indexu letokruht a ztratu ptirozené rustové cykli¢nosti
dospélych jedinct, projevujici se jiz zhruba 30 let. Ztratu ptirozené cykli¢nosti riistu letokruhii
pfisuzujeme zejména dynamicky se ménicim klimatickym podminkam (FUSSEL 2016; SEIDL
etal. 2017; IPCC 2019; VENALAINEN et al. 2020; DE FRENNE et al. 2021; IPCC 2023). Vyzkum
BRICHTA et al. (2024) zjistil pfitomnost 2 az 7letych cykld radialniho ristu borovice lesni,
spojenych pravdépodobné s Castymi vykyvy teploty a srazek (TSONIS et al. 2007; MATVEEV
& Jump 2017). Bylo také prokazano, ze kratkodobé signaly (cykly) radialniho ristu borovice
lesni (2 az 7 let) jsou méné vyrazné nez dlouhodobé cykly. Dendrochronologicka analyza dat

z nékolika zemi Evropy navic ukazala, ze na vétSin€ studovanych lokalit byl evidentni riistovy
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cyklus 9 az 11 let. Zminény cyklus mlze mit spojitost také se slune¢nimi cykly, popsanymi pro
srazKy 1 teploty mimo jiné pro podminky celé¢ Evropy (LAURENZ et al. 2019; LUDECKE 2020).
Jedenactilety rastovy cyklus byl pro buk lesni popsan jak pro podminky Ceské republiky
a Italie, tak pro Bulharsko (SIMUNEK et al. 2020, 2021a, 2021b). Sluneéni cykly jsou nicméng
s ohledem na radialni rist stromt popsany také u borovice lesni, v tomto kontextu v prostiedi

zapadniho Ruska (SHUMILOV 2011a; SHUMILOV 2011b; MATVEEV & Jump 2017).

Borovice lesni je v celé stfedni Evropé velmi ohrozena suchymi periodami a zvySujici
se prumérnou teplotou. Na tento fakt Ize reagovat riznymi zplisoby. Méame jiZ informace o tom,
ze v podminkach ptfirozenych borovych stanovist’ 1ze adaptovat souc¢asné borové porosty na
meénici se podminky klimatu zménou jejich managementu. Nékteré studie (PARDOS 2017,
LUNDGVIST et al. 2019; BRICHTA et al. 2020) naznacuji, ze minimalné pocate¢ni faze péstovani
strukturné diferencovanych borovych porostl, prostiednictvim iniciace ptirozené obnovy pod
porostem, muze byt cestou k zachovéani borovice lesni do budoucna. Konkrétni benefity
strukturné diferencovanych borovych porosti lze najit také v obecné vySs$i odolnosti
profedénych porosti vuci extrémnimu suchu (SPITTLEHOUSE & STEWART 2004; DEL Rio
GAZTELURRUTIA et al. 2017; AMEZTEGUI et al. 2017; NOVAK et al. 2021). Ackoli vySe zminéné
vyzkumy, hovofici o lepS§i odolnosti profedénych porostd pojednavaji predevSim

o vychovnych zasazich, 1ze se domnivat, ze v dospélych porostech bude tento efekt obdobny.
6.2.4 Vliv vybranych biotickych faktorit na vitalitu borovice lesni

Vyzkum disertacni prace hodnotil vliv loupani zvéii na zdravotni stav vychovnych porosti
borovice lesni, ale také atraktivitu jedincli pfirozené obnovy borovice lesni v prostiedi
reliktnich borti. Problematika vlivu loupani kiiry na zdravotni stav borovice lesni byla popsana
ve studii CUKOR et al. (2022). V ramci zminéného vyzkumu bylo zjisténo, ze k prvnim Sskodam
loupanim zvéii dochazi ve véku jedince 8 az 11 let, coz je v souladu se studii GILL (1992),
ktery uvadi, Ze borovice je v tomto ohledu nejzranitelnéjsi ve véku 5 az 16 let. Pozitivnim
faktem je, Ze Casovy rozptyl popsany pracemi CUKOR et al. (2022) i GILL (1992) je vyrazné
krat§i nez v ptipadé smrku ztepilého (5 az 50 let) (WELCH A KOL. 1987) ¢i douglasky tisolisté
(12 az 44 let) (REIINDERS & VAN DER VEEN 1974). Také s ohledem na to, Ze v inkriminovaném
véku (8 az 11 let) poSkozovani jedinci borovice lesni dosahovaly vycetni tlouStky 3,3 a 6,4 cm,

lze tvrdit, Ze je borovice poskozovéna v intencich dimenzi vycetni tloustky <10 cm. Toto
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zjisténi potvrzuje také vyzkum NAGAIKE (2020). Z prostiedi ptirozeného vyskytu jelena siky
v Japonsku AKASHI & NAKASHIZUKA (1999) uvadi poskozeni stromu s vycetni tloustkou od
5 do 15 cm, nejéastéji vSak zminénych <10 cm. Z celkového poctu (417 ks) inventarizovanych
jedinct studie CUKOR et al. (2022) bylo 62 % borovic klasifikovano jako zdravé, 29 % jako
lehce poskozené a 9 % jako rozsahle poskozené. Zéasadni jsou vSak dimenze a lokace danych
poskozeni. V nasem piipad¢ byla primérna délka poskozeni loupanim stanovena na 43,3 cm,
pii primérné vysce 89,8 cm nad zemi. Podobné hodnoty délky (39,0 cm) a vysky (87,9 cm)
poskozeni doklada obdobna studie VACEK et al. (2020), z prostiedi smrkovych porostl. Zasadni
je nicméné predevs§im zjisténi, Ze borovice lesni ve srovnani se smrkem ztepilym vykazuje
vyraznou odolnost vu¢i Sifeni nésledné hniloby z mista prvotniho poskozeni stromu.
Lepsi odolnost vii¢i hnilobam lze ptfisuzovat chemickému sloZeni jadrového dieva borovice
(MARCIULYNAS et al., 2019; BAUDET et al., 2020), zejména v porovnani se smrkem ztepilym
(SWEDJEMARK et al. 1999). Dalsim zkoumanym parametrem byla primérna rychlost Sifeni
hniloby, ktera v pfipad€ naseho vyzkumu (CUKOR et al. 2022) dosahovala u borovice rychlosti
0,9 cm/rok, kdezto v ptipadé smrku (VACEK et al. 2020) dosahovala rychlosti 5,7-9,6 cm/rok.
Porovnat lze také s jedli bélokorou, kde byla zjisténa primérnd rychlost Sifeni hniloby

4,7 cm/rok (PACH 2005).

Atraktivitu jedinci pfirozené obnovy borovice lesni k okusu terminalniho pupenu
v piedloZzené disertani praci hodnoti studie VACEK et al. (2019). Vyzkum na lokalitach
Kosteleckych borti naznacil, ze ¢im vice je porost strukturné diferencovany, tim mén¢ jsou
jedinci pfirozené obnovy poskozovani zveéii. Vyse zminéné tvrzeni lze argumentovat vyrazné
niz8imi pocty poskozenych jedincti na lokalitdich Kosteleckych borit v rdmci opakovaného
méteni v roce 2016, tedy oproti roku 2006, kdy zde probehla zdkladni inventarizace. V roce
2016 byl podil jedinct s poskozenim terminalniho pupene velmi nizky (poskozenych: borovice
1,6 %, smrk 8,7 %, btiza 0,2 %), pouze u buku byl vysoky (36,2 %). Nejvice byli postizeni
jedinci s vyskou 20-80 cm. Rozdil 1ze sledovat u hodnot na zékladé stejnych parametrti, z roku
2006 (poskozenych: borovice 12,2 %, smrk 19,4 %, biiza 2,3 %, buk 92,5 %). Konkrétné
borovice lesni se v ptipad¢ inventarizace $kod okusem terminalniho pupenu jevila jako nejméné
atraktivni, podobny vysledek potvrzuje také rozsahla reSersni studie BRABEC et al. (2024).
Vyse popsané zaveéry je vsak potfeba doplnit také o skute€nosti zastoupeni jednotlivych dievin

na plochach, kdy jak v pfipadé¢ Vyzkumu VACEK et al. (2019) z prostiedi Kosteleckych bort,
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tak v ptipadé resersni prace BRABEC et al. (2024), se jednalo o lokality, kde borovice lesni
tvofila dominantni podil dievinné skladby. Na pfimou Umeéru snizujicich se Skod zvéfi
se zvySujicim se poctem jedinci pfirozené obnovy upozoriuje také DOBROWOLSKA (2008).
S ohledem na velmi méalo informaci o atraktivité borovice lesni v kontextu okusu termindlnich
pupent, ¢i dokonce o vlivu strukturni diferenciace porostu na vyskyt takového poskozeni,

vSak zatim nemizeme potvrdit ani vyvratit stupen rezistence tohoto taxonu k okusu terminalu.
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7. ZAVER

Soucasny stav poznani o borovici lesni je zalozen na rozsahlé sSkale riznych literarnich
zdroju a praktickych zkuSenosti s jejim péstovanim. Presto se ukazuje, ze informace o daném
taxonu jsou VsouCasné dob& v mnoha ohledech nedostacujici, zejména v kontextu
probihajicich globalnich zmén klimatu. V ramci této disertacni prace se podatilo detailné popsat
aspekty morfologie, ckologie, rozsifeni borovice lesni, v¢etné vlivu prfirodnich faktort
na vitalitu stromu, aktualnich rizik a moznosti obnovy borovych porosti. Studie dale poukazala
na skutecnost, Ze borovice lesni je navzdory diive popsané rezistenci vici suchym obdobim,
velmi citeln€ ovlivnéna klimatickymi vykyvy. I ptes Casto poskozené az labilni porosty suchem,
se nicméné jedna o jednu z nejvyznamnéjSich hospodaiskych dievin Evropy, a to predevsim
diky jeji Siroké ekologické amplitud€ a schopnosti obsazovat takova stanovisté, na kterych

ostatni dfeviny nemohou vytvaret souvislé lesni porosty.

S ohledem na potiebu snizovat naklady na obnovu porosti, zajistit jejich lepsi stabilitu
a adaptabilitu, ale také reagovat na zvySenou poptavku po mimoprodukénich funkcich lesa,
se jako perspektivni jevi na ptirozenych borovych stanovistich vyuziti podrostniho zptisobu
hospodareni. Vysledky této prace naznacuji, ze alternativou k beéznému holosecnému
hospodafeni na pfirozenych borovych stanovistich je pravé clonna se¢. Nejen, Ze diky vhodné
zvolenému rozvolnéni matetského porostu s piipadnou skarifikaci pidy piipravime dobré
podminky pro iniciaci pfirozené obnovy, ale zarovenl na dané lokalit¢ také udrzime lesni
prostiedi. Vysledky vyzkumu rovnéz ukazuji, ze pfi pocateCnim snizeni zakmenéni mateiského
porostu na uroven 0,4 a za vyuziti skarifikace ptidy, je inicidlni hustota nasledné ptirozené

obnovy vyssi nez na holoseci.

Vysledky vyzkumi z jiz vyspélych borovych porostli prokazaly, Ze borovice lesni je
schopna pfirozené udrzovat strukturné a druhové diferencované porosty v podminkéach
pfirozenych borovych stanovist. Inventarizace porosti na LU Kloko¢na (LZ Konopists,
Lesy CR, s.p.) také ukazala, e smiSeni borovice lesni se smrkem ztepilym, pii uplatnéni
vybérnych principli hospodateni, mliZze vést k vyssi produkéni efektivité neZ v piipadé porosti
slozenych pouze zjedné dfeviny. Navic smiSené porosty jSou oproti monokulturam
také vhodnéjsi v kontextu zvySovani ekosystémové rezistence vici biotickym a abiotickym

stresovym faktorim. Z téchto dlvodu Ize z praktického hlediska doporucit péstovani
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smiSenych borovych porosti se smrkem, v podminkach kyselych stanovist nizsich poloh.
Z dlouhodobého hlediska je vSak nezbytné zvazit moznosti zavadéni dalSich druhii dievin
do borovych porostil jako adaptivni strategie pro budouci podminky, napiiklad v souvislosti

se zménou dostupnosti vody ¢i zménami v sezénni dynamice rastu jednotlivych dievin.

Vyzkum dale prokazal vysokou rezistenci borovice vuci loupani lesni zvéti, naznacil také
mensi atraktivitu mladych borovic v ramci okusu terminalnich pupent. V oblastech
se zvySenou hustotou populaci sparkaté zvére se tedy borovice lesni jevi jako vhodna dievina
pro zakladani lesnich porosti. Dendrochronologické analyzy vsak také potvrdily, ze borovice
je v soucasné dobé ve vétsi miie prikazné ovliviiovana klimatickymi extrémy, coz postupné

vede ke ztraté prirozené cyklicity radidlniho rdstu stromu.

Predlozena disertacni prace neodpovédéla na vSechny otdzky tykajici se péstovani
diferencovanych borovych porostt, ¢i s vlivu klimatickych vykyvii na jejich rist, pfedstavuje
vSak podklad pro dalsi vyzkum a tvorbu koncepce prirodé€ blizkého hospodateni borovych lest.
Budouci vyzkum by se mél zaméfit nejen na podrobnéjsi analyzu vlivu klimatickych zmén
na rust a vitalitu borovice lesni, ale také na jeji genetickou variabilitu v kontextu adaptace
na ruzné environmentalni stresory, jako je dlouhodobé sucho, extrémni teploty ¢i zmény
pudni vlhkosti. Vyznamnym smérem by mohlo byt studium rozdili mezi regionalnimi
populacemi borovice, aby bylo mozné 1épe porozumét jejich odolnosti vici specifickym
lokalnim podminkam prostiedi a identifikovat vhodné provenience pro vysadbu v oblastech
nejvice ohrozenych zménami klimatu. Soucasné¢ bude zasadni zohlednit i socio-ekonomické
faktory, pfedné dostupnost dieva pro prumysl, ochranu pudy a vody, nebo rostouci pozadavky

na rekreacni a ekologické funkce lest.
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