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Cile prace

e Ziskat nové poznatky o struktufe a vyvoji smiSenych pfirodé blizkych lesnich ekosystému nizsich

a stfednich poloh s dominantnim bukem lesnim na trvalych vyzkumnych plochach (TVP), a to zejména ve
smiSenych sutovych a roklinovych lesich a v lesich silné ohrozenych erozi.

e Zhodnotit strukturu a potencial pfirozené obnovy véetné zjisténi limitnich vlivQ, které ovliviuji jeji
zddrné odrustani na daném Uzemi.

¢ Zhodnotit biodiverzitu stromového patra a pfirozené-obnovy ve vazbé na minulé zpUsoby
obhospodarovani lesnich porostud véetné tvar( lesa.

® Posoudit vliv klimatickych zmén na strukturu, vyvoj a ekologickou stabilitu hlavnich studovanych drevin
na TVP.

¢ VV\yvhodnotit vliv klimatickych faktor( (srazky, teploty) na radialni rlist buku lesniho a pfimisenych drevin
(smrk ztepily, jilm horsky, javor klen, dub zimni).

e Porovnani produkéniho potencidlu, diverzity a struktury smisenych porosti s monokulturami buku
lesniho.

e Zpracovat zasady prirodé blizkého managementu pro smiSené porosty nizsich a stfednich poloh
ohrozenych erozi.

e Ziskané vysledky publikovat v ¢asopisech s IF a v databazi Scopus.

Metodika

Pro stanoveni struktury stromového patra na stavajicich i nové zaloZzenych TVP o velikosti 25 x 25 az 50 x 50
m bude pouzita technologie FieldMap. Bude zamérena poloha vSech jedincli stromového patra o vycetni
tloustce nad 4 cm a obvod koruny minimalné ve 4 smérech na sebe kolmych. U stromového patra budou
téz zméreny vysky stromu, vysky nasazeni zelené koruny a vycetni tloustky.

U odumfrelého dreva (tloustka > 7 cm, délka > 1 m) bude zjistovana pozice, dfevina, stupen rozkladu (pé-
ticlenna stupnice dle Spetich et al. (2002); 1 — nenaruseny kmen rozkladem, 5 — kone¢nd faze rozpadu)
a objem dle metodiky Harmon et al. (1986).

Pfirozena obnova bude na jednotlivych TVP méfena na transektech 5 x 50 m, které budou reprezentativni
z hlediska obnovy. U vsech jedinct o vycetni tloustce do 4 cm budou méreny: poloha, jejich vyska, vyska na-
sazeni zelené koruny, Sitka koruny a tloustka kofenového krcku. Déle budou u pfirozené obnovy hodnoceny
Skody zvéfri (cf. Vacek et al., 2014, 2015).
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U 30 urovnovych strom( na kazdé TVP budou pomoci-Presslerova nebozezu odebrany vyvrty ve vycetni
vysce (130 cm) kolmo na osu kmene po svahu.

U viech jedincl stromového-patra-budou- na jednotlivych TVP zhodnoceny-strukturdini a rlstové para-
metry, kvantita a kvalita produkce, horizontalni a vertikdlni struktura a biodiverzita. Objem strom( bude
kalkulovany podle objemovych rovnic publikovanych v préaci Petras, Pajtik (1991).

Letokruhové prirastové série budou jednotlivé krizové datovany s vyuZitim statistickych testl v programu
CDendro a vizudlni revize odhalenych nesrovnalosti. V dalSim zpracovani budou vyhodnoceny negativné
vyznamné roky (Schweingruber et al. 1990). Jednotlivé krivky budou dale standardné detrendovany v pro-
gramu R (Cook, Kairiukstis, 1990).

Z detrendovanychdat bude vytvorena praumeérna letokruhova série pro kazdou drevinu a TVP. Nasledné bu-
dou vyhodnoceny korelace téchto sérii's historickymi mésic¢nimi Uhrny srazek a teplot, za pouZiti programu
DendroClim (Biondi, Waikul 2004).
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Abstrakt

Druhové slozeni spolu s prostorovou a vékovou strukturou tvoii hlavni atributy lesnich
ekosystému. Prace vychazi z vyzkumu zaméteného na strukturu a vyvoj smisSenych porosti
nizSich a stfednich poloh se zaméfenim na sutové lesy. Tyto lesy s velkym mnozstvim
chranénych rostlin a volné zijicich Zivocichl jsou vazné ohrozeny klimatickymi zménami v
disledku castéjsich epizod dlouhodobého sucha a klimatickych extrémt. Prace se komplexné
zaméfuje na strukturu, vyvoj a dosavadni management sutovych lest a lesti ohroZenych
introskeletovou erozi v chranéné krajinné oblasti (CHKO) Broumovsko, v Narodni ptirodni
pamatce (NPP) Mednik, KrkonoSském narodnim parku, v Narodni pfirodni rezervaci (NPR)
Karlstejn — Doutnd¢ a v Krusnych horach. Hlavnim cilem prace bylo (A) ziskat detailni
poznatky o struktufe a vyvoji smiSenych, ptfirodé blizkych lesnich ekosystémut nizSich a
stitednich poloh a (B) zpracovat podklady pro stanoveni zasad piirod¢ blizkého managementu
téchto lest. Dil¢imi pfedpoklady k dosaZeni téchto cili bylo 1) zhodnotit stav pfirozené obnovy,
véetné Skod zvéii, 2) zhodnotit biodiverzitu lesnich ekosystémt véetné bylinného patra a 3)
posoudit vliv klimatickych zmén v kontextu radialniho ristu zdjmovych dfevin. Za timto
ucelem doslo k opakované inventarizaci struktury lesa v pfedmétnych lokalitach a k rozsdhlému
dendrochronologickému Setfeni. Studie predstavuje souhrnny zdznam dynamiky lest
ovlivnénych zménami v hospodateni a globdlnimi klimatickymi zménami. Z vysledki prace
vyplyva, Ze struktura a dynamika lesa je v zdjmovych lokalitach vyznamné ovliviiovana zvéfi.
Nejveétsi Skody okusem byly zjistény u obnovy jedle bélokoré (4bies alba Mill.), jilmu horského
(Ulmus glabra Huds.) a jetdbu ptaciho (Sorbus aucuparia L.). Vysledky studie dale
dokumentuji zmény biodiverzity v zavislosti na zménach hospodateni za poslednich vice nez
55 let. Pii pfevodu tvaru lesa nizkého na vysoky se biodiverzita signifikantné sniZila. Pti
srovnani celkové diverzity lesti ponechanych samovolnému vyvoji a lesi obhospodatovanych
pfirod¢ blizkym zpisobem nebyly nalezeny vyznamné rozdily. Vysledky vSak potvrzuji
mimotadnou zranitelnost lesti rostoucich na extrémnich stanoviStich ve srovnani s lesy
rostoucimi v ekologickém optimu. Vyrazna ristova minima a variabilita v¢etné vyvoje ristu
jednotlivych dfevin dokumentuji vysSs$i zranitelnost dfevin rostoucich na extrémnéjSich
stanoviStich z hlediska sklonu, hloubky a skeletovitosti ptidniho profilu na sutovych
stanoviStich. Z hlediska dendrochronologie, nejvyssi sensitivita na zneciSténi ovzdusi a
klimatické faktory byla zjisténa zejména u smrku ztepilého (Picea abies [L.] Karst.). Na druhou
stranu, vysokou resistenci na zménu klimatu a klimatické extrémy doklada javor klen (Acer

pseudoplatanus L.). Z péstebniho hlediska smiSené porosty dosahovaly vyrazné vyssi porostni



zasoby, diverzity a stability oproti monokulturam. Zavérem: je dilezité se zamétit na podporu
téchto ohrozenych sutovych stanovist’ obhospodatovanych ptirodé¢ blizkymi zptisoby péstovani
lest, véetné tvorby porostnich smési, na harmonizaci péstebniho a mysliveckého managementu

a vnaseni odolnych dfevin v kontextu zmény klimatu.

Kli¢ova slova: sutové lesy, biodiverzita lesnich ekosystémt, dendrochronologie, globalni

klimatickd zména, pfirozena obnova, Skody zvéii



Abstract

Species composition together with spatial and age structure represents the principal attributes
of forest ecosystems. This dissertation is based on research focused on the structure and
development of mixed forests in lowland and mid-elevation areas, with particular emphasis on
scree forests. These forests, characterized by a high occurrence of protected plant species and
wildlife, are severely threatened by climate change as a result of increasingly frequent episodes
of prolonged drought and climatic extremes. The study provides a comprehensive assessment
of the structure, development, and historical management of scree forests and forests
endangered by introskeletal erosion in the Broumovsko Protected Landscape Area, the Mednik
National Natural Monument, Krkonose National Park, the Karlstejn—Doutna¢ National Nature
Reserve, and the Ore Mountains. The main objectives of the dissertation were (A) to obtain
detailed knowledge of the structure and development of mixed, close-to-nature forest
ecosystems in lowland and mid-elevation regions and (B) to provide a scientific basis for
defining principles of close-to-nature forest management for these ecosystems. To achieve these
objectives, the study aimed to assess the status of natural regeneration, including damage caused
by ungulate browsing, evaluate forest ecosystem biodiversity including the herb layer, and
analyse the effects of climate change in the context of radial growth of selected tree species.
For this purpose, repeated inventories of forest structure were conducted at the study sites,
complemented by extensive dendrochronological analyses. The study represents a
comprehensive record of forest dynamics influenced by changes in management practices and
global climate change. The results indicate that forest structure and dynamics at the investigated
sites are significantly affected by ungulate game, with the most severe browsing damage
observed in the natural regeneration of silver fir (4bies alba Mill.), wych elm (Ulmus glabra
Huds.), and rowan (Sorbus aucuparia L.). The findings further document changes in
biodiversity associated with shifts in forest management over the past more than 55 years,
showing a significant decline in biodiversity following the conversion from coppice to high
forest, while no significant differences were detected when comparing the overall diversity of
forests left to spontaneous development with those managed using close-to-nature silvicultural
approaches. The results nevertheless confirm the exceptionally high vulnerability of forests
growing on extreme sites compared to forests located under ecologically optimal conditions, as
reflected by pronounced growth minima and increased variability, including species-specific
growth trajectories, which indicate a higher susceptibility of trees growing on steep slopes with

shallow and highly skeletal soils on scree substrates. From a dendrochronological perspective,



the highest sensitivity to air pollution and climatic factors was detected in Norway spruce (Picea
abies [L.] Karst.), whereas sycamore maple (Acer pseudoplatanus L.) exhibited high resistance
to climate change and climatic extremes. From a silvicultural standpoint, mixed forest stands
achieved substantially higher stand volume, diversity, and stability compared to monocultures.
This highlights the importance of supporting these threatened scree forest habitats through
close-to-nature forest management practices, including the establishment of appropriate tree
species mixtures, harmonization of silvicultural and game management, and the introduction of

resilient tree species in the context of ongoing climate change.

Keywords: scree forests, biodiversity, dendrochronology, global climatic change, natural

regeneration, game damage
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Seznam zkratek

A (Pri) — vertikalni struktura

B (J&Di) — celkova porostni diverzita

D (Mi) — druhova bohatost

E (Pii) — druhovéa vyrovnanost

G (Gi) — Giniho index

H’ (Si) — druhova heterogenita (Shannoniiv index)

K (J&Di) — diferenciace korun

R (C&Ei) — agregacni index

S (J&Di) — vertikalni diverzita

TMd (Fi) — tloustkova diferenciace

TMh (Fi) — vyskova diferenciace

AOPK — Agentura ochrany piirody a krajiny CR

ANOVA - analyza rozptylu (4nalysis of Variance)

AOT40F — akumulovana expozice ozonu nad prahem 40 ppb pro lesni vegetaci
CHKO - chranéna krajinna oblast

CHMU - Cesky hydrometeorologicky ustav

DBH - vycetni tlouStka (Diameter at Breast Height)

EIV — Ellenbergovy indika¢ni hodnoty

EVL — evropsky vyznamna lokalita

GPS — globalni polohovy systém (Global Positioning System)
HSD - test vyznamnosti rozdilt (Honestly Significant Difference)
LS — lesni sprava

LT — lesni typ

NOx — oxidy dusiku

NP — néarodni park

NPP — nérodni pfirodni pamatka

NPR — narodni pfirodni rezervace

O3 — ozon

PCA — analyza hlavnich komponent (Principal Component Analysis)
SLT — soubor lesnich typti

SO, — oxid sificity

TVP — trvala vyzkumna plocha
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Obr. 1: Vertikalni struktura smiSeného porostu A) pied vychovnym zadsahem, B) po nevhodné
poduroviiové probirce, kterd zplisobuje homogenizaci struktury lesniho porostu, a C) po pouziti
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diverzity (upraveno podle Vacek et al. 2023).

Obr. 2: Skody zptsobené okusem u buku lesniho (vlevo) a loupanim u smrku ztepilého
(vpravo) ve smiSenych lesich Krkonos$ (foto: Vojtéch Hajek).

Obr. 3: Napadeni jasnu ztepilého Hymenoscyphus fraxineus (vlevo) a buku lesniho Mikiola
fagi (vpravo) v sutovych lesich Sudetské soustavy (foto: Stanislav Vacek, Vojtéch Hajek).
Obr. 4: Lokalizace trvalych vyzkumnych ploch 1-7 ve smisenych porostech v zapadnich
KrkonoSich a primérmé meésicni hodnoty klimatickych parametri v obdobi 1961-2019
(meteorologicka stanice Harrachov, ¢eského hydrometeorologického institutu); mapa byla
vytvorena v programu ArcGIS (Esri).

Obr. 5: Lokalizace trvalych vyzkumnych ploch 812 v EVL Kozinek — CHKO Broumovsko;
mapa byla vytvorena v programu ArcGIS (Esri).

Obr. 6: Interiér sutového porostu trvalé vyzkumné plochy 8 v EVL Kozinek — CHKO
Broumovsko (foto: Vojtéch Hajek).

Obr. 7: Lokalizace trvalych vyzkumnych ploch 1-20 v Kru$nych horach a primérné meési¢ni
hodnoty klimatickych parametri v obdobi 1960-2020; mapa byla vytvofena v programu
ArcGIS (Esri).

Obr. 8: Lokalizace sérii TVP 1A aZ 3B v NPP Mednik; mapa byla vytvofena v programu
ArcGIS (Esri).

Obr. 9: Lokalizace trvalych vyzkumnych ploch 1-6 na lokalit¢ Doutna¢ v NPR Karlstejn v
CHKO Cesky kras a priimémé mésiéni hodnoty klimatickych parametrii v obdobi 1960-2020
(meteorologickéd stanice Neumétely, ¢eského hydrometeorologického institutu); mapa byla
vytvorena v programu ArcGIS (Esri).

Obr. 10: Interiér smiSen¢ho porostu trvalé vyzkumné plochy 3 na lokalit¢ Doutna¢ v NPR

Karlstejn v CHKO Cesky kras (foto: Vojtéch Hajek).
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1. Uvod
Vzhledem k antropogenni zméné klimatu (IPCC 2018) je zasadni pochopit, jak budou lesni

ekosystémy reagovat ve vybranych zajmovych tizemich niz§ich a stfednich poloh v CR. Od
predindustridlni éry vzrostla primérna globalni teplota o0 0,87 °C, pficemz v soucasnosti teploty
rostou 0 0,2 °C za desetileti (IPCC 2018). Tento trend oteplovani je obzvlasté patrny v Evropé,
kde primérna ro¢ni teplota za posledni desetileti byla o 1,6 °C az 1,7 °C vySss§i nez
piedindustridlni primér (EEA 2019). Vzhledem k narGstu praimérné teploty se predpoklada, ze
extrémni klimatické jevy, jako jsou viny veder a sucha, se v nadchazejicich desetiletich budou
vyskytovat Castéji a zavaznéji (Vacek et al. 2023).

Od roku 2000 Evropa jiz zazila osm extrémnich vin veder (Orth et al. 2016; IPCC 2018; Lhotka
et al. 2018, Spinoni et al. 2018; Vacek et al. 2021, 2023). S tim Gzce souvisi vyssi zranitelnost
lesti vici teplejSim obdobim sucha, kterda vedou k mnohym obavéam z hlediska mozné adaptace
téchto lesti na probihajici klimatické zmény (Breshears et al. 2005; Allen et al. 2010, 2015;
Simtnek et al. 2020, 2021, 2023; Vacek et al. 2023). Z téchto divodl se zejména v poslednim
desetileti studium smiSenych porostl t&$i vyraznému zdjmu, a to diky jejich zvySenému dirazu
na ekologickou stabilitu lesnich ekosystému (Pretzsch et al. 2016; Morin et al. 2014; Coll et al.
2018) a poskytovani ekosystémovych sluzeb (Stenger et al. 2009; Conte et al. 2018)
v podminkach postupujicich klimatickych zmén. Globalni zmény totiz ptedstavuji hrozbu pro
lesni ekosystémy a jejich funkce (Schroter et al. 2005; Anderegg et al. 2016; Sicard et al. 2016;
Machar et al. 2017; Vacek et al. 2023).

Lesy ponechané samovolnému vyvoji a lesy chranénych uzemi pak mohou slouzit jako
prilezitost pro studium ptirodnich procesti (Margules, Pressey 2000; Vacek et al. 2012; Horak,
Pavlicek 2013). Buk lesni (Fagus sylvatica L.) a smrk ztepily (Picea abies L.) jsou dva
Leuschner, Ellenberg 2017). V lesich Sudetské soustavy pak v ptirozené druhové skladbé tyto
dvé dfeviny Casto doplituje jedle bélokora (4bies alba Mill.) a lokaln¢ také javor klen (Acer
pseudoplatanus L.) — (Vacek et al. 2012), jak tomu bylo i v autochtonnich porostech na
studovanych lokalitdich ponechanych samovolnému vyvoji nebo obhospodatovanych ptirodé
blizkymi postupy. Toto autochtonni dfevinné slozeni typické pro Hercynska pohofti je nazyvano
tzv. hercynska smées (Malek 1981). Toto dievinné slozeni by ndm pak mélo slouzit jako urcity
vzor pro ptirod¢ blizké hospodateni, nebot” pokud jsou ptirodé blizké lesy svym druhovym
slozenim a strukturou podobné pfirodnim lesiim, tak jejich dynamika a stabilita je pfirodnim

lestim rovnéz velmi podobna (Govedar et al. 2018).
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Sutové lesy stfedni Evropy patii k nejzranitelnéjSim ekosystémiim v regionu (Orman et al.
2018), vzhledem k tomu je hlubsi porozuméni dlouhodobé dynamice a koexistenci ptirozenych
porostll v soucasnosti velmi dulezité, a to jak z pohledu ekologie lesa, tak i managementu a
ochrany ptirody (Dan¢k et al. 2022). Obzvlasté dulezité pak jsou autochtonni smiSené porosty,
nebot’ v minulosti byl smrk a jeho monokulturni péstovani siln¢ upiednostiiovano v ramci
holose¢ného managementu na ukor lesi smiSenych (Spiecker 2000; Klopci¢ et al. 2017).
V nizsich polohédch jsou sutové lesy Casto tvofeny smiSenymi porosty slozenymi z dubu
letniho, dubu zimniho, habru obecného, javoru babyky, javoru mléce, jefabu bieku, jasanu
ztepilého (Vacek et al. 2019). Na fad¢ mist tak byly smiSené horské lesy nahrazeny smrkovymi
monokulturami (Ott et al. 1997; Slodic¢dk et al. 2005; Diaci et al. 2020) se znacnymi
ekologickymi dopady na kvalitu lesniho ekosystému a biodiverzitu (Vavrova et al. 2009;
Pouska et al. 2010; Grilli et al. 2016). Na studovanych lokalitach k tomuto, diky pfisné ochrané
danych tzemi, sice nedoslo, avSak vlivem imisn¢ ekologické kalamity v druhé poloviné
dvacatého stoleti a poSkozovanim jedlovych porostii korovnici kavkazskou (Dreyfusia
normannianae) a korovnici jedlovou (Dreyfusia piceae) doslo k odumfeni pfimiSené ci
vtrousené jedle. Ustup jedle pravé vlivem imisné ekologické kalamity a spolupiisobenim
korovnice kavkazské (Dreyfusia normannianae) a korovnice jedlové (Dreyfusia piceae) pak
zdokumentovali naptiklad prace Mrkva (1994) a Zubrik (1994). Negativni vliv imisniho
zatizeni na jedli pak zhodnotila cel4 fada dalSich praci (Dobrowolska 1998; Diaci 2011; Bosela
et al. 2014; Mikulenka et al. 2020). Obdobné¢ jako jedle pak na studovanych lokalitach ¢asto
odumfel i javor klen, ktery pravdépodobné odumfel pfirozené stafim, pfi¢emz jeho piirozena
obnova byla potla¢ena dominantni masivni pfirozenou obnovou buku, ktera Iépe snasi zastinéni
ve spodni etazi a vyrazné tlaky zvéie. K odlisSnym vysledkiim v tomto sméru, co se tyce javoru
klenu, dochézi prace Vrska et al. (2009), ktera zdokumentovala naopak nartst jedincii javoru

klenu na ukor dominantniho buku.

Buk 1 smrk vzajemné sdileji vyznamnou ¢ast svych ptirozenych arealli, ackoliv se tyto druhy
pomérné vyrazné lisi ve svych Zivotnich strategiich a také v dopadech na Zivotni prostiedi
(Dittmar et al. 2006). Vzhledem k tomu, Ze buk je dfevina citlivad k pozdnim mraziim, je jeho
vyskyt omezen vys§i nadmoiskou vyskou a zemépisnou Sitkou (Korner et al. 2016; Danék et
svym mélkym kofenovym systémem naopak vyrazné vice citlivéjsi na sucho (Pretzsch et al.
2014; D’ Andrea et al. 2022, 2023), a v nizsich polohach v sou¢asnosti dochazi v jeho porostech

k velkoploSnym disturbancim, které jsou v poslednich letech na vzestupu (Nagel et al. 2017).
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Navic se do budoucna v tomto trendu neda predpokladat néjaka vyrazna zména (Usbeck et al.
2010). Na druhou stranu buk v poslednich letech zaznamenal rozmach (Magri 2006; Poljanec
et al. 2010; Janik et al. 2013; Fuchs et al. 2024), a to i na ukor jedle (Vrska et al. 2009; Vacek
et al. 2014). Na studovanych lokalitach vSak jsou obé dominantni dieviny stale pomérné vitalni.
Velikost stroma a jejich tvar jsou pak vysledkem ptsobeni mistnich podminek zivotniho
prostfedi a jak vnitrodruhové, tak i mezidruhové kompetice (Bayer et al. 2013). Pficemz velmi
dilezitd je vertikalni struktura smiSenych porostil, nebot’ skrze ni mohou jednotlivé druhy
prokézat svou schopnost adaptovat své struktury, tak aby mohly co nejefektivnéji vyuzit zdroje
a zaroven omezit konkurenta v ptistupu ke zdrojim (Pretzsch 2009). Z pohledu svétla jako
2012) lepsi konkurencni vlastnosti nez smrk (Grundmann et al. 2011). Buk diky velmi dobré
schopnosti koruny §ifit se do volného prostoru v zapoji je schopny udrzovat vicevrstevny zapoj,
ktery vyrazné potlacuje konkurenéni dfeviny (Pretzsch, Schutze 2005; Janik et al. 2013).
V souvislosti s tim strukturalni diverzita smiSenych porostii byva zpravidla zkoumédna pomoci
struktury a plasticity koruny (Price et al. 2010; Richards et al. 2010), ackoliv v dospélych
porostech jsou tato méfeni znacné ndro¢nd. V lesich Sudetské soustavy byly tomuto tématu
vénovany jiz n¢které prace (Bulusek et al. 2016; Kralicek et al. 2017; Slanaf et al. 2017; Vacek
et al. 2017), avSak spiSe v mén¢ diverzifikovanych porostech, které mnohdy nebyly
autochtonniho ptvodu, a tak by pravé tato studie méla rozSifit znalosti o vzacnych
autochtonnich samovolné¢ se vyvijejicich porostech ¢ v piirodé blizkymi zplsoby

obhospodatovanych smiSenych porostech hercynské smési.

Vzhledem k vyssi odolnosti smiSenych porostii vii¢i globalnim klimatickym zménam a zaroven
k jejich zranitelnosti introskeletovou erozi na siln¢ balvanitych a sutovych stanovistich byla

tato prace zameétena na tyto lesni ekosystémy v nizSich a stfednich polohéch.

18



2. Cile prace
Cilem prace je komplexné¢ zhodnotit strukturu, vyvoj a ekologickou stabilitu smiSenych ptirode
blizkych lesnich ekosystémil nizsich a stfednich poloh s dominanci buku lesniho na trvalych
vyzkumnych plochach. Pozornost je zaméiena zejména na specifické typy stanovist,, jako jsou
sut'ové lesy a porosty siln¢€ ohrozené erozi, které predstavuji ekologicky citlivé a sou¢asn¢€ malo
prozkoumané ekosystémy. Prace se dale soustiedi na hodnoceni struktury a dynamiky pfirozené
obnovy, biodiverzity dievinné slozky a jejich vazeb na historické zptisoby obhospodatrovani
lesa. Vyznamnou soucasti je posouzeni vlivu klimatickych zmén a klimatickych faktorti na rist,
strukturu a stabilitu hlavnich dfevin, v€etn¢ analyzy radidlniho rtstu v kontextu klimatickych
faktori. Na zéklad¢ ziskanych poznatkG jsou formulovany zasady pfirod¢ blizkého
managementu smiSenych porosti a vysledky byly publikovdny v mezindrodnich odbornych
casopisech s IF. Nize jsou uvedeny konkrétni cile diserta¢ni prace v souladu se zadanim.

Specifické cile prace:

1. Analyzovat strukturu a vyvoj smiSenych ptirod¢ blizkych lesnich ekosystému nizsich a
sttednich poloh s dominanci buku lesniho na trvalych vyzkumnych plochéch, se zvlastnim
diirazem na smiSené sutové a roklinové lesy a porosty siln€ ohroZené introskeletovou erozi.

2. Zhodnotit strukturu, dynamiku a potencial pfirozené obnovy lesnich porostl, vcetné
identifikace hlavnich limitnich faktort (Skody zvéfi, stanovistnich podminek, eroze a
konkurence), které ovliviiuji jeji ispésné odristani a budouci dynamiku lesa.

3. Vyhodnotit strukturdlni (vertikdlni, horizontdlni), druhovou (bohatost, vyrovnanost,
heterogenita) a komplexni diverzitu stromového patra, pfirozené obnovy a vegetace ve
vztahu k historickym zpiisobim obhospodatovani lesa a tvarim lesa, a posoudit jejich vliv
na soucasnou strukturu a stabilitu lesnich porosta.

4. Posoudit vliv probihajici klimatické zmény na strukturu, vyvoj a ekologickou stabilitu
hlavnich dfevin ve studovanych porostech, se zaméfenim na jejich vitalitu, adaptacni
schopnosti a projevy stresu.

5. Vyhodnotit vztahy mezi klimatickymi faktory (srdZky, teplota, extrémni udalosti) a
radidlnim ristem buku lesniho a ptfimiSenych dievin (smrk ztepily, jilm horsky, javor klen,
dub zimni) pomoci dendrochronologickych analyz v€etn€ vyznamné negativnich rokt.

6. Porovnat produkéni potencial, biodiverzitu a strukturalni charakteristiky smiSenych porostti
s bukovymi a smrkovymi monokulturami a zhodnotit jejich ekologickou stabilitu a

dlouhodobou udrzitelnost.
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7. Formulovat zésady ptirodé¢ blizkého managementu smiSenych lesnich porosti nizSich a
sttednich poloh, zejména v oblastech ohrozenych erozi, s cilem zvysit jejich stabilitu,
biodiverzitu a adaptacni potencial na probihajici klimatickou zménu.

8. Publikovat dosazené vysledky v mezinarodnich odbornych ¢asopisech s impakt faktorem a
v databazi Scopus, a tim piispét k rozsifeni odbornych poznatkii o fungovani a
managementu piirod¢ blizkych lesnich ekosystémill v obdobnych stanovistnich podminkéach

%

CR.
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3. Rozbor problematiky

Les hraje klicovou roli pfi stabilizaci klimatu a zmiriovani globalnich klimatickych zmén na
Zemi (Meyfroidt, Lambin 2011). Pochopeni jak a do jaké miry mohou rizné postupy
obhospodafovani lestt modifikovat procesy, které ptispivaji ke zvysSovani jejich ekologické
stability pfi postupujicich globalnich klimatickych zménach je proto zakladem pro zlepSeni
naseho porozuméni vedouciho ke zmirnéni klimatickych zmén na Zemi (Collalti et al. 2018).
Globalni klimatickou zménu a ji zplisobené jevy, jez maji dramatické nasledky, potvrzuje
situace v poslednich 20 letech dolozené velkym mnozstvim studii (naptiklad Konopka 2007;
Seidl et al. 2014; Vacek et al. 2023). V ramci Evropy mezi nejdramatictéjsi zmeény patii vyrazna
fluktuace teplot v letnich obdobich, zvySovani teploty a sucha zplisobujici intenzivnéjsi
evapotranspiraci, jez vede ke zhorSeni vodni bilance a k vyskytu extrémnich meteorologickych
jevta (FAO 2015; IPSS 2018; EEA 2019). S touto hrozbou je v lesnich porostech spojen stale
Castéj$i vyskyt pozard, povodni, sné¢hovych, vétrnych a eroznich disturbanci (Vacek et al.
2023), které by mohly pfi sou¢asném pokracovani vyznamné¢ ovlivnit zasobu uhliku v lesich
(Seidl et al. 2014). Porosty mohou byt v diisledku oslabeni nachylnéj$i k destrukei kofenového
systému houbovymi patogeny, viry a bakteriemi (Allen et al. 2010).

Zmény klimatu pfispivaji také ke zhorSeni zdravotniho stavu porostil, spolu s pfiznivymi
podminkami pro populace hmyzu, zvySujicim riziko gradace vyskytu podkorniho i listozravého
hmyzu (Temperli et al. 2013). Z naSich dfevin je nejvice postizen smrk ztepily. Alochtonni
smrkové monokultury na stanoviStich smiSenych a listnatych porosti patii k ekologicky
nejlabilnéj$im lesnim ekosystémtim a jejich labilita se bude v disledku globalnich klimatickych
zmeén jeste vyrazné zhorSovat (Vacek et al. 2007). Ve srovnani s tim smiSené porosty maji vyssi
odolnost a stabilitu pti zménach klimatu (Vacek et al. 2019, 2023; Mikulenka et al. 2020). Také
dochazi k vyrazné zméné aredlli dfevin spojenému s posunem lesnich vegetacnich stupiia
(Machar et al. 2017). Na druhou stranu v simulacich vyvoje porosti po zvyseni teploty pii
postupujici klimatické zméné vzrostla produkce lestt mirného pasma a Skandinavie (Lindner et
al. 1997). Podobna studie pro lesy Némecka naopak ukéazala pokles produkce lesti v disledku
sucha pii klimatické zmeéné (Lasch et al. 2002). Tyto komplexni a nelinearni interakce mezi
lesy a atmosférou mohou tlumit nebo zesilovat antropogenni klimatické zmény (Bonan et al.
2008). Neustale se zvétSuje mnozstvi poznatkli o této problematice, jez je pomérné rozsahlé
(Lindner et al. 2014; Spathelf et al. 2014) a n¢které studie jiz potvrdily zmény v rustu (Piao et
al. 2011; Vacek et al. 2023), umrtnost vlivem sucha (Allen et al. 2010), ¢i zménu druhové

distribuce smérem k listnatym dfevindm, a to zejména k dubu a buku (Machar et al. 2017).
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V z4jmovych tzemich probihaji a budou probihat velmi zavazné zmeény struktury lesnich
ekosystému, které se projevuji i zménou ekologické stability a biodiverzity a Casto jejich
snizenim pod mez, kterd ohrozuje plnéni produkénich, ekologickych a environmentalnich
funkci lesa (Allen et al. 2003; Raftoyannis et al. 2013; Hajek et al. 2020). Zvlasté dilezité proto
je zachovani a rozvijeni jednotlivych funkci lesa jako predpokladu pro splnéni budoucich potieb
lesnich ekosystému (Bolte et al. 2009). Tyto problémy je nutné feSit aktudlné tvaii v tvar
stavajicim a vznikajicim silnym procestim probihajicich zmén (Vacek et al. 2023). Jsou to
globalni fenomény a nepatii sem jen zmény klimatu, ale i1 introdukce druhti, antropogenné
vyvolané zmény v biogeochemickych cyklech, které ovliviiuji rist (Allen et al. 2010; Vacek et
al. 2023). Pied lesnim hospodafstvim tak stoji nelehky tkol, tj. zachovani schopnosti produkce
dreva s akcentem na ekologické poméry v lesich v budoucnosti (Rist, Moen 2013). Pti hledani
vhodnych postupt adaptivniho managementu v konkrétnich piirodnich podminkéch je tfeba
vychazet ze strukturdlnich a vyvojovych poznatkii z mistnich ptirodnich lesii v poslednich
desetiletich (Vacek et al. 2003, 2018, 2019). Jednim ze zpiisobii mozného feseni je optimalizace
pestebnich postupii smiSenych porostli vazand na dané stanoviStni a porostni podminky
prostfedi (Poleno et al. 2009). Predpoklada se, ze porosty s vytyCenou strategii managementu
budou vyhledové podstatné 1épe plnit ekologické, environmentalni, socialni a produkéni funkce
lesa (Vacek et al. 2023). Vysledny lesni porost by mél mit také daleko vétsi rezistenci k

dopadim klimatickych zmén, oproti lesnim porostiim bez této strategie.

3.1. SmiSené lesy

SmiSené lesni porosty jsou povazovany za stabilnéjsi a odolng;jsi viici Siroké skale abiotickych
1 biotickych rizik neZ monospecifické porosty (Vacek, Vacek 2022). Diky vyssi druhové a
strukturdlni rozmanitosti 1épe odolavaji extrémnim klimatickym jeviim, jako jsou dlouhodoba
sucha, vétrné disturbance nebo kalamitni napadeni Skiidci (zejména hmyzimi), a zaroven Casto
poskytuji vyssi ekonomickou hodnotu pfi trvale udrZitelném hospodateni (Gamfeldt et al. 2013;
Pretzsch et al. 2013). Vyznam smiSenych porostli naristd zejména v kontextu probihajici
globalni klimatické zmény, kdy rostouci frekvence klimatickych extrémi vyzaduje lesni
porosty s vysokou adaptacni kapacitou (Seidl et al. 2014, 2016; Pardos et al. 2021). Proto je
transformace monokultur na strukturdlné, vékové, geneticky a zejména druhové pestiejsi
porosty kli€ovym néstrojem adaptivniho lesnického managementu (Vacek et al. 2023;

Hammerova et al. 2025).
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Vyssi produkéni potencidl, a s tim spojena i1 sekvestrace uhliku jako klicovy néstroj mitigace
klimatické zmény je u smiSenych porosti disledkem efektivnéjsiho vyuzivani rastového
prostoru a dostupnych zdroji. Rizné dieviny maji odlisné ekologické néaroky a rlstové
strategie, coz vede k nizsi ptimé konkurenci a lepSimu vyuziti svétla, vody a zivin (Richards et
al. 2010; Pretzsch et al. 2016). Vyznamny vliv ma také vertikalni usporaddani porostu, vyssi
hustotu stromti véetn¢ zakmenéni a vétsi projekéni plocha korun (biologicky a taxacni zapoj),
coz umoznuje efektivnéjsi zachyceni svételné energie a zvysuje celkovou produkei biomasy
zahrnujici sekvestraci uhliku (Pretzsch et al. 2014, 2016; del Rio et al. 2017). Empirické udaje
potvrzuji, Ze smiSené porosty mohou mit produkeci vyssi o 11-33 % ve srovnani s
monokulturami, pfi¢emz zasoba dieva se muze liSit v rozmezi od —46 % do +138 % v zavislosti
na druzich dfevin a stanovisti (Pretzsch et al. 2010, 2016). Obdobn¢ Vacek et al. (2021)
z Krkono§ uvadéji, ze smiSené lesy dosahovaly vyssi produkce o 8 % v porovnéni se smrkovymi
monokulturami, az o 47 % v porovnani s bukovymi monokulturami. Pozitivni efekt piimési
z nizsich poloh udava i1 Brabec et al. (2023), smiSené porosty dosahovaly v priméru o 30 %
vy$§i porostni zasobu oproti monokulturdam smrku ¢i borovice. Podobné vysledky i ze
smrkojedlovych porostl z Jeseniki dokumentuje Vacek et al. (2022).

Stanovistni podminky zasadn€ ovliviiuji pozitivni efekt druhového smiseni (Vacek et al. 2023).
Naprtiklad pfimés buku muze zvysit produkci smrkovych porostii zejména na chudych
stanoviStich, zatimco pfimé&s smrku na bohatych stanovistich podporuje produkei bukovych
porosti (Pretzsch et al. 2010). Pocet stromll ve smiSenych porostech byva vy$si nez v
monokulturach, a to az o 15 %, coZ souvisi jak s biologickymi vlastnostmi dievin, tak s
odlisnymi péstebnimi zasahy. Tento vyssi pocet stromtl dale podporuje strukturalni rozmanitost
porostu a zvysuje jeho ekologickou stabilitu (Vacek et al. 2021, 2023).

SmiSené porosty maji rovnéZ vyznamnou vyhodu z hlediska vyuziti vody, zejména na suchych
a klimaticky exponovanych stanovistich, coZz nabyvad na urgentnosti v kontextu klimatické
zmény (Vacek et al. 2023). Hluboce kofenici difeviny mohou ¢erpat vodu z hlubSich ptidnich
horizontl a uvolnovat ji do povrchovych vrstev, ¢imz zlepsuji dostupnost vody pro mélceji
kofenici druhy (Sach, Cernohous 2015). Dalsi stabilizaéni faktor predstavuje propojeni kofend
mezi stromy, které umoziuje sdileni vody a Zivin a zvySuje mechanickou odolnost porostu
(Poleno et al. 2009).

Optimalni zastoupeni jednotlivych dfevin, zejména jejich pomér, je kli€ové pro maximalni
vyuziti vyhod smiSenych porostl. I nizky podil pfimési mize vyznamné zvysit produkci a
stabilitu porostu, pokud je druhovd kombinace vhodné zvolena (Pretzsch, Forrester 2017;

Vacek et al. 2023). Zastoupeni jednotlivych druhil z hlediska druhové vyrovnanosti vyznamné
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ovliviiuje intenzitu mezidruhovych interakci a celkovou funk¢énost porostu, pfi¢emz vyrovnané
zastoupeni je povazovano za nejlepSi ukazatel produkéniho potencidlu smiSenych porostt
oproti druhové bohatosti (Zhang et al. 2012; Vacek et al. 2021; Brabec et al. 2023).

Pozitivni efekty smiSenych porosti vSak mohou byt vyznamné sniZzeny nevhodnym
hospodafenim. Redukce poctu stromi na trovent monokultur nebo odstranovani stinomilnych
podrostovych dievin snizuje strukturalni rozmanitost a ekologickou stabilitu (Cordonnier et al.
2018; Pretzsch, Schiitze 2016; Vacek et al. 2023). Naopak cileny pfirodé¢ blizky management,
ktery podporuje druhovou a strukturalni rozmanitost, udrzuje pfimeienou porostni zasobu a
provadi vc€asné zdsahy, mlze vyrazné¢ zvySit odolnost a produkéni schopnost lesnich
ekosystémi v podminkach klimatickych zmén (Brang et al. 2014; Vacek et al. 2020).
V kontextu klimatické zmény noveé navrzené péstebni zdsahy maji za cil optimalizovat odolnost
a produktivitu porostii prostfednictvim vybéru dievin pfizpisobenych klimatickym extrémim,
udrzeni zdravotniho stavu a vitality stromil, zvySeni strukturdlni a zejména druhové
rozmanitosti, zajisténi kvality dfevni hmoty, podporu pfiriistu a ochranu pudy prostfednictvim

zachovani a vhodného rozlozeni korunového prostoru (Vacek et al. 2020; 2023; Obr. 1).

Pred vychovnym zasahem

B)

Poduroviiova probirka Adaptaéni probirka

Obr. 1: Vertikalni struktura smiSeného porostu A) pied vychovnym zadsahem, B) po nevhodné
poduroviiové probirce, kterd zplisobuje homogenizaci struktury lesniho porostu, a C) po pouziti
vhodné probirky zaméfené na adaptaci na zménu klimatu s podporou druhové a vertikalni

diverzity (upraveno podle Vacek et al. 2023).
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3.2. Obecna charakteristika sutovych lesti v CR

Stromové patro sut'ovych lest je druhové bohatsi nez u jinych typt mezofilnich listnatych lest.
Prevladaji v ném rychle rostouci dieviny, jako jsou javory (Acer platanoides a A.
pseudoplatanus), jasan ztepily (Fraxinus excelsior), lipy (Tilia cordata a T. platyphyllos), jilm
horsky (Ulmus glabra) a smrk ztepily (Picea abies). V nizsich nadmotskych vyskach jsou hojné
lipy (Tilia cordata a T. platyphyllos) a Casto je zastoupen habr obecny (Carpinus betulus),
zatimco v podhorskych a horskych oblastech lipy ustupuji, prevlada nejcastéji javor klen (Acer
pseudoplatanus) a vyskytuje se i buk lesni (Fagus sylvatica), ptipadné jedle bélokora (4bies
alba). Vzacné se v sutovych lesich vyskytuje i tis ¢erveny (Taxus baccata). Jilmy na mnoha
mistech ustoupily vlivem grafidzy. Rovnéz ketové patro s liskou obecnou (Corylus avellana),
srstkou angreStem (Ribes uva-crispa), bezem ¢ernym (Sambucus nigra), bezem hroznatym (S.
racemosa) a dal§imi druhy je bohaté¢ vyvinuto (Husova 1982; Vacek et al. 2017). V bylinném
patfe je malo ekologicky specializovanych druhd, spiSe se vyskytuji druhy piesahujici z bucin,
dubohabfin, udolnich jasanovo-olSovych luhi a vzacnéji i z teplomilnych doubrav. Typické je
zastoupeni nitrofilnich druhli (napt. kakost smrduty (Geranium robertianum) a koptiva
dvoudomad (Urtica dioica) a druhii narocnych na vlhkost napt. hluchavka skvrnitd (Lamium
maculatum) a ptaCinec hajni (Stellaria nemorum). Jako vyrazné dominanty bylinného patra se
v nékterych porostech uplatnuji stin snasejici vysoké byliny; na bazemi bohatych a vlhkych
pudach je to mési¢nice vytrvald (Lunaria rediviva) a na hlinitych pidach ovlivnénych
pudotokem udatna lesni (Aruncus vulgaris). V sutovych lesich krasovych Zlebl se vyskytuje
vzacna kapradina jeleni jazyk celolisty (Phyllitis scolopendrium). Na strmych hornich ¢astech
svahtll na vapenci se vyskytuje péchava vapnomilna (Sesleria caerulea), doprovazena nékterymi
druhy teplomilnych doubrav. Na balvanitych sutich je vyrazné¢ vyvinuto mechové patro
(Moravec et al. 1982, 2000; Chytry, Sadlo 1997; Chytry et al. eds. 2010).

Sut'ové lesy rostou pievazné na strmych svazich s vychozy skal nebo s vyraznym ptidotokem,
v roklich, v dolnich ¢astech svahii a svahovych upati s akumulaci balvanii nebo jiného sutového
materidlu (Podrazsky et al. 2010; Vacek et al. 2010a). PodloZi je obvykle tvofeno tvrdymi
horninami, a to jak silikatovymi, tak vapenci. Pidy jsou mélké v okoli skalnich vychozi 1
hluboké v dolnich castech svahli a na svahovych upatich, Casto vlhké, nikoli vSak trvale
zamokiené. Obsahuji velky podil skeletu, ale soucasné€ jsou bohaté Zivinami. Kolob¢h zivin v
sutovych lesich je pomérné rychly, protoZe opad lip, javord, jilmi a jasanu je Zivinami bohaty
arychle se rozklada. Sutové lesy tvoii vétSinou jen maloplo$né porosty rozsifené od pahorkatin
do horskych poloh; horni hranice dosahuji v nadmoiskych vySkach kolem 800-900 m
(Neuhduslova et al. 1998; Chytry et al. eds. 2010).
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Sutové lesy se vyskytuji roztrousené prevazné v pahorkatinach po celém uzemi Ceské
republiky. Chybéji v nizinach, panvich a dalSich oblastech s plochym reli¢fem, stejné jako v
nejvyssich horskych oblastech (Vacek et al. 2012).

Diky své vazbé na tézko pristupna stanovisté patii sutové lesy k nasim nejzachovalejSim
piirozenym lesiim (Vacek et al. 2018, Hajek et al. 2020). Jejich ohrozeni t€Zbou nebo vysadbou
nepuvodnich dievin je mensi nez u jinych lesnich biotoptl, piesto i zde se tyto vlivy projevuji.
V nékterych porostech se §iii invazni netykavka malokvéta (Impatiens parviflora). Ochranaisky
management sutovych lesi je Casto bezzasahovy, jelikoz se mnohdy jednéd o maloplosna zvlaste

chranéna tzemi a ochranné lesy (Vacek et al. 2010a, 2010b, 2012).

3.3. Struktura, produkce a management sutovych les(

Evropské lesni ekosystémy maji velmi dilezitou roli jako poskytovatelé ekosystémovych
funkci (Stenger et al. 2009; Conte et al. 2018), pfi¢emz globalni zmény piedstavuji hrozbu pro
lesni ekosystémy a jejich funkce (Schroter et al. 2005; Anderegg et al. 2016; Sicard et al. 2016).
Proto pochopeni dynamiky a struktury z pohledu globélnich zmén pfirodé blizkych lestt mé
velky vyznam jak zhlediska jejich ochrany, tak i z hlediska managementu (Leuschner,
Ellenberg 2017). Rada praci se pak v souvislosti s tim zaméfuje na strukturalni a ristové
parametry (Bolte et al. 2010; Dulamsuren et al. 2017; Feldmann et al. 2018), které jsou dobie
kvantifikovatelné a z hlediska porostni dynamiky i pomérné dobie zpétné urcitelné. Piirtst
lesnich porostti, jako jeden z hlavni ristovych indikatord, pak byl v minulych desetiletich dobie
zdokumentovan celou fadou praci jako zvySujici se (Spiecker 1999; Vejpustkova et al. 2004;
Cole et al. 2010; Pretzsch et al. 2014a; Putalova et al. 2019; Simtnek et al. 2020; Vacek et al.
2023). Na druhou stranu je i fada studii, které¢ dokumentuji trendy sniZovani ristu v n€kolika
teplejSich oblastech (Bontemps et al. 2010; Rabasa et al. 2013). Obecné Ize konstatovat, ze tyto
trendy maji celou fadu pficin, které mohou plisobit zaroven (Hyvonen et al. 2007; Aertsen et
al. 2014; Vacek et al. 2023). Mezi zakladni vlivy pak 1ze fadit zejména klimatické zmény (Gazol
et al. 2015; Bosel’a et al. 2016; Kunz et al. 2018), zvySenou koncentraci CO; v atmosférfe (Cole
et al. 2010), zvySené depozice dusiku (Braun et al. 2010; Landuyt et al. 2018), zvySené
koncentrace troposférického ozonu (Matyssek et al. 2010) a z pohledu dynamiky porostl je
diilezita 1 dostupnost svétla (Lambers et al. 2008). Nasledné fyziologické reakce dievin na tyto
abiotické vlivy urcuji jejich preziti, distribuce a rist (Annighofer 2018).

Je zndmo, Ze rizné druhy miizou vykazovat odlisné riistové reakce v zavislosti na dostupnosti

zdroji (Petritan et al. 2009; Poorter et al. 2012). Variabilni reakce se rovnéz miizou projevit
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v ramci jednoho druhu (Rijkers et al. 2000). Vliv klimatickych faktorti na vitalitu jednotlivych
druht stromt je zpravidla demonstrativngjs$i u okraje jejich geografického ¢i ekologického
rozmezi (Hampe, Petit 2005). Pficemz konecné dusledky klimatickych zmén mohou vést ke
kolisani ekologickych a geografickych rozmezi riznych druhi stromil a ke zméné¢ druhového
slozeni (Bolte et al. 2010; Rigling et al. 2013; Vacek et al. 2023), porostni struktury (Choat et
al. 2012; Wang et al. 2012), vzijemné kompetice mezi dievinami (Bittner et al. 2010;
Tylianakis et al. 2008), stability lesnich porosti (Ives, Carpenter 2007; Lloret et al. 2012) ¢i k
dlouhodobym negativnim dopadiim na ekonomiku lesniho hospodarstvi (Hanewinkel et al.
2013).

U buku lesniho (Fagus sylvatica L.) pak pravé v hrani¢nich lokalitach bylo zaznamenéno,
pomoci produkénich indikatord, pocatecni snizovani produktivity (Jump et al. 2006; Pefiuelas
et al. 2008). V souladu s tim byly u buku zjiStény jak zlepSujici se ristové schopnosti, tak 1
zhorSujici se v zavislosti na stanovistnich podminkach lokality a nadmotské vysce (Piovesan at
al. 2005; Kint et al. 2012; Di Filippo et al. 2015; Machar et al. 2017; Vacek et al. 2023). Do
budoucna pak lze predpokladat pokracujici zmény, kdy se budou dale zvySovat zavaznosti a
frekvence horkych a suchych let (Beniston 2004; Bindoff et al. 2013; Vacek et al. 2023), coz
pro buk v lesich stfedni Evropy mize mit pomérné zdvazné nasledky (Gessler et al. 2007;
Dulamsuren et al. 2017; Fuchs et al. 2025), zejména v disledku jeho citlivosti na nedostatek
pudni vlhkosti (Ellenberg et al. 1992; Roibu et al. 2017). Nékteré studie pak prokazaly, Ze ve
smiSenych bukovych lesich s dubem, lipou, javorem a habrem, byl vlivem klimatickych zmén
nejvyrazn€ji snizen pfirtst pravé u buku (Cavin et al. 2013; Zimmermann et al. 2015). Pti
detailnéjSim zaméfeni se na ptirtst je pak patrny vyrazny pozitivni vliv srazek ve vegetaCnim
obdobi (zeyména od kvétna do Cervence) a naopak negativni vliv vysokych teplot ve vegetatnim
obdobi a také v pfedchazejicim 1ét¢ (Scharnweber et al. 2011; Hacket-Pain et al. 2016). Jesté
rustu (Lévesque et al. 2016) nebo dokonce odumiranim stromi (Allen et al. 2010).

Vzhledem k vySe uvedenému je z pohledu vétsi odolnosti porostti ke klimatickym zménam
zadouci podporovat smiSené lesni porosty, které jsou povazovany za odolnéjsi jak proti
disturbancim, tak i extrémnim udéalostem. Oproti porostim nesmiSenym (Griess et al. 2012;
Pretzsch et al. 2013a; Yurtseven et al. 2018), mohou poskytovat lepsi ekosystémové funkce
zejména komplexngjSim vyuZitim stanovisté (Morin et al. 2011; Forrester, Albrecht 2014;
Vacek, Vacek 2022; Vacek et al. 2023). Proto n¢které studie naznacuji, ze produkce lesnich

porostll bude do budoucna pravdépodobné zéaviset na jejich druhové skladbé a struktute lesa
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(Coomes et al. 2014; Vacek et al. 2014; Vacek et al. 2023). V souladu s timto trendem jiz na
fad¢ mist v Evropé dochazi k pfeménam smrkovych monokultur na stabilnéjsi smiSené
raznoveké porosty s vyraznym zastoupenim buku (Knoke et al. 2008; Pretzsch et al. 2014a),
ktery poskytuje v soucasné dobé ve sttedoevropskych oblastech postizenych chifadnutim smrku
vysoky reproduk¢éni a produkéni potencial, s pomérné Sirokou ekologickou valenci (Ammer et
al. 2008; Kolat et al. 2017). Jedna z urgentnich vyzev soucasného lesniho hospodatstvi pod
tlakem pravdépodobného snizeni zastoupeni ekonomicky nejvyznamnéjsich druhii dfevin (cf.
Hanewinkel et al. 2013), je totiz nalezeni vhodnych ekologickych a ekonomickych trvale
udrzitelnych zplisobli hospodateni (Bolte et al. 2009; Vitali et al. 2017). Tyto strategie by mély
podporovat schopnost lest prizptisobit se zménam klimatu (Linder 2000; De Dios et al. 2007)
a vytvaret odolnéjsi ekosystémy (Biggs et al. 2012), které budou mit vétsi rezistenci proti
vnéj$im vliviim v kombinaci s rychlejSim navratem do pivodniho pfeddisturban¢niho stavu
(Rammer, Seidl 2015).

Hospodatské zasahy v sutovych lesich na strmych svazich vyzaduji vyuziti specializovanych
technologii vzhledem k extrémnim sklontim terénu a pfitomnosti sut'ovych substratii. Nasazeni
lanovkovych systéml umoznuje efektivni a bezpecnou tézbu diivi a minimalizuje mechanické
poskozeni zbylych stroml (Poleno et al. 2009). Zaroven predstavuje piiznivéjsi pfistup z
hlediska hydrologickeé stability, protoze snizuje zhutnéni piidy a naruseni jejiho povrchu, ¢imz

S 4

hlediska pfipravy, instalace a fizeni té¢Zebniho procesu (Ottaviani Aalmo et al. 2016).

3.4. Strukturalni a druhova diverzita sutovych lesu

Zachovani biologické rozmanitosti je vyznamnym cilem pro trvale udrzitelné hospodateni
v lesich (Piussi, Farrell 2000; Spiecker 2003; Machar et al. 2017; Hajek et al. 2020). Tomu
odpovida i soucasny trend hospodafeni v Evrop€ podporujici vétsi biologickou rozmanitost
prostiednictvim zvySeného vyuZivani pfirozené obnovy a tvorby vétsiho podilu smiSenych lest
(Matuszkiewicz et al. 2013; Krali¢ek et al. 2017; Slanaf et al. 2017). Podle prace Lindenmayer
produktivity lesnich ekosystémii. Druhova skladba spolu s prostorovou a vékovou strukturou
jsou hlavni atributy porosti, které¢ vzajemné ovliviiuji funkci ekosystému a zaroven jsou na
sobé vzajemné zavislé (Crow et al. 2002; Bulusek et al. 2016). Druhové sloZeni porostl

ovlivituje jak lesni biotop poskytovanim rtizného krytu, tak i mikrostanovistni podminky a
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kolob¢h zivin v lesnim ekosystému (Carvalho 2011; Vacek et al. 2015a, 2017b; Vacek, Vacek
2022).

Jak vnéjsi, tak vnitini vlivy, objasiiujici souziti dfevin ve smiSenych lesich jsou pfedmétem
z4jmu a vyzvou pro fadu autorti (Wilson 2011; Vacek 2014b). Mnoho téchto vlivi jeste stale
neni v soucasné dobé fadné¢ prozkoumano a zdokumentovano oproti pomeérné Siroce
zkoumanym druhovym porostnim smésim ve fazi pfechodného lesa (Paluch, Jastrzebski 2013).
Této fazi zpravidla predchazeji pomérné velké disturbance, které¢ jsou do znacné miry
nepfedvidatelné a ¢asto mohou vést k podstatnym zmeénam v porostni dynamice. Vyznamné
rusivé jevy pusobici na lesni porosty jsou velmi slozité komplexy mnoha faktori, a to jak
biotickych, tak abiotickych (Paluch 2007). Po téchto procesech a na né navazujicich
disturbancich nésleduje faze piipravného lesa a na ni faze prechodného lesa (Vacek et al. 2007).
V této fazi dochdzi k pomalé kolonizaci druhi, které jsou citlivé na podminky volné plochy a
pouze navazuji na piedchozi kolonizaci stanovisté pionyrskymi druhy (Poleno et al. 2011). Tato
kolonizace v podstaté probihda pod krytem pionyrskych druhd (Chapman et al. 2006) a jeji
vyvojovy proces je vétSinou pomaly a mize trvat desetileti az staleti (Matuszkiewicz et al.
2013). Tento vyvojovy cyklus je ovlivnén fadou omezeni, a to napt. omezenymi moznostmi
Sifeni rostlin (Bellemare et al. 2002), typem opadu ¢i ekologickymi a plidnimi podminkami
(Hermy, Verheyen 2007). Ve vysledku tento vyvoj, pii absenci disturbanci zplisobenych napt.
vétrem, ohném ¢i povodni, v disledku kterych se jednotliva vyvojova stadia mohou opakované
naruSovat, vede k postupnému nahrazeni svétlomilnych druhii dievin dievinami k zastinéni
tolerantnéjSimi (Petritan et al. 2012). Postupné tak vznikaji porosty s pomérné bohatou
které dfeviny podobnych zivotnich strategii soutézi o podobné zdroje v relativné nezavislych
mikrostanoviStnich podminkach (Szwagrzyk et al. 2012).

Samotné dfevinné slozeni porostl je utvareno mnoha faktory a naroky jednotlivych druhti
stromi. Tyto mechanismy pak mohou mit pfimy vliv na autoregulacni zmény v druhovém
slozeni a vzajemné interakce v lesnich porostech (Wilson 2011; Vacek 2014b). Mezi
nejvyznamngj$i faktory patii napt. pozadavky na Ziviny a svétlo, fenologii rastu ¢i kveteni a
také dlouhodoba historie rostlinného spolecenstva a typu lesniho hospodarstvi (Lindenmayer et
al. 2000; Silvertown 2004; Kneewshaw, Prévost 2007; Paal et al. 2011; Lhotka 2013; Vacek,
Vacek 2022). Zejména pak péstebni zasahy v minulosti ¢asto ovlivnily druhové slozeni dané¢ho
porostu (Battles et al. 2001; Sitzia et al. 2012; Vacek et al. 2017a, 2023). Kolisani podminek
ptirodniho prostfedi patfi k dal§im dualezitym faktorim, zejména diky specifickému tlaku

sktidcti (Ammer 1996), znecisténi ovzdusi (Vacek et al. 2007b; Kral et al. 2010) a extrémnim
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klimatickym jeviim (Serra-Diaz et al. 2012). V poslednich letech je biodiverzita a struktura
lesnich ekosystému silné ovlivnéna pokra¢ujicimi klimatickymi zménami (Cermak et al. 2018;
Vacek et al. 2019, 2023). Globalni oteplovani, dlouhodoba sucha, casté vichfice a pozary a
sekundarni houbové patogeny, kirovec a dalsi Skidci zplsobily dramaticky zmény v
rozmanitosti druhti a jejich rozsiteni (Iverson, Prasad 2001; Morin et al. 2018). Na druhé stran¢
muze biologicka rozmanitost lest zmirnit dopady zmény klimatu (Hisano et al. 2018). Obecné
plati, ze lesni dfeviny maji relativné nizkou koloniza¢ni kapacitu, a proto maji nizsi
konkurenceschopnost ve srovnani s druhy se Sirokou ekologickou amplitudou (Wulf 2003;
Matuszkiewicz et al. 2013). Velmi dilezita je i dostupnost svétla spojend s regeneracnimi
procesy, které jsou uzce provazany s ekologickou adaptabilitou jednotlivych druhti a pfimo tak
mohou ovlivilovat vyvoj lesa a konkurenéni vazby mezi jednotlivymi druhy (Kneeshaw,
Prévost 2007; Lhotka 2013). Nicméné druhové slozeni vS§ak mohou ovliviiovat i mnohé¢ jiné
vlivy zatim méné prozkoumané.

Drevinné slozeni ptirod¢ blizkych porostii 1ze také povazovat za urcité vyjadieni regeneracnich
procest, coz jsou samy o sob¢ jevy velice stochastické a druhova hojnost a zastoupeni tak miize
vyrazng kolisat (Vacek et al. 2007, 2012, 2013; Vacek 2017). Nicméné pfirozend obnova a
nasledné mezidruhové interakce v tomto juvenilni stadiu jsou utvafeny zejména jak piiznivymi
mikrostanovisStnimi podminkami ve kterych mohou semena piezit, kli¢it a vytvofit semenacky,
tak 1 samotnou dostupnosti semen (Snyder, Chesson 2004; Vacek et al. 2009; Slanaf et al.
2017). Jak uvadéji Paluch, Jastrzgbski (2013) produkce semen kromé piehoustlych porosti,
pozitivné koreluje s poctem matetskych stromt. Paluch, Jastrzebski (2013) také prezentuji tezi,
7e zvyseni zastoupeni jednoho druhu vzhledem k jinému je jednim z faktort, ktery podporuje
jeho vyssi reprodukéni $ance. Nicméné tento predpoklad je ovlivnén jesté fadou dalSich faktort,
které uvadéji v obdobnych studiich mnozi dalsi autofi. Jedna se napt. o patogeny (Paluch,
Stepniewska 2012), vliv bylozraveil (Vera 2000; Vacek et al. 2013, 2014, 2015) ¢i dalSich
zivocichi, ktefi se semeny zivi (Lucas-Borja et al. 2012). Dilezité jsou 1 vegetacni pokryv
(Beckage et al. 2005), vzdalenost mezi matetskymi stromy (Packer, Clay 2003), dostupnost
svétla (Kunstler et al. 2005) nebo piidni vlhkost (Arrieta, Suarez 2005). Vysledné druhové
sloZeni porostli miZe tak byt t¢émito podminkami a procesy velmi vyrazné ovlivnéno. Z porosti
jsou Casto vytlatovany zejména potravné atraktivni listnaté dieviny a jedle, naopak vyrazné
niZ8i potravni atraktivita je zfejma napt. u smrku ztepilého (Vacek et al. 2014, Kralicek et al.
2017; Slanat et al. 2017). Tuto mysSlenku déle rozvadi Ammer (1996), ktery uvadi, ze v
pfevazné vétSing piipadl se zvySuje potravni atraktivita druhu se snizujicim se podilem dievin

v pfirozené obnove.
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3.5. Prirozena obnova

Ptirozeny les jako piivodni biocendza je vrcholem pfirodniho ekosystému, jehoz slozky se
prostiednictvim latkové vymény velmi dlouhodobé vzijemné ovliviuji. Je to typicky
komplexni systém se vSemi vyznacnymi znaky (Gratzer et al. 2004). V oblasti Sudetské
vzniknout a trvale se samovoln¢ udrzet (Vacek et al. 2010). Neni vSak ukon¢enim vyvoje lesa,
ale jeho trvalym pokracovanim na zéklad¢ vnitinich a vnéjSich znak a vlivl, vyustujicich do
obecnych zdkonitosti (Korpel' 1995).

Zakladem vyvoje pivodnich lest je princip autoregulace (Veblen 1992). Les je totiz v nasich
klimatickych podminkéch v podstaté jedinou vegetac¢ni formaci, kterd je schopna trvale se
udrzet svymi vnitinimi silami a zivotnimi procesy za ptedpokladu, Ze se vyrazné¢ nezméni
stanovi$tni a porostni podminky (Jenik 1979). Modelovym objektem pro vyzkum ekologické
samostatnosti a vyrovnanosti jsou puvodni a pfirodni lesy (Prasa 1985). Pfirozena lesni
spoleCenstva mayji totiz jako uceleny komplex Zivych organismu na nejvyssi hierarchické trovni
otevienych systémi vyraznou tendenci k homeostazi (Mayer, Ott 1991; Brang 2005). Ta
pomémné pohotové reaguje na rusivé vlivy prostfedi vytvorenim specifické konstelace
podminek, znakt a sloZek, které jsou zarukou dalsi existence piivodniho ¢i pfirozeného lesa,
kontinualné navazujiciho na soucasny stav a dosavadni vyvoj ekosystému (Paluch 2007;
Samonil, Vrika 2008).

V mirném pasmu je vétSina pfirozenych lesnich porosti charakterizovana smiSenou skladbou
(Buchwald 2005) na rozdil od intenzivné obhospodatovanych porostii (Peterken 1996). Pocet
dfevin se miZe u riznych lesnich typt lisit (Peterken 1996), ale i1 pfirozené porosty druhové
chudych bukovych lesti obsahuji n€které pfimisené ¢i vtrouSené druhy (Czajlik et al. 2003;
Vacek, Hejeman 2012; BuluSek et al. 2016; Feldmann et al. 2018). SmiSené porosty maji mnoho
vyhod jak z hlediska ochrany pfirody, tak z hlediska managementu, ackoli ucinky vysoké
druhové bohatosti stromll nejsou univerzalni a n€kdy mohou byt i protichiidné (Pommerening,
Murphy 2004; Vacek, Vacek 2022). SmiSen¢ lesy si obvykle udrzuji vyssi biodiverzitu mnoha
riznych skupin lesnich organismi kvili vySsi diverzité mikrohabitat, moznych zdroji potravy
a hostitelskych druhti (Spiecker 2003; Cavard et al. 2011; Kirély et al. 2013). Pfimési dfevin je
také mozno zvysit ekologickou stabilitu porostil proti biotickému nebo abiotickému stresu a
disturbancim (Spiecker 2003; Jactel et al. 2005; Knoke et al. 2008; Kralicek et al. 2017; Vacek
et al. 2020). Navic na zdklad¢ globalni metaanalyzy Zhang et al. (2012) zjistili, ze vyS$si druhova
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bohatost ma za nasledek vyssi produktivitu. Poskytuje také vyssi uroven ekosystémovych
sluzeb (Gamfeldt et al. 2013) a maze zlep$it adaptaci na zménu klimatu (Brang et al. 2014).

V ramci oblasti Sudetské soustavy je ptirozend obnova Casto ovliviiovana nékolika biotickymi
a abiotickymi faktory (Peterken 1996; Vacek et al. 2014, 2019; Prokiipkova et al. 2020).
Geomorfologické charakteristiky, jako je nadmoiska vyska, expozice, sklon svahu nebo
produktivita lokality siln€¢ ovliviiuji reprodukci stromi (Collins, Carson 2004). Druhova
skladba lesniho porostu ovlivituje druhovou bohatost a slozeni ptirozené obnovy a spolu s
porostni strukturou i nepfimo uréuje mikroklimatické podminky (Adam et al. 2013; Kovécs et
al. 2017). Mezi nimi je zejména studovan vliv svételnych podminek na pfirozenou obnovu
jednotlivych druhti a jejich smési v danych stanovistnich a porostnich podminkach prostiedi
(Emborg 1998; Gaudio et al. 2011; Parker, Dey 2008; Proktipkova et al. 2020). Krom¢ toho
muze struktura a slozZeni lesnich porostl ovlivnit i plidni podminky, napt. vlhkost piidy nebo
dostupnost dusiku, které také ovlivituji regeneraci (Collins, Carson 2004; Finzi, Canham 2000;
Vacek et al. 2014; Kralicek et al. 2017). Peterken (1996) a Vacek et al. (2015, 2017) navic
zdiiraznuji roli substrdtu a mikrostanovist na pfirozenou obnovu. Kromé¢ fyzikdlnich a
strukturnich charakteristik lokality ovliviiuji obnovu lesa také biotické interakce. Podstatné jsou
napf. vlivy bylinné vegetace (Mihok et al. 2005; Jensen, Lof 2017; Vacek et al. 2017).
V Sudetské soustave pfirozenou obnovu nejvice omezuje vysoké hustota Calamagrostis villosa
a Athyrium distentifolium (Vacek 1981; Vacek et al. 2017). Limitni je 1 zvySena piitomnost
bylozravel (Kuiters, Slim 2002; Modry et al. 2004; Vacek et al. 2014; Vacek 2017; Vacek et
al. 2024). V hrubSim prostorovém méfitku mize byt vyznamnym faktorem regenerace
charakter krajiny a jeji zatiZeni antropogennimi faktory (Vacek et al. 2007; D'Orangeville et al.,
2008; Chazdon 2017; Bobiec et al. 2018), pficemz v del$im ¢asovém méfitku je tfeba uvazovat
o poruchovych reZimech, které se na danych typech lesnich ekosystémi vyskytuji (Frelich
2002; Standovar, Kenderes 2003; Bobiec et al. 2011).

Ptirozené evropské bukové a sutové lesy se vyznacuji jemnozrnnou dynamikou mezer
(Standovar, Kenderes 2003; Schiitz et al. 2016), zatimco rezim narusSeni udrzujici lesy s
ptevahou dubti neni tak dobte definovan (Cowell et al. 2010; Bobiec et al. 2011, 2018). Kromé
velkého mnozstvi moznych faktorii mohou vsSechny vySe uvedené proménné ovliviiovat
regeneraci také prostfednictvim komplexnich interakci mezi sebou (Kuuluvainen et al. 1993;
Janseten Klooster et al. 2007) a relativni vyznam konkrétnich environmentélnich faktorti se
mezi druhy dfevin 1i8i (Finzi, Canham 2000; Modry et al. 2004; Lin et al. 2014). Lidské aktivity
ovliviluji vétsinu aspektl pfirozené obnovy, at’ uz ptimo nebo nepiimo (Poleno et al. 2009).

Lesni hospodafstvi ma evidentni a intenzivni vliv na Grovni porostli, protoze siln¢ ovliviiuje
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strukturu a sloZeni lesa. Cetné studie zkoumaji u¢inky riznych obnovnich zpisobd na
podminky lokality a jejich prostfednictvim na regeneraci stromi (holose¢ny zptisob: Fleming
et al. 1998; von Liipke 1998; podrostni zptisoby: Modry et al. 2004; Brose 2011; Montgomery
et al. 2013; vybérné zpusoby: Diaci, Firm 2011; Matonis et al. 2011). Jednotlivé postupy
piirozené obnovy v podminkach CR popisuji Vacek et al. (2005).

Soucasna regenerace vSak mize byt ovlivnéna historickym vyuzivanim pudy i soucasnym
hospodaienim, pokud se neakceptuji ekologické naroky dievin diferencované dle podminek
prostiedi (Bobiec et al. 2011; Diaci, Firm 2011). Zejména pak podrostni zpiisoby piirozené
obnovy jsou dlouhodobé¢ ovétovany lesnickym vyzkumem a provozni praxi (Matthews 1991;
Poleno et al. 2009; Brose 2011), ale v posledni dob¢ se na ni rozsitujici pfirod¢ blizké systémy
spoléhaji zvlaste silné (Pommerening, Murphy 2004; Dobrowolska 2006; Schiitz et al. 2016).
stale populdrngjsich pfistupt ptirod€ blizkého managementu. Z ochranéfského hlediska je také
dilezité¢ prozkoumat podminky prostiedi, které by mély byt zachovany nebo zlepSeny pfi
hospodateni ve zvlasté chranénych tzemich, tak aby se podpoftila pfirozena druhova bohatost
pii obnové a nepfimo i v budoucich lesich. Jen tak dosdhneme stabilnich lesii v podminkach

postupujicich globalnich klimatickych zmén (Vacek, Vacek 2022).

3.6. Ekologicka omezeni a rizika sutovych lesl

3.6.1. Skody zvéii

Poskozovani lesnich porostii sparkatou zvéri, jejiz populace neustdle v Evropé nartista, je
dlouhodobé povaZovano za jeden z nejvyznamnéjSich biotickych faktorli ovliviujicich
dynamiku pfirozené¢ obnovy a druhovou skladbu lesnich ekosystému (Valente et al. 2020;
Carpio et al. 2021). V prostiedi smiSenych porostli, a zejména na ekologicky citlivych
stanovistich sutovych lesnich ekosystému, se tento tlak projevuje nejen redukci hustoty
obnovy, ale pfedevS§im vyraznou selekci dievin podle jejich potravni atraktivity (Brabec et al.
2023). Okus terminalnich vyhonli a opakované poSkozovani mladych jedinci vede ke
zpomaleni ristu a zvySené mortalité, ¢imZ dochazi k naruSeni pfirozenych sukcesnich procest
a k omezeni dlouhodobé stability porostni struktury (Vacek et al. 2014, 2019).

Rada studii ukazuje, Ze i pfi velmi vysokém potencilu pfirozené obnovy miize byt jeji skuteéna
realizace zdsadn¢ limitovana prave intenzitou okusu zveéii (Gill et al. 1992, Brabec et al. 2023).
Selektivni tlak je pfitom nejvyraznéjsi u ekologicky a produkcéné vyznamnych dievin, jako jsou

jedle bélokora, javor klen, tieSent ptaci, jilm horsky i jefab ptaci, které jsou zvéii preferovany
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pfed méné atraktivnimi druhy (Ammer 1996; Konopka, Pajtik 2015; Turek et al. 2022). Tento
proces vede k postupnému posunu druhové skladby obnovy ve prospéch méné atraktivnich
dfevin a k redukeci funkéni i strukturdlni diverzity smiSenych porostii. Dlouhodobé tak dochézi
k vyraznému nesouladu mezi potencialni pfirozenou obnovou danou stanovistnimi podminkami
a skute¢n¢ realizovanou obnovou, coz mé negativni dopady na adaptacni schopnost porostii v
podminkach probihajici globalni klimatické zmény (Vacek et al. 2023).

Za kritické obdobi z hlediska vlivu zvéte je povazovana faze, kdy jedinci dosahuji vysky
ptiblizn¢ 10-30 cm, tedy hranice, pfi niZ se stavaji snadno dostupnymi a soucasné nejvice
atraktivnimi pro okus (Vacek et al. 2014). Opakované poskozovani vyrazn€ omezuje schopnost
obnovy prertst do vyssich vyskovych tfid a pfedstavuje zdsadni bariéru prechodu do stromové
etaze (Obr. 2). Dusledkem je dlouhodobé udrzovani obnovy v juvenilnich stadiich, zvySena
mortalita a prostorova fragmentace narostli, coz negativné ovliviiuje nejen produkéni funkce
lesa, ale 1 jeho ekologickou stabilitu a biodiverzitu (Brabec et al. 2023). V mlazinich a

tyCkovinach pak hraje zdsadni negativni roli ohryz a loupani véetné Sifeni sekundarnich

houbovych patogent, které snizuji jednak produkéni potencial porostu, ale i jeho stabilitu (Obr.

2) (Cukor et al. 2019, 2024).

Obr. 2: Skody zptisobené okusem u buku lesniho (vlevo) a loupanim u smrku ztepilého

(vpravo) ve smiSenych lesich Krkonos (foto: Vojtéch Hajek).
Z hlediska ochrany a managementu lesnich porostl je proto nezbytné uplatinovat komplexni a

integrovany ptistup, ktery kombinuje péstebni, technickd a myslivecka opatieni (Kondpka et

al. 2015). Kratkodobé se jako u¢inné ukazuje zejména docasné oplocovani obnovovanych ploch
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a individualni ochrana cilovych ¢i vtrousenych dievin, coz umoziuje alespoi lokalni piekonani
kritickych vySkovych fazi obnovy. Soucasné je vSak opakované zdlrazitovano, ze mechanicka
ochrana nemuize dlouhodob¢ nahradit regulaci pocetnich stavii sparkaté zveére odpovidajici
unosné kapacité prostiedi (Cukor et al. 2024). Bez efektivni harmonizace lesnického a
mysliveckého managementu tak zistava cilend podpora druhové bohatych a strukturdlné
diferencovanych smisSenych porostli, zejména na stanovistné extrémnich lokalitach, vyrazné

omezena (Brabec et al. 2023).

3.6.2. Klimaticka zména

Lesni ekosystémy jsou v soucasné dobé vyrazné ovlivnény probihajici globalni klimatickou
zménou, kterd se stala jednim z nejzasadnéjSich problémi 21. stoleti (Vacek et al. 2023).
Dlouhodobé narGsty teplot, zmény srdzkovych rezimG a zvySeny vyskyt extrémnich
povétrnostnich jevll maji ptimy vliv na rast stromd, zdravotni stav porostd a funkce lesnich
ekosystému (Morison, Morecroft 2006; Colangelo et al. 2021). Lesy jsou nejen zdrojem dfevni
hmoty, ale také plni nezbytné mimoprodukeni funkce, veetné sekvestrace uhliku, rekreace,
retence vody ¢i ochrany pred pfirodnimi katastrofami, které jsou nyni vystaveny rostoucim
klimatickym rizikiim (Kurz et al. 2009; Poleno et al. 2009; Vacek et al. 2023).

Klimatické zmény zvySuji ¢etnost a intenzitu riiznych disturbanci, jako jsou dlouhodobé sucha,
rust stromd, produktivitu porostl a stabilitu ekosystémii (Dale et al. 2001; Seidl et al. 2011).
Zmény ve srazkovych pomérech a nartst teplot mohou vést k delsim obdobim sucha v nizsich
polohach, coz ovliviiuje druhové sloZeni a odolnost lesnich porostii. Naptiklad duby (Quercus
spp.) vykazuji ve srovnani s jinymi dfevinami nejmensi citlivost riistové reakce na klimatickou
zménu (Thuiller et al. 2008). Hanewinkel et al. (2013) pfedpovidaji, ze do konce 21. stoleti
bude piiblizn€ 34 % lesni plochy v Evrop€ vhodné pouze pro stiedomotské druhy dubu. Naopak
smrk ztepily, jako dfevina s vyrazné vyssi citlivosti na klimatické zmény, vykazuje vyrazné
snizeni produkce a vys§i riziko velkoplodnych disturbanci a nahodilych tézeb (Simtnek et al.
2020). V Evropé se predpoklada jeho pokles az o 50 % oproti soucasnému aredlu (Hanewinkel
et al. 2013). Tyto zmény zdaraznuji potfebu adaptivniho lesniho hospodareni, které zohledni
klimatické projekce a posili odolnost lesti (Vacek et al. 2023).

Kromé¢ piimych vlivi na rist a zdravotni stav stromt ma klimatickd zmeéna také zasadni dopad
na prostorové rozlozeni lesnich vegetacnich stupni (Machar et al. 2017). ZvySujici se teploty a

proménlivé srazkové rezimy mohou zpiisobovat posun vegetacnich hranic smérem do vyssich
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poloh, coz ohrozuje zejména stabilitu a skladbu porostti v nizsich i sttednich polohach (Thurm
et al. 2018). Stanovisté s extrémnimi podminkami, jako jsou sutové lesy nebo skalnaté svahy,
jsou pfitom vyrazné citlivejsi, protoze omezend ptidni zdsoba vody a tenky piidni profil zvysSuji
riziko stresu, odumirani stromul a ztraty biodiverzity (Hajek et al. 2021; Vacek et al. 2023).
Krom¢ toho zmény klimatu ovliviiuji délku vegetacniho obdobi, dostupnost vody v pudé,
mikroklimatické podminky a frekvenci extrémnich udalosti, coz komplikuje semenné roky a
dynamiku pfirozené obnovy a snizuje schopnost porosti adaptovat se bez cileného lesnického

zasahu (Simtinek et al. 2026).

3.6.3. Ostatni faktory (hmyzi $kddci, houbové patogeny, eroze)

Sutové lesy, které rostou na kamenitych a extrémnich stanovistich, jsou vici klimatickym
zméndm a ekologickym stresiim obzvlast’ zranitelné. Mezi vyznamné hrozby patii napiiklad
Hymenoscyphus fraxineus, patogen zpusobujici nekrézu jasanu ztepilého (Obr. 3). Infekce se
nejcasteji projevuje 1ézemi a nekrézami v okoli pupent a pod odumielymi letorosty dochéazi k
zakladani adventivnich vyhond, pfi¢emz napadeni mize vést az k rychlému odumirani stromt
a disturbanci porosti (Vacek et al. 2017). Dalsi vyznamnou hrozbu muze ptedstavovat
Ophiostoma novo-ulmi, paraziticka vieckovytrusna houba zpiisobujici grafidozu jilmi, ktera
prorustanim cévnich svazkl oslabuje stromy a podporuje Sifeni dal$ich patogenil ¢i Skidcu.
Tento patogen zplsobil zejména v 60. a 70. letech 20. stoleti masivni odumirani jilmovych
porosti (Dvotdk et al. 2007). Kombinace houbovych chorob, extrémnich klimatickych
podminek, nedostatku vody a eroze pidy muize vyrazné¢ ohrozit strukturdlni stabilitu,
biodiverzitu i regeneraci sutovych lesii (Vacek et al. 2023).

Z hlediska hmyzich Skidcti a zajmovych tzemi u jedle bélokoré doslo historicky k vyraznému
ubytku stromového patra v dlsledku synergického ptisobeni imisni kalamity (vysoké
koncentrace SO;) a zejména napadeni korovnici kavkazskou (Dreyfusia nordmannianae) v 80.
a 90. letech 20. stoleti (Vacek et al. 2007). U buku lesniho byly historicky zaznamenany $kody
zpusobené cervcem bukovym (Cryptococcus fagi) a bejlomorkou bukovou (Mikiola fagi),
pfi¢emz v poslednich letech se vyskyt téchto Skidcii vlivem klimatické zmény stava stale
vyznamngj§i (Obr. 3) (Simtinek et al. 2019; Fuchs et al. 2024). U smrku ztepilého predstavuje
v soucasnosti nejvétsi hrozbu napadeni kirovci, a to zejména lykozZroutem smrkovym (Ips
typographus) a lykozroutem severskym (Ips duplicatus), kteti v synergii s klimatickou zménou

zpiisobili nejvétsi kirovcovou kalamitu v Ceské republice v letech 2015-2024. Vyrazny vliv
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na eskalaci kalamity mél zejména extrémné teply a suchy rok 2018, ktery vedl k dalSimu narastu

napadeni (Zahradnik, Zahradnikova 2019, 2025).

TR &R

Obr. 3: Napadeni jasnu ztepilého Hymenoscyphus fraxineus (vlevo) a buku lesniho Mikiola
fagi (vpravo) v sutovych lesich Sudetské soustavy (foto: Stanislav Vacek, Vojtéch Hajek).

Sutové lesy rostouci na kamenitych a strmych svazich jsou také vyrazn€ ohroZeny ptidni erozi,
ktera sniZuje stabilitu stanovisté a dostupnost vody a Zivin pro lesni ekosystémy (Vacek et al.
2003; Vacek, Podrazsky 2006; Podrazsky et al. 2010). M¢lké pady na prudkych svazich, v
kombinaci s odplavovanim tenké humusové vrstvy béhem destovych srazek, vytvareji
nepiiznivé podminky pro pfirozenou obnovu porostli a omezuji rist stromi, zejména tim, ze
snizuji schopnost plidy zachycovat semena a podporovat jejich kli¢eni, coz vede k niZ$i miie
preziti semenackt (Vacek et al. 1996). Orientace svahu dale ovlivituje mnozstvi slune¢niho
zateni dopadajiciho na ptdu, coz ma vyznamny dopad na vodni bilanci a mikroklima porostu
(Liu 2025). V kombinaci s extrémnimi klimatickymi jevy, jako jsou dlouhodobd sucha a ¢ast&;jsi
intenzivni ptivalové desté, se riziko degradace téchto ekosystémi a ztraty biodiverzity vyrazné
zvysuje, zejména vzhledem k zesilené erozi (Zeng et al. 2025). Lesni porosty hraji na téchto
ohrozenych stanovistich kli¢ovou roli pii zmirnovani pidni eroze a uchovavani organické

hmoty v piidé (David Raj et al. 2025).

37



4. Material a metodika

4.1. Charakteristika zajmovych uzemi

Zajmova uzemi predstavuji pét lesnich oblasti v riznych geomorfologickych a klimatickych
podminkach Ceské republiky, zahrnujicich jak chranéna uzemi ponechana samovolnému
vyvoji, tak porosty obhospodafované ptirodé blizkymi péstebnimi postupy. Spoleénym
jmenovatelem je vyskyt ¢1 vyzkumné zaméteni na sutové a koluvidlni lesy a/nebo porosty s
vyznamnou ekologickou stabiliza¢ni funkci na skeletovitych ¢i jinak stanovistné specifickych

pudach.

4.1.1. NP KrkonoSe
Zajmovou oblasti jsou mélké sutové pudy v zédpadnich Krkonosich, zapadné od Harrachova,

na svazich v udoli feky Jizery v nadmoiské vysce 590700 m. Uzemi spada do II. a IIL. zony
ochrany NP Krkonose a je tvofeno bohaté ¢lenénymi smiSenymi porosty zatfazenymi mezi lesy
zvlastniho uréeni. Pievazna Cast porostll je ponechana samovolnému vyvoji; na ¢asti ploch
probiha hospodateni vybérnym, skupinovité vybérnym nebo podrostnim zptisobem.

Druhové jde nejcastéji o buciny, smrkobukové a smiSené porosty s javorem klenem a jedli
belokorou. V ptirozené druhové skladbé byl zastoupen buk lesni (40 %), javor klen (20 %),
jedle bélokora (20 %), smrk ztepily (10 %) a zbytek tvofil jasan ztepily a jilm horsky. Jedle
bélokora zde z velké ¢asti vyhynula a ustoupila ze stromového patra v disledku synergie imisni
kalamity (vysoké koncentrace SO2) v 80. a 90. letech 20. stoleti a napadeni korovnici
kavkazskou (Dreyfusia nordmannianae) (Vacek et al. 2007). Pfedmétnd spolecenstva ndlezi
zejména do svazu Aceri-Fagetum sylvaticae a dale do asociace Luzulo-Abietetum albae.
Priimérnd ro¢ni teplota lokality ¢ini 4,9 °C (10,7 °C ve vegetacnim obdobi) a ro¢ni tthrn srazek
je kolem 1 200 mm (600 mm ve vegetacnim obdobi) s maximy v Cervenci (Obr. 4). Délka
vegetacniho obdobi je 122 dni, Langlv destovy faktor dosahuje hodnoty 245. Lokalita je
charakterizovana jako vlhké kontinentalni klimatické pasmo (Koppenova klasifikace). V
kontextu globalni zmény klimatu se primeérna ro¢ni teplota za obdobi 1961-2019 zvysila o 2,1
°C a rocni srazky se snizily o 15 mm; zvysila se rovnéz rozkolisanost mési¢nich udaja, a to
zejména u srazek. Béhem imisni kalamity se ro¢ni primérmé koncentrace SO- pohybovaly v
rozmezi 120—410 pg-m3, po roce 2000 doslo k vyraznému poklesu na soucasné hodnoty cca 4
pg-m> (Kral et al. 2015). Koncentrace NOy se pohybuje pfiblizn¢ kolem 8 pg-m= a ozonova
exponovanost (AOT40F) dosahuje priimérné 27 000 ppbh.
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Geologicky podklad tvoii ptevazné kvarcity a fylity. Pfevladajicimi ptidnimi typy jsou rankery
modalni a kambické a dale kambizemé rankerové. Hloubka a skeletovitost ptdy je v sutovych
lesich vyrazné variabilni a mozaikovita s cetnymi skalnimi vychozy. Na velmi mélkych ptidach
(do 3040 cm) a pti vysokeé skeletovitosti (nad 70 %) se zde uplatiiuji zejména javor mléc, jasan
ztepily a jilm horsky, zatimco na relativné hlubsich ptidach (nad 50 cm) s nizsi skeletovitosti
(do 55 %) dominuji buk lesni a smrk ztepily. Porosty jsou obvykle dvou az tfietdzové, horni
etaz dosahuje staii ptiblizné 105-130 let. Podle managementu Ize TVP rozd¢lit na plochy
ponechané samovolnému vyvoji (TVP 1, 2, 5 a 7; vice nez 30 let) a plochy obhospodatrované
ptirodé blizkymi postupy (TVP 3, 4 a 6), v€etné vnaseni jedle bélokoré po jejim ustupu béhem

imisni kalamity. Souhrnné udaje o TVP jsou uvedeny v Tab. 1 a znazornény na Obr. 4.

Tabulka 1: Piehled zdkladnich stanovistnich a porostnich charakteristik trvalych vyzkumnych
ploch 1-7 v roce 2020 v zapadnich Krkonosich.

Nad. o .
TVP GPS Z/I}I’/lé)ka I;i)él;o_ (Sol)don Lesni typ Geologie Pudni typ Dieviny Xglliy) (Zriiol?;l)
1 50°44°57°N, 600 JZ 15  Acereto- fylit ranker SM, BK, 151/18 336
15°24°43“E Fagetum kambicky KL, JLh
lapidosum
2 50°44°59“N, 590 JZ 17 Acereto- fylit ranker SM, BK, 121/18 489
15°2437“E Fagetum kambicky KL, JLh,
lapidosum JD
3 50°45°03“N, 620 Iz 13 Acereto- fylit ranker SM, BK, 107/17 394
15°24°40“E Fagetum kambicky KL, JD
lapidosum
4 50°45°03“N, 610 JZ 15  Acereto- fylit ranker SM, BK, 105/7 377
15°24°42“E Fagetum modalni KL, JS
lapidosum
5 50°4537°N, 680 JZ 13 Piceeto- kvarcit ranker SM, BK, 128/39/19 419
15°24°40“E Fagetum kambicky KL
lapidosum
acidophilum
6 50°45°40°N, 700 JZ 32 Piceeto- kvarcit ranker SM, BK, 130/24 484
15°24°34“E Fagetum modalni KL, JS
saxatile
7 50°4538“N, 650 V4 15  Piceeto- kvarcit ranker SM, BK, 136/19 359
15°24°25“E Fagetum kambicky KL, JLh
lapidosum
acidophilum
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Obr. 4: Lokalizace trvalych vyzkumnych ploch 1-7 ve smiSenych porostech v zapadnich
Krkonosich a primémé meésicni hodnoty klimatickych parametri v obdobi 1961-2019
(meteorologicka stanice Harrachov, ¢eského hydrometeorologického institutu); mapa byla

vytvofena v programu ArcGIS (Esri).

4.1.2. CHKO Broumovsko (véetné EVL Kozinek)
Chranénd krajinna oblast Broumovsko je ¢lenéna do ¢tyf zon ochrany piirody s rozdilnou

urovni pfirozenosti a reZimem ochrany. Rozklada se na plose 410 km? v nadmotské vysce 350—
880 m, s lesnatosti 39,8 % (16 348 ha). Priimérna rocni teplota se pohybuje v rozmezi 5,5-7,0
°C a prumérny ro¢ni Gthrn srazek ¢ini 650—1 000 mm. Doba vyskytu sné¢hové pokryvky je
pfiblizné¢ 70-90 dni (s moZznymi inverzemi ve stinnych kotlinach a rozsedlinach); prevlada
zapadni proudéni (Mikeska et al. 2000).

Geologicky je tzemi charakterizovano sttidanim slinovca, slepencii a piskovct (Prasa 2001).
Pidni pokryv tvoii zejména kambizemé, vyznamné jsou zastoupeny litozemé&, rankery,
kryptopodzoly, pararendziny a pseudogleje (Vacek et al. 2012). Vegetacné se uplatiiuji zonalni
lesni vegetacni stupné 3.—6. (dubobukovy az smrkobukovy) a azondlni stupenn bort.
NejvyznamnéjSim typem lesni vegetace jsou kvétnaté a acidofilni buciny (Eu-Fagenion,
Luzulo-Fagion). K nejzachovalej§im spolecenstviim patii reliktni bory na kvadrovych
piskovcich (Dicrano-Pinion) a sutové lesy (7Tilio-Acerion) na piikrych svazich udoli a kuest
polické kiidové panve (AOPK 2013).

Soucasti vyzkumu je Evropsky vyznamna lokalita (EVL) Kozinek (CZ0520507), vyhlasena 3.
5. 2004 na ploSe 84,08 ha k ochrané evropsky vyznamnych stanovist’ a druhiit (AOPK 2004).

40



Lokalita je klicova zejména vysokym zastoupenim prioritniho biotopu sutovych lesii (L4), dale
biotopt skalnich vychozi (S1.1) a vyznamnou rozlohou kvétnatych bucin (L5.1). V ramci
CHKO jde o nejvyznamnéjsi uzemi z hlediska jednotek L4 a S1.1. EVL Kozinek lezi mezi
Velkymi Petrovicemi, Bezdékovem nad Metuji a Zabokrky v jizni &asti Polické vrchoviny,
pievazné v 1. a II. zoné¢ CHKO. Nadmotska vyska ¢ini 378—504 m. Svahy udoli jsou hluboce
zatiznuty do opukovych plosin s ¢etnymi skalnimi vychozy. Podklad tvoti kiidové sedimenty
(stfedni a spodni turon az svrchni cenoman) a kvartérni fluvidlni a fluviodeluvidlni sedimenty
(Vejlupek 1986, 1990). Pidné dominuji pararendziny a kambizemé, ojedinéle rankery a
fluvizemé (Mikeska et al. 2000).

Klimaticky je lokalita (dle stanice Hronov, 378 m n. m.) fazena do mirn¢ teplé oblasti (MT7;
Quitt 1971) s primérnou ro¢ni teplotou 7,2 °C a ro¢nim thrnem srazek 742 mm (Vesecky 1961;
Tolasz et al. 2007). Sutové lesy jsou tvofeny asociacemi Aceri-Carpinetum, Mercuriali-
Fraxinetum a v men8$i mite Lunario-Aceretum, kvétnaté buciny asociacemi Aceri-Fagetum,
Asperulo-Fagetum, Dentario enneaphylli-Fagetum a rovnéz Tiliocordatae-Fagetum jako
pfechodem mezi bu¢inami a sutovymi lesy (Faltysova et al. 2002). Souhrnné udaje o TVP jsou

uvedeny v Tab. 2 a zndzornény na Obr. 5-6.

Tabulka 2: Piehled zékladnich charakteristik trvalych vyzkumnych ploch v EVL Kozinek.

ID GPS vek Vyska DBH Zasoba 24 gijon Slope ™ Tyarlesa  Pidni typ
vyska typ
(roky) (m) (cm) (m*ha) (m) ©)
50°30' 05" N w1 ranker
1 16°11'58" E 146 22 37 593 425 SV 45 3] Stredni modalni
50°30' 11" N , kambizem
2 16°12'23" E 162 25 44 591 435 N 29 3A Vysoky rankerové
50°29'57" N . kambizem
3 16°12' 17" E 108 27 35 699 420 SV 36 3A Vysoky rankerové
50°30'50" N Y rendzina
4 16°12'49" E 148 17 35 612 440 E 40 3] Stedni rankerové
50°30' 10" N (o rendzina
5 16°12' 45" E 63 18 26 340 430 E 28 3] Nizky rankerové
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Obr. 5: Lokalizace trvalych vyzkumnych ploch 812 v EVL Kozinek — CHKO Broumovsko;

mapa byla vytvorena v programu ArcGIS (Esri).

Obr. 6: Interiér sutového porostu trvalé vyzkumné plochy 8 v EVL Kozinek — CHKO
Broumovsko (foto: Vojtéch Hajek).
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4.1.3. Krusné hory

Zajmové tizemi v Krusnych horach spada pod spravu Lest CR, s. p. (LS Litvinov) a lezi v
nadmotské vysce 542—-603 m (50.6989311 N, 13.7853015 E). Sklon svaht se pohybuje mezi
5-14° a expozice je pievazné jizni. Pro sbér dat a zalozeni TVP byl vybran komplex ctyt
sousedicich porosti ve véku 86102 let.

Porosty jsou obhospodafovany decendlnimi probirkami zaméfenymi na rozvoj korun jedinct
vyssi kvality a na podporu pfirtistu kvalitni dfevni hmoty; soucasti péstebni péce je
odstranovani poSkozenych stromi a podpora vtrousenych dievin. Druhovou skladbu tvofi
ptevazné buk lesni a smrk ztepily s pfimési (do 5 %) habru obecného, modiinu opadavého,
btizy bélokoré, borovice lesni a javoru klenu.

Klimatické podminky odpovidaji mirnému oceanickému typu (Cfb) dle Koppena (K&ppen
1936) s pramérnou ro¢ni teplotou pfiblizné¢ 7,7 °C a rocnim uhrnem srazek 700-810 mm
(CHMU 2000-2024). Typologicky se porosty fadi do LT 4K1 (kysela budina metlicova;
Viewegh et al. 2003). Pudy jsou reprezentovany pievazné modalni kambizemi a jen ojedinéle
jde az o ranker kambicky; podlozi tvoii pfevazné ryolitovy az trachytovy ignimbrit a ryolit.

Souhrnné daje o TVP jsou uvedeny v Tab. 3 a zndzornény na Obr. 7.

Tabulka 3: Piehled zakladnich charakteristik trvalych vyzkumnych ploch 1-20 v Kru$nych
horach v roce 2025.

Nad.

ID GPS vyska  Expozice Soklon Dreviny Vel Lesni DBH Vyska Zasobaﬁ
(m) ©) (roky) typ (cm) (m) (m*hal)

1-4  50.6997194N 590-603 J 9 BK, SM, 94 4K 37 30 453
13.7841214E MD, HB

5-13  50.6981700N 550-592 ] 14 BK, SM,90 4K 33 28 445
13.7854947E MD, BR

14-15 50.6972186N 542-551 J 6 BK, SM, HB, 96  4S 36 29 490
13.7811817E BR

16-20 50.6979389N 579-560 JV 5 SM, BK 87 4K 34 27 374

13.7775983E
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Obr. 7: Lokalizace trvalych vyzkumnych ploch 1-20 v Krusnych horach a primérné mésicni

hodnoty klimatickych parametrt v obdobi 1960-2020; mapa byla vytvofena v programu

ArcGIS (Esri).

4.1.4. Mednik
Nérodni ptirodni pamatka (NPP) Mednik se nachézi na levém biehu udoli feky Sazavy ptiblizné
mezi osadami Pikovice a Luka, na severnich az severovychodnich svazich Malého Medniku v
nadmoiské vysce 220-398 m. Uzemi je chranéno jiz od 30. let 20. stoleti zejména z ditvodu
ochrany a podpory druhu kandik psi zub (Erythronium dens-canis), kriticky ohrozeného v CR,
piicemz tato lokalita predstavuje nejsevernéjsi vyskyt druhu v Evropé (Holub, Prochéazka
2000). Dalsim predmétem ochrany jsou piirozené koluvidlni lesy s vyskytem fady chranénych
a ohroZenych druhti flory a fauny na plose 43,67 ha.
Priimérnd ro¢ni teplota ¢ini 8—9 °C a ro¢ni thrn srazek se pohybuje okolo 550—600 mm (Tolasz
et al. 2007). Podlozi tvofi pfevazné metabazity s vyskytem granodioritii. Pievladajicimi
pudnimi typy jsou mezotrofni kambizemé a rankerové kambizemé az rankery na strmych
svazich.
Ve vegetaci prevlada lipovo-dubovo-habrovy les (63 %), zpravidla ve formé pafeziny s
dominanci habru obecného a s pfimési lipy velkolisté, dubu zimniho a buku lesniho; vtrousené
se uplatiiuje javor klen, javor mléc¢, javor babyka, jilm horsky a jefab biek. Fytocenologicky jde
o spoleCenstva svazu Carpinion a asociace Melampyro nemorosi-Carpinetum a Stellario-
Tilietum. Kvétnaté buciny jsou zastoupeny vyznamné (30 %), s dominanci buku a s pfimési

habru v nizsi etdzi; nalezi k podsvazu Eu-Fagenion a asociaci Dentario enneaphylli-Fagetum.
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Reliktni smrkové porosty sdzavského ekotypu smrku ztepilého (svaz Piceion abietis) s piimési
btizy zaujimaji ptiblizn€ 6 %. Souhrnné udaje o TVP jsou uvedeny v Tab. 4 a zndzornény na

Obr. 8.

Tabulka 4: Ptehled zékladnich charakteristik trvalych vyzkumnych ploch v NPP Mednik.

Nad. ;
- DBH 0% Zasoba
ID GPS vyska Expo Soklon Asociace Dreviny Vek Vyska -
(m) zice ©) (cm) (m) (m’ha™)
1A-1B49.8704725N 300 SV 28  Carpinion HB, LP, DBZ, 75 18,6 15,5 246
14.4503036E KL, JVM, BB,
BK, JLh
2A-  49.8713714N 330 S 5 Fagion  BK, HB, DBZ, 116 44,8 29,5 346
2D 14.4520417E BR
3A-  49.8703203N 380 SV 8 Piceion  SM, BR, HB,98 37,7 31,9 458
3B 14.4495311E abietis ~ BO, MD
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Obr. 8: Lokalizace sérii TVP 1A aZ 3B v NPP Mednik; mapa byla vytvofena v programu
ArcGIS (Esri).

4.1.5. Doutnéé (NPR Karlstejn, CHKO Cesky kras)
Studovany lesni komplex Doutnag (67,64 ha) se Sesti TVP lezi ve stiednich Cechach v Narodni

piirodni rezervaci Karlitejn, ktera je soucasti CHKO Cesky kras. Historické hospodateni v
okoli Karlitejna je doloZeno nejméné od prvni poloviny 15. stoleti (Cerny 1949). Do poloviny
20. stoleti byl les vyuzivan jako pafezina s vystavky s vysokou intenzitou tézby, hrabanim

steliva a pastvou dobytka; toto intenzivni vyuzivani skoncilo pied druhou svétovou valkou
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(Prtsa 1985). Po vyhlaSeni NPR Karlstejn v roce 1955 bylo hospodaieni postupné omezovano
s cilem podpofit pfirozenou prostorovou, druhovou a v€kovou strukturu lesa (Lozek et al.
2005). Soucasné porosty jsou prevazné prestarlé pareziny (nepravé vysoké lesy) s izolovanymi
vystavky semenného ptivodu (zejména duby; Janik et al. 2008). Cely komplex byl v roce 2004
oficialn¢ ponechan pfirozené sukcesi; ve studovanych lokalitaich se vSak nehospodafi jiz od
roku 1986.

Doutnac tvoii protahly hibet orientovany sever—jih s nejvyssim bodem ve 433 m n. m. (Janik
et al. 2008). Klima je popsano jako typ Cfb dle Koppena (Tolasz 2007), s primérnou rocni
teplotou 8,6 °C (14,6 °C ve vegetacnim obdobi) a ro¢nim uhrnem srézek kolem 540 mm (360
mm ve vegetatnim obdobi) v obdobi 1960-2020 (stanice Neumétely). Nejvyssi teploty
nastavaji v Cervenci (18,2 °C) a srazkova maxima v ¢ervnu (75,3 mm), minima teplot v lednu
(~1,0 °C) a minima srazek v unoru (26,3 mm; Obr. 9). Primérné délka vegetacniho obdobi je
165 dni. V kontextu zmény klimatu doSlo za poslednich 60 let (1960-2020) ke zvySeni
pramérné ro¢ni teploty o 2,2 °C a k poklesu ro¢nich srazek o 16 mm; soucasné se zvysila
variabilita mési¢nich hodnot teplot i srazek.

Geologické podlozi je tvofeno pfevazné Sedymi az Cervenymi vapenci. Pidy zahrnuji rendziny,
hnédé lesni piidy a kambizemé (Samonil 2007). Vegetaéné jde o doubravy dubového az
dubobukového stupné (Janik et al. 2008). V nizsich polohéach se vyskytuji javorové lesy (svaz
Tilio-Acerion). Na jiznim svahu a na zapadnich a vychodnich svazich prechazeji porosty do
smiSenych lestt s habrem obecnym a dubem zimnim (asociace Melampyro nemorosi-
Carpinetum). Smérem k severu roste zastoupeni buku lesniho a severni partie jsou
charakterizovany vapnomilnymi bu¢inami (Cephalanthero-fagetum). Lesostep na jiznim svahu
je lemovana doubravou s dubem pyftitym (Lathyro versicoloris-quercetum pubescentis) (Priisa
1985; Janik et al. 2008). Prehled zakladnich udajti o TVP 1 aZ 6 je uveden v Tab. 5§ a znazornén
na Obr. 9-10.

Tabulka 5: Piehled zakladnich charakteristik trvalych vyzkumnych ploch na lokalité Doutnac.

Nad. :
ID GPS vyska Expo- Soklon Asociace  Dfevina Vek DBH VySka 23530 o 1
(m) zice ©) (cm) (m) (m’>ha™)
la2 49.8704725N 300 SV 28  Carpinion HB, LP, DBZ, 75 18.6 15.5 246
14.4503036E KL, JVM, BB,
BK, JLh
3a4 49.8713714N 330 S 5 Fagion BK, HB, DBZ, 116 44.8 29.5 346
14.4520417E BR
5a6 49.8703203N 380 SV 8 Piceion SM, BR, HB,98 37.7 31.9 458
14.4495311E abietis BO, MD
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Obr. 9: Lokalizace trvalych vyzkumnych ploch 1-6 na lokalit¢ Doutna¢ v NPR Karlstejn v
CHKO Cesky kras a primé&mé mésiéni hodnoty klimatickych parametrii v obdobi 1960-2020

(meteorologicka stanice Neumétely, ceského hydrometeorologického institutu); mapa byla
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vytvotrena v programu ArcGIS (Esri).

Obr. 10: Interiér smiSeného porostu trvalé vyzkumné plochy 3 na lokalit¢ Doutna¢ v NPR

Karlstejn v CHKO Cesky kras (foto: Vojtéch Hajek).
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4.2. Sbér dat

4.2.1. Stromové patro
Pro urc€eni struktury a produkce matetského porostu probéhlo méteni na vyzkumnych plochach

o rozmérech: 25 x 25 m (625 m?) — 50 x 50 m (2500 m?). K méfeni bylo vyuzito
technologie FieldMap (IFER, Ceska republika), ktera zaznamenava polohy vsech stromi
s vycetni tloustkou (DBH) > 4 cm. U vSech stromi byla zméfena vycetni tloustka posuvnym
méfidlem Mantax Blue (Haglof, Svédsko) s piesnosti 1 mm, dale pak vyska stromi a vyska
nasazeni koruny laserovym vyskomérem Vertex (Haglof, Svédsko) s presnosti 0,1 m. Za
nasazeni zelené koruny u jehli¢natych dfevin je povazovan pfeslen nejméné se dvéma zivymi
vétvemi. Za nasazeni koruny u listnatych dfevin se pak jedna o prvni rozdvojeni kmene (Sharma
et al. 2016). Korunové projekce byly méteny ve 4 smérech na sebe kolmych. Stromy byly
rozdéleny dle Kraftovy klasifikace (Kraft, 1884) do nasledujicich tiid: ptedriistavé, uroviové,
z Casti urovinové, podaroviiové — vrustaveé, podaroviiové — castecné zastinéné, potlacené —

zivotaschopné, potlacené — odumirajici a odumfelé.

4.2.2. Prirozeng obnova

Pii zjistovani pfirozené obnovy byly zvoleny trvalé¢ vyzkumné plochy v podobé¢ transektl
(celkem 10 ploch) o velikosti 3 x 30 m (90 m?) az 5 x 50 m (250 m?) smérem po svahu pomoci
lesnického ocelového pasma. Hranice plochy byla vytyceny minimélné 10 m od okraje porostu.
Vsechny rohy plochy byly stabilizovany. Nésledné byly jednotlivé transekty rozdéleny na 10
¢tvercovych ploch (3 % 3 m, respektive 5 < 5m).

Na kazdé zkusné ctvercove ploSe byly zméteny vSichni jedinci pfirozené obnovy az po DBH <
7 cm. Navic byly u kazdého jedince zaznamenany nasledujici tidaje: pocet jedinct ptirozené
obnovy, druh dieviny, vyska, péstebni kvalita (hodnocena pouze u jedinct vyssich nez 1 m ve
Skale 1-4), stav okusu (stary, novy, opakovany, bez poskozeni) a typ poSkozeni (terminalni,
boc¢ni, kombinovany, bez poskozeni). VySka byla méfena lati s pfesnosti na 1 cm.

Hodnoceni péstebni kvality jednotlivych jedinct probéhlo podle nésledujici stupnice:

1. kvalita — rovny piimy vitalni jedinec bez rozvétveni vykazujici dobry vySkovy pfirtst a
tvotici budouci zaklad porostu,

2. kvalita — lehce kiivy jedinec ¢i jedinec s mirnym rozvétvenim, ktery v piipadé nutnosti

muze jesté nahradit jedince s kvalitou jedna, opét dobry pfirtst,
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3. kvalita — kiivy rozvétveny jedinec z pestebniho hlediska nevhodny pro budouci porost,
vykazuje nepravidelny ¢i maly pfirast,
4. kvalita — siln€¢ deformovany ¢i velmi rozvétveny jedinec vykazujici minimalni az nulovy

prirGst ¢i odumirajici jedinec s typickym ketovitym vzhledem.

4.2.3. Fytocenologie
Fytocenologické snimky na trvalych vyzkumnych plochach v EVL Kozinek byly pofizeny v

roce 1961 dr. Gregorem podle kombinované stupnice abundance/dominance Braun-Blanqueta,
upravené¢ pro hodnoceni jednotlivych vySkovych pater a pozdé€ji publikované Zlatnikem

(Zlatnik 1978). Stejna modifikovand metodika byla pouZita v roce 2016 prof. Vackem.

Stupnice pouzitd pfi prvnim monitoringu podle Zlatnika (1978) byla nasledujici:

1 — nadarovnové stromy,

2 —uroviové urovne,

3 — stromy dosahujici vySky > 72 vysky stromi hlavni trovné a < 1/3 délky jejich koruny,
4 — jedinci s vySkou > 130 cm a < 2 vysky stromi hlavni porostni Grovné,

51a — jedinci s vyskou v rozmezi 25—-130 cm,

51b — jedinci s vyskou <25 cm,

52 — semenacky s déloznimi listky.

U tfid 14 byla pro vSechny druhy dievin v rdmci hodnocené plochy zaznamenana primérna
vyska, tloustka kmene ve vycetni vysce a pocet jedinct. U tfid 51a, 51b a 52 byl stanoven

pramérny pocet jedinct jednotlivych druhti prepocteny na 1 m2.

Bylinné patro bylo na vyzkumnych plochach hodnoceno v obou obdobich na kruhové plose
kolem centralni plidni sondy o vymé&ie 490 m? (r = 12,5 m). Pfirozena obnova byla v roce 1961
hodnocena ve stejné kruhové plose (490 m?; v roce 2016 plocha 500 m?). Stromové patro bylo
v roce 1961 hodnoceno na vétsi kruhové ploSe o polomérur =15 m (707 m?; v roce 2016 plocha

2 500 m>).

4.2.4. Dendrochronologie
Pro analyzu radidlniho ristu byly na kazdé ploSe z 20 az 30 stromi (dle dfeviny) odebrany

dendrochronologické vyvrty pomoci Presslerova nebozezu (Haglof, Svédsko) ve vysce 1,3 m
nad zemi ve sméru po svahu. Vybér stromti probihal nahodné (RNG funkce) a zaméroval se na

predriistavé a dominantni jedince podle Kraftovy klasifikace (Kraft 1884), které reprezentuji
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horni stromové patro s tloustkou ve vycetni vysce nad 25 cm. Odbér vzorkl byl na vybranych
vyzkumnych plochach proveden pro nasledujici dieviny: buk lesni, smrk ztepily, dub zimni,
jasan ztepily, javor klen, jilm horsky a lipu srd¢itou. Letokruhy byly méfeny s ptesnosti 0,01
mm pomoci binokuldrniho mikroskopu Olympus na méticim stole LINTAB a zaznamenavany

v softwaru TsapWin (Rinntech).

4.3. Analyza dat

4.3.1. Diverzita a produkce

Zakladni parametry struktury, biodiverzity a produkce stromového patra byly vyhodnoceny v
softwaru SIBYLA Triquetra 10 (Fabrika 2005) na zaklad¢ dat z terénnich méteni. Vstupni data
zahrnovala vS§echny namétené dendrometrické charakteristiky jednotlivych stromi, tedy druh,
soufadnice, vysku, vycetni tloustku (DBH), Sitku koruny odvozenou z korunové projekce,
vysku nasazeni zivé koruny a vék. Objem stromi byl vypocten pomoci objemovych rovnic
publikovanych PetraSem a Pajtikem (1991). Pro hodnoceni hustoty porostu bylo vyuzity stupné
zapoje podle metodiky Crookstona a Stage (1999) a relativni index hustoty porostu (SDI)
(Reineke 1933), ktery byl stanoven jako pomér aktudlni hustoty k jeji maximalni hodnoté,
pfi¢emz maximalni hustota pro buk (1 050 stroml na hektar) vychazel z ristovych tabulek
Halaje (1987).

Pro kazdou trvalou vyzkumnou plochu byly pro stromové patro 1 pfirozenou obnovu vypocteny
indexy druhové bohatosti podle Margalefa (1958), druhové heterogenity podle Shannona
(1948) a druhové vyrovnanosti podle Pielou (1975). Vertikalni struktura byla hodnocena
indexem druhového profilu podle Pretzsche (1992), vertikalni diverzitou dle Jachneho a
Dohrenbusche (1997) a Giniho indexem (1921). Horizontalni struktura byla analyzovana
indexem agregace podle Clarka a Evanse (1954), kde hodnoty pod 1 znaci shlukovitost a nad 1
pravidelnost rozmisténi. Strukturdlni diferenciace zahrnovala diferenciaci primeéri a vysek
podle Fiildnera (1995) a diferenciaci korun dle Jaehneho a Dohrenbusche (1997). Komplexni
diverzita porostu byla posuzovana jako kombinace druhové diverzity, vertikdlni struktury,

prostorového rozloZeni a diferenciace korun.
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Tabulka 6: Ptehled indexii diverzity porostu a jejich interpretace.

Kritérium Kvantifikator Zkratka Reference Interpretace
Druhova Bohatost D (Mi) Margalef (1958) minimalni D = 0, vys$$i hodnoty = vyssi
diverzita bohatost
Heterogenita H’' (Si)  Shannon (1948) minimalni H* = 0, vy$§i hodnoty = vyssi
heterogenita
Vyrovnanost E (Pii)  Pielou (1975) rozsah 0—1; minimalni E =0, maximélni E=1
Horizontalni Index R Clark a Evans primérnd hodnota R = 1; agregace R < 1,
struktura agregace (C&Ei) (1954 regularita R > 1
Vertikalni Index A (Pri)  Pretzsch (1992) rozsah 0-1; vyvazena vertikalni struktura A <
struktura druhového 0,3; vybérny les A > 0,9
profilu
Vertikalni S Jaehne a nizka S < 0,3, stfedni S = 0,3-0,5, vysoka S =
diverzita (J&Di)  Dohrenbusch 0,5-0,7, velmi vysoka diverzita S > 0,7
(1997)
Giniho index G (Gi)  Gini (1921) rozsah 0—1; nizka diferenciace G < 0,3, velmi
vysoka G > 0,7
Strukturalni Diferenciace =~ TMd Fiildner (1995) rozsah 0-1; nizka TM < 0,3, velmi vysoka
diferenciace tloustek (F1) diferenciace TM > 0,7
Diferenciace =~ TMh
vySek (F1)
Diferenciace K Jaehne a nizka K < 1,0, stfedni K = 1,0-1,5, vysoka K
korun (J&Di)  Dohrenbusch =1,5-2,0, velmi vysoka diferenciace K > 2,0
(1997)
Komplexni Diverzita B Jachne a monotonni struktura B < 4; nerovnomérna
diverzita porostu (J&Di)  Dohrenbusch struktura B = 6-8; velmi diverzifikovana
(1997) struktura B > 9

4.3.2. Dendrochronologie

Letokruhové ptirtstové série byly jednotlivé kiizové datovany s vyuZzitim statistickych testl
v programu CDendro a vizualni revize odhalenych nesrovnalosti. V dal§im zpracovani byly
vyhodnoceny negativné vyznamné roky, v nichz doslo k poklesu ptirtstu pod 40 % priméru
z pfedchozich ¢tyt let, u 20 % nebo vice jedincii v porovnavaném souboru (Schweingruber et
al. 1990). Jednotlivé kiivky byly dale standardné detrendovany v programu R, vékem
podminény exponencialné klesajici ristovy trend byl odstranén v prvnim kroku, nac¢ez byla data
detrendovdna metodou spline s ¢asovym oknem 67 % staii série (Cook, Kairiukstis 1990).
Z detrendovanych dat byla vytvofena primérnd letokruhova série pro kazdou dievinu a TVP.
Nasledn¢ byly vyhodnoceny korelace téchto sérii s historickymi mési€nimi Ghrny srazek
primérnymi mési¢nimi teplotami za pouziti programu DendroClim (Biondi, Waikul 2004).
Data z hodnoceni tlouStkového ptirtstu ve vazbé k imisnim datliim (koncentrace SO», NOx a O3)
byla statisticky zpracovana pomoci programu Statistical0 a Canoco5. Spektralni analyzy pro
detrendovany radialni pfirast byly vytvofeny softwarem Statistica 13 (StatSoft 2013). Vypocet
byl proveden funkci ,,Single Furier (Spectral) Analysis®, pficemz byl pouzit vystup
,Periodogram® plot by ,,Period”. Vyvoj teplotnich a srazkovych pomérit byl studovan na

zéklad¢ dat primérmé ro¢ni teploty, teploty vegetatniho obdobi, primérné teploty
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v jednotlivych mésicich, teplotnich minim a maxim, rocniho thrnu srdzek, thrnu srazek za
vegetacni obdobi a srazkovych minim a maxim v letech 1960-2024. Pro odvozeni stresovych
faktorii vazanych na imise byla pouzita méfeni koncentraci SO2, NOx a Os ze stanic imisniho
monitoringu. Pro hodnoceni byly pouzity jak primérmné a maximalni hodnoty koncentraci v

pg.m>, tak i jejich 95kvantily.

4.3.3. Statistické analyzy

Pro vizualizaci druhové skladby a distribuce priméra a vysek byly vytvoreny grafy v Excelu.
Statistické testy zahrnovaly Shapiro-Wilkoxiv test normality, Bartlettiv test homogenity
rozptylu a pro srovndni parametrii byla pouzita analyza rozptylu (ANOVA) s naslednym
Tukeyho HSD testem, ptipadné neparametricky Kruskal-Wallistiv test v pifipadé nesplnéni
ptedpokladii normality a homogenity. Periodicita ristu byla analyzovdna pomoci spektralni
analyzy ve Statistica 13 (Tibco 2017).

Vztahy mezi produkénimi parametry, radidlnim ristem, klimatickymi faktory, strukturou
porostu, poSkozenim okusem a managementem byly hodnoceny pomoci analyzy hlavnich
komponent (PCA) v programu CANOCO 5 (Smilauer, Lep$ 2014). Pied analyzou byla data
standardizovana a logaritmovana. Vysledky byly prezentovany formou ordina¢nich diagramit

a prostorové rozlozeni ploch bylo zpracovano v ArcGIS 10 (Esri 2011).
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5.  Vysledky
5.1. Pfehled publikovanych praci

Ptehled publikovanych praci zahrnuje dva tematické okruhy, které jsou spolu izce provazané
s darazem na dynamiku smiSenych porostii. Prvni tematicky okruh je zaméfen na analyzu
druhové diverzity a prostorové struktury smiSenych lesnich ekosystému v zajmovych uzemich
nizSich a stfednich poloh s dirazem na roli klimatické zmény, jak z hlediska dlouhodobé
dynamiky porostli ¢i jejich adaptacnich opatfeni. Druhy tematicky okruh se soustfedi na
hodnoceni vlivu klimatickych a environmentalnich faktor a rozdilnych zptsobt lesnického
managementu na radidlni rist vybranych dfevin a dynamiku smiSenych lesnich porostt véetné
Skod zvéfi, a to v riznych ptirodnich podminkach zdjmovych chranénych tizemich. Tematicky
okruh 1 s nazvem Diverzita a struktura smiSenych lesnich ekosystémii v kontextu
klimatické zmény tvoii dva ¢lanky (¢lanek 1: Changes in diversity of protected scree and herb-
rich beech forest ecosystems over 55 years a ¢lanek 2: Mixed forests as a strategy for climate
change adaptation: the future of silviculture management in the Ore Mountains). Tematicky
okruh 2 s ndzvem Vliv klimatickych faktorti a managementu na radialni rist a dynamiku
smiSenych lesii tvoii Ctyfi ¢lanky (Clanek 3: Dynamics of mixed lowland forests in Central
Bohemia over a 20-year period, €lanek 4: Effect of Climate Change on the Growth of
Endangered Scree Forests in KrkonoSe National Park (Czech Republic), ¢lanek 5: Effects of
environmental factors and management on dynamics of mixed calcareous forests under climate
change in Central European lowlands a ¢lanek 6: Growth response of mixed beech forests to
climate change, various management and game pressure in Central Europe).

Sest ¢&lankd bylo publikovano: 1krat v Central European Forestry Journal, lkrat v
Dendrobiology, 2krat v Journal of Forest Science, 1krat ve Forests, 1krat ve Zpravy lesnického
vyzkumu). Jednotlivé ¢lanky na sebe tematicky uzce navazuji a snazi se podchytit danou
problematiku biodiverzity, dynamiky a managementu smiSenych porostl nizSich a stfednich

poloh v Ceské republice, a to zejména s diirazem na klimatické zmény.
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5.2. Tematicky okruh 1: Diverzita a struktura smiSenych lesnich ekosystému
v kontextu klimatické zmeény

5.2.1. Cldnek 1: Changes in diversity of protected scree and herb-rich beech forest
ecosystems over 55 years

Citace: Hajek, V., Vacek, Z., Vacek, S., Bilek, L., Prausova, R., Linda, R., Bulusek, D.,
Kralicek, I. (2020): Changes in diversity of protected scree and herb-rich beech forest
ecosystems in Central Europe over 55 years. Central European Forestry Journal, 66: 4: 202—

217.

Abstrakt: Dlouhodobé studie jsou nezbytné pro pochopeni trajektorii vyvoje lesnich
ekosystémi, zejména v kontextu probihajicich sukcesnich procesti a globalni klimatické
zmény. Pouze vice dekdadové sledovani na trvalych vyzkumnych plochach umoziuji zachytit
zmeény ve struktuie porostll, v dynamice pfirozené obnovy a ve vyvoji lesnich ekosystémi jako
celku, které jsou v kratkych ¢asovych fadach casto neptesné. Takovéto unikatni datové soubory
proto piedstavuji klicovy podklad pro posuzovani stability, adaptability a biodiverzity lest v
dlouhodobém méftitku. Druhové sloZeni (bohatost, vyrovnanost a heterogenita), prostorova
struktura (vertikalni a horizontalni) a v€kova diferenciace patii mezi zédkladni parametry, které
urcuji funkcnost lesnich ekosystémti. V ramci zdjmove izemi CHKO Broumovsko (evropsky
vyznamna lokalita Kozinek) byl v letech 1961-2016 proveden dlouhodoby vyzkum zaméfeny
na vyvoj druhové a strukturalni diverzity stromového patra, pfirozené obnovy a bylinného patra
v modelovych lokalitach: sutovych lesich a kvétnatych bucindch. Cilem této studie bylo
komplexné vyhodnotit zmény ve struktuie, druhové a komplexni diverzité téchto porostl a
identifikovat dlouhodobé trendy spojené s historickym i sou¢asnym hospodatenim. Zajmové
plochy o velikosti 50 x 50 metru se nachazely v nadmoiské vysce 420 az 440 m se zasobou
porostu od 340 do 699 m*/ha dle hospodaiského zpiisobu. Sutové lesy vykazuji mimoiadné
druhoveé 1 strukturné bohaté ekosystémy, zatimco kvétnaté buciny dosahovaly stfedni Grovné
diverzity. Obé& studované varianty ekosystémil byly signifikantné ovliviiovany maloplo$nymi
zpusoby hospodareni, zejména pafezenim ¢i podrostnim zplisobem s vybérnymi principy.
Nejvyssi druhova diverzita byla zaznamendna v sut'ovych lesich, kde se vyraznéji uplatiiovalo
historické patezinové hospodafeni. Srovnéni tvaru lesa nizkého a vysokého ukazalo, ze
pareziny vykazuji v dlouhodobém meéfitku vyssi trovenl biodiverzity nez srovnatelné porosty
obhospodatované jako vysoky les. Zatimco druhova bohatost méla béhem sledovaného obdobi

vzestupny trend, druhova vyrovnanost dosahovala sestupné tendence. Ve vymladkovych
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sutovych lesich dochazelo ke zvyseni heterogenity ve stromovém patie 1 v ptirozené obnove,
zatimco bylinné patro vykazovalo opacny trend. Lesy generativniho ptivodu vykazovaly
naopak vetsi strukturni diferenciaci a méné vyrazné zmény v Case. Mezi nejzietelnéjsi posuny
v bylinné vegetaci patfil ustup svétlomilnych druhti a zéroven nartist druhti tolerantnich k
zastinéni, vys$i vzdusné vlhkosti a dostupnosti zivin. Nejvyraznéji se Sitily nitrofilni druhy.
Kromé¢ toho byl potvrzen narist vyskytu teplomilnych druhi a ustup druhd chladnomilnych,
coz koresponduje s probihajici klimatickou zménou. Celkové dlouhodobé vysledky ukazuji, ze
tradicni maloplo$né hospodaieni, zejména patfezenim, vyznamn¢ podporovalo heterogenitu a
dlouhodobou dynamiku lesnich ekosystémii sutovych lesii, zatimco vysoké lesy zistaly
stabilngjsi, avSak druhové chudsi. Studie tak poskytuje unikatni pohled na dlouhodobé zmény
biodiverzity a zdiraziiuje vyznam kontinudlniho sledovéani lesnich porosti v ménicich se
podminkach prostiedi.

Kli¢ova slova: biodiverzita; dynamika lesa; struktura porostd; fytocenologie; evropsky

vyznamna lokalita Kozinek
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Abstract

Species composition along with spatial and age structure are the main attributes of forest ecosystems. The diversity
of scree forests and herb-rich beech forests was analyzed in the Broumovsko Protected Landscape Area, the Czech
Republic. The paper objective was to evaluate forest structure and dynamics of species diversity of tree layer, natural
regeneration and herb layer in the period 1961-2016. Scree forests were structurally, and species very rich for-
est stands, in herb-rich beech forests the stands were of medium richness. Studied stands managed by small-scale
methods, in the past especially by coppicing and later by shelterwood and selection felling, have maintained high
species biodiversity during the 55 years of observation. Substantially higher biodiversity was found out in scree forests
compared to herb-rich beech forests. Based on the comparison of predominantly coppiced forest stand and stand
of generative origin at sites of scree forests, coppice have maintained higher biodiversity than high forests. Species
richness increased during the observation period, but species evenness had mostly decreasing tendency. Species
heterogeneity in coppiced scree forests increased in tree layer and natural regeneration, but it decreased in herb layer;
inverse dynamics was observed in the high forests. Changes in biodiversity dynamics were remarkable for coppice,
while high forests showed relatively high level of stability. During study period herb population of light-demanding
species and species characteristic for broadleaved forests decreased, while an increase in shade tolerant, moisture-
demanding and nutrient-demanding species, especially nitrophilous species was confirmed. Moreover, occurrence
of thermophilic plants increased, respectively cold-tolerant plant population decreased in relation to climate change.

Key words: biodiversity; forest dynamics; stand structure; phytosociology; Natura 2000

Editor: Bohdan Kondpka

of forest stands influences both the forest biotope by
providing different cover and the microsite conditions
and nutrient cycle in a forest ecosystem (Carvalho 2011,
Vacek et al. 2015a, 2017b).

The tree species composition of forest stands is
affected by many factors and requirements of the par-
ticular tree species. These mechanisms may have a direct
influence on self-regulatory changes in the species com-
positionand amutualinteraction in forest stands (Wilson
2011; Vacek 2014b). Among the most important factors

1. Introduction

Conservation of biological diversity is a crucial goal for
sustainable management in forests (Piussi & Farrell
2000; Specker 2003; Machar et al. 2017). This is con-
sistent with the present trend of forest management in
Europe supporting higher biological diversity by the
increased use of natural regeneration and creation of a
higher proportion of mixed forests (Matuszkiewicz et
al. 2013; Slanaft et al. 2017). According to Lindenmayer
(2000) the species composition of forest stand belongs

among the most important elements of forest ecosys-
tem sustainability and productivity. Species composi-
tion along with spatial and age structure are the main
attributes of forest stand, influencing the ecosystem func-
tion and are mutually related with each other (Crow et
al. 2002; Bulusek et al. 2016). The species composition

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

are e.g. requirements for nutrients and light, growth or
flowering phenology, long-term history of plant commu-
nity and the type of forest management (Lindenmayer
et al. 2000; Silvertown 2004; Kneewshaw & Prévost
2007; Paal et al. 2011; Lhotka 2013). Particularly silvi-
cultural practices in the past often influenced the species
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composition of a given forest stand (Battles et al. 2001;
Sitziaetal. 2012; Vaceketal. 2017a). Fluctuations in the
natural environment belong to other important factors,
mainly specific pressure of pests (Ammer 1996), air pol-
lution load (Kral et al. 2017) and extreme climate events
(Serra-Diaz et al. 2012). In recent years, biodiversity
and structure of forest ecosystems is strongly affected
by ongoing climatic change (Cermak et al. 2018; Vacek
et al. 2019a). Global warming, long-term droughts, fre-
quent windstorms and fires and secondary fungal patho-
gens, insects (especiallybark beetle) and other pests have
caused distinct changes in species diversity and its distri-
butions (Iverson & Prasad 2001; Morin et al. 2018). On
the other site, forest biodiversity may mitigate climate
change impacts (Hisano et al. 2018). In general, forest
tree species have relatively low colonization capacity and
therefore they have lower competitiveness compared to
the species with wide ecological amplitude (Wulf 2003;
Matuszkiewicz et al. 2013).

Tree species composition of near-natural forests
can be considered as a certain expression of regenera-
tion processes, which are highly stochastic phenomena,
and so species abundance and representation may fluctu-
ate substantially (Vacek et al. 2014a; Reme$ et al. 2015;
Boselaetal. 2016). Natural regeneration and subsequent
interspecific interactions at this juvenile stage are influ-
enced mainly by favourable microsite conditionsin which
seeds can survive, germinate and produce seedlings, and
by seed availability (Snyder & Chesson 2004; Vacek et
al. 2015a). According to Paluch & Jastrzgbski (2013)
an increase in the representation of one species in rela-
tion to another species is one of the factors increasing its
reproduction chances. On the other hand, factors such
as pathogens (Paluch & Stepniewska 2012), vegetation
cover (Beckage et al. 2005), distance between parent
trees (Packer & Clay 2003), light availability (Kunstler
et al. 2005), soil moisture (Arrieta & Suarez 2005), her-
bivores (Vera 2000) or other animals feeding on seeds
(Lucas-Borja et al. 2012) can strongly influence regen-
eration success of particular tree species. So especially
food-attractive broadleaved tree species and silver fir
(Abies alba Mill.) are often eliminated from forest stands
while considerably lower food attractivenessis evident in
Norway spruce (Picea abies [L.] Karst.) — (Motta 2003;
Vacek et al. 2015b, Mattila & Kjellander 2017, Meier et
al. 2017).

Studied herb-rich beech forests and scree forests
in nature protection area (Natura 2000) Kozinek have
maintained a high degree of forest stand naturalness and
therefore a research on their diversity was launched in
1961. Long-term research plots are the most valuable
objects for monitoring changes in forest ecosystems
(Bakker et al. 1996). Currently the importance of these
researches is confirmed by increasing number of publica-
tions dealing with long-term dynamics of forests (Hédl
etal. 2017; Heinrichs & Schmidt 2017).

The objective of the present paper was to determine
changes in species diversity of tree layer, tree natural
regeneration and herb layer of beech forests ecosystems
from 1961 to 2016 in protected area with emphasis on
structural and overall diversity of tree layerin 2016. Basic
questions were: 1) How varied the biodiversity in cop-
pice, coppice with standards (combined forest) and high
forest? 2) What species and structural changes of forest
stands occurred over the past 55 years in Kozinek? 3) Did
distinct changes of species diversity appear in herb layer
of scree forest and herb-rich beech forests? 4) Which fac-
tors caused changes in diversity of vegetation?

2. Material and methods
2.1. Study site

The research was conducted on five permanent research
plots (PRP) situated in the locality Kozinek (Fig. 1, Table
1) — a protected locality in the Natura 2000 network. It
was established on the area of 84.08 hain 2004 as Special
Area of Conservation (SAC) and Special Protection Area
(SPA) — (AOPK 2004). The Kozinek SAC (CZ 0520507)
is important for abundant occurrence of the priority
biotope of scree forests (L4) along with biotopes of rock
outcrops (S1.1) and also for its vast area of herb-rich
beech forests (L5.1). By the representation of units L4
and S1.1itisthe mostimportantlocality in southern part
of the Broumovsko Protected Landscape Area (PLA).
Altitude of the locality above sealevel is 378 — 504 m. The
slopes with many rock outcrops of the valley are deeply
cutinto marlstone tablelands. The bedrock is mostly built
of cretaceous sediments, of middle and lower Turonian or
upper Cenomanian, while fluvial and fluvial-deluvial qua-
ternary sediments are also represented (Vejlupek 1986,
1990). Prevailing soil types are Pararendzinas, Cam-
bisols and Rankers (Mikeska et al. 2000). Climatically,
according to the Hronov meteorological station (378 m
a.s.l.) the Kozineklocality belongs to a moderately warm
region (MT7 region; Quitt 1971) with average annual
temperature of 7.2 °C and annual precipitation amount
of 742 mm (Vesecky 1961; Tolaszet al. 2007). In relation
to climatic change, temperature increased by 1.8 °C in
period 1963-2017, while no changes were observed in
precipitation regime.

Scree forests are composed of the plant associations
Aceri-Carpinetum, Mercuriali-Fraxinetum and also
Lunario-Aceretum to a lesser extent; herb-rich beech
forests consist of the associations Aceri-Fagetum, Aspe-
rulo-Fagetum and Dentarioenneaphylli-Fagetum, and
also of the association Tiliocordatae-Fagetum, which
is a transition between beech forests and scree forests
(Faltysovéetal. 2002). Stand on PRP 2 and 3 was a high
forest, coppice with standards (combined forest) were
presented on PRP 1 and 4 (8% of trees) and coppice was
characterized on PRP 5.
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Fig. 1. Localization of permanent research plots 1 — 5 at
Kozinek Special Area of Conservation.

3 —trees reaching a heights > 1/2 the height of the main
level trees and < lower 1/3 of the length of their crown,
4 — tree individuals of heights > 130 cm and < 1/2 the
height of the trees of the main level, 5, — individuals of
heightsinrange 25—-130cm, 5,, —individuals of heights
<25cm, 5,—seedlings with uterine petals. In grades 1 -
4 average height, DBH and number of individuals were
recorded for all tree species on the image area. For indi-
vidualgrades 5, ,5, and5,,theaverage number foreach
species per 1 m?>was stated. In 2016, this scale was modi-
fied for comparingboth periods, where grades 5, ., 5, and
part of the grade 4 were indicated as natural regeneration
(datarecalculated from 2016 to 1961 for threshold value
of DBH =4 cm) and classes 1 — 3 and the rest of grade
4 as tree layer.

Table 1. Overview of the basic characteristics of permanent research plots (PRP) 1 5.

PRP GPS Age Hﬁlng]ht l[)c[rsnlil [\r;ilﬁz?f] Altlr;ulde Exposure G”’[f]'em Plant associations Forest type Soil type
50°30°05.0” N . . . .
1 16011°57.6” F. 146 22 37 593 425 SE 45 Aceri-Carpinetum  Combined forest  Leptosol skeletic
02(11() &7
2 ig&gég.g" g 162 25 44 591 435 S 29 Asperulo-Fagetum High forest Cambisol skeletic
50°29’57.1" N - . . .
3 160121747 F 118 27 35 699 420 NE 36 Tilio cordatae—Fagetum  High forest Cambisol skeletic
50°30°49.8” N - . .
4 16012°49.0” E 148 17 35 612 440 w 40 Tilio cordatae—Fagetum Combined forest  Leptosol calcaric
020110 &7
5 ig"?g’ggg”g 73 18 26 340 430 w 28 Mercuriali-Fraxinetum Coppice Leptosol calcaric

2.2. Data collection

Midpoints of permanent research plots (PRP) at Kozinek
SACwere alwayslocated near the central tree of typologi-
cal plotsdatingbackto 1961.1n 2016 Field-Map technol-
ogy (IFER-Monitoring and Mapping Solutions Ltd.) was
used to determine the structure of the tree layer of tree
species in forest ecosystems on five PRP of 50 x 50 m in
size (2,500 m?). Using this system, the position of all tree
layer individuals of breast height diameter (DBH) >4 cm
(to 1 mm accuracy) on five PRP and crown projections
at a minimum of four directions perpendicular to each
other were localized. In the tree layer tree heights and
heights of live crown base were measured by a Vertex
laser hypsometer (to 0.1 m accuracy).

In 2016 natural regeneration (seedlings older than 1
year, DBH <4 cm) was measured on PRP in 10 x 50 m
(500 m?) transects that were representative with regard
toregeneration. These characteristics of natural regener-
ation were measured: position, heights, heights of green
crown base and crown width.

Phytocoenological relevéson PRP 1-5wererecorded
in 1961 by Dr. Gregor according to the combined Braun-
Blanquet abundance/dominance scale as adapted and
later published by Zlatnik within the particular height
layers (Zlatnik 1978). The same modified methodology
was used in 2016 by prof. Vacek. Scale used for the 1%
monitoring according to Zlatnik (1978) was fallowing:
1 — predominant trees (dominant), 2 — main level trees,
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In summary, herb layer on PRP was evaluated in cir-
cular plot around the central soil probe covering an area
of 490 m? (r=12.5 m) in both periods (1961, 2016). In
1961, natural regeneration was evaluated in the same cir-
cular plot (size 490 m?; 500 m%in 2016). In this year, tree
layers were described and evaluated on a larger circular
areawithradiusr=15 m (size 707 m? 2,500 m?in 2016).

2.3. Data processing

Tree species and structural diversity were evaluated by
following indices: species richness D, (Margalef 1958)
and D, (Menhinick 1964), species heterogeneity Z (Simp-
son 1949) and H " (Shannon 1948) and species evenness
E, (Pielou1975) and E, (Hill 1973). Structural and over-
all diversity was evaluated by these indices: Arten-profile
index A (Pretzsch 2006), diameter TM , and height dif-
ferentiationindex TM, (Ftldner 1995), index of non-ran-
domness a (Pielou 1959, Mountford 1961), aggregation
index R (Clark and Evans 1954) and total diversity index
B (Jachne and Dohrenbusch 1997). The criteria for these
indices are given in Table 2.

The program PointPro (Zahradnik, CZU) was used
to calculate the characteristics describing the spatial pat-
tern of the overstorey. The test of significance of devia-
tions from expected values for the random arrangement
of points was done by Monte Carlo simulations. Basic
stand characteristics and structural diversity of the tree
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Table 2. Overview of indices describing the stand structure and their common interpretation.

Criterion Quantifiers Label Reference Evaluation
L D; (Mai) Margalef 1958 .. N .
Species richness D, (Mei) Menhinick 1964 minimum D=0, higher D= higher values
Lo . . 2 (Sii) Simpson 1949 range 0 — 1; minimum A =0, maximum A=1
Species diversity Species heterogeneity - gy Shannon 1948 minimum H'= 0, higher H’=higher values
Species evenness ifz ((};[lll)) pgiﬁq;ggs range 0 — 1; minimum E=0, maximum E=1
e i . . range 0 — 1; balanced vertical structure A<0.3;
Vertical diversity Arten-profile index A(Pri) Pretzsch 2006 selection forest A> 0.9
. - Diameter diff. TM; (Fi) " . . — L
Structure differentiation Height diff. ™, (Fi) Fiildner 1995 range 0 - 1; low TM<0.3; very high differentiation TM> 0.7
Horizontal structure Index of non-randomness « (Pi&Mi)  Pielou 1959; Mountford 1961 mean value o = 1; aggregation o> 1; regularity o<1
Aggregation index R(C&Ei) Clark & Evans 1954 mean value R=1; aggregation R <1; regularity R> 1
Complex diversity Stand diversity B(J&Di)  Jaehne & Dohrenbusch 1997 monotonous structure B <4; uneven structure B=6-8;

very diverse structure B>9

layer were evaluated by the simulator SIBYLA (Fabrika
& Dursky 2005). Based on the measured dendrometric
data stand characteristics including stand volume (Petras
& Pajtik 1991), stocking (Reinike 1933) and canopy
density (crown closure and crown projection area) were
computed. Localization figures were made in ARCGIS
program (Esri). Ellenberg’s indicator values (EIV) docu-
menting ecological preferences of species were used for
the interpretation of changes in environmental condi-
tions. For each relevé unweighted means of EIV were
computed for light, nutrients, moisture, soil reaction,
temperature and continentality (Ellenberg et al. 1992).

Analyses were processed in R software (R Core Team
2018). The differences in species diversity indices of tree
layer, natural regeneration and vegetation cover between
1961 and 2016 and among research plots were separately
tested by paired t-test. In addition, canopy of tree layer
and herbal cover with species diversity were tested by the
Pearson correlation coefficient. Unconstrained princi-
pal component analysis (PCA) in the CANOCO program
(Smilauer & Lep§ 2014) was used to analyse relation-
ships among species diversity of tree layer, herb layer and
natural regeneration and stand characteristics, canopy
parameters, soil type, forest type, plant associations and
time in order to reveal similarity of five PRP in course of

time (1961, 2016). Data were centred and standardized
during the analysis.

3. Results

3.1.Tree layer structure

In 2016, the number of live trees ranged from 240 to
720 trees ha™' with the stand density index (SDI) 0.70
+ 0.09 SD (Table 3). The stand volume was 340 —
699 m3 ha™! in 2016, the highest stand volume of
699 m® ha™! was on PRP 3 and the lowest volume of
340 m®ha' was on PRP 5. The tree layer was composed
by three dominant species: European beech (Fagus syl-
vatica L.), Sycamore maple (Acer pseudoplatanus L.)
and small-leaved lime (Tilia cordata Mill.; Table 3, Fig.
2). Beech was the dominant species on all research plots
with the exception of PRP 5. On PRP 2 its volume share
was nearly 99% almost without any admixture, on PRP 4
than 83%. The maple was dominantly abundant on PRP
5 (42%), while on other plots without PRP 1 (18%) maple
did not exceed 4%. Lime wasrelatively abundant on PRP
3 (35%), while on other plots it reached the maximum of
4%. The share of other tree species (Carpinus betulus L.,
Picea abies [L.] Karst., Quercus petraea [Matt.] Liebl.)

Table 3. Basic stand characteristics of permanent research plots 1 —5 in 2016.

PRP Age  Crown closure Crown ﬁrojection Staqd density PAI Tree species” Height DBH Stan(isfllo{tllme [:])?tr:leb:sr Bas;\}llaffa
[ha] index [m*ha'y] [m]  [em] [m*ha™] [trees ha-' [m*ha™]
E. beech 262 479 274 104 18.6
S. maple 278 55.0 108 32 7.5
E.hornbeam 20.6  33.3 80 88 7.6
! 146 0.94 3.48 0.76 6.8 N.maple  20.6 284 43 56 3.5
S.elm 178 285 41 68 43
E.ash 233 317 28 36 2.8
2 162 0.87 2.28 0.55 7.0 E. beech 289 495 582 184 354
E. beech 287 381 417 240 273
3 118 0.94 3.21 0.79 8.2 S-1. lime 274 348 246 176 16.7
S. maple 237 278 27 36 2.1
E.beech 168  38.0 505 300 339
4 148 0.92 293 0.71 6.5 N.spruce ~ 27.4 432 69 44 6.4
S.fir 313 479 28 12 21
S. maple 18.7 257 142 288 14.9
E. beech 181 324 53 04 5.2
5 73 0.90 2.63 0.71 8.9 S. oak 192 320 46 04 51
S. birch 175 232 27 88 3.7
S.fir 221 317 17 20 1.5

Notes: ! tree species reaching > 5% share.
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Fig. 2. Horizontal structure of forest stands on permanent research plots 1 —5 in 2016.
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ranged from 0 to13%. Average basal area in 2016 was
36.7 — 47.0 m? ha™!, periodic annual increment (PAI)
ranged from 6.5 t0 8.9 m3*ha'y ' and mean annual incre-
ment (MAI) was 3.6 —5.9m3>ha'y .

Spatial pattern of tree layer on PRP 1 was aggregated
according to both indices (Table 4), however it was not
statistically significant in the case of R. On PRP 2 the
horizontal structure of tree layer was regular (not sig-
nificant by o). On PRP 3 — 5 the horizontal structure
of individuals of tree layer was random to regular. The
vertical structure of tree layer was distinctly diversified
on PRP 1 and 2 according to A, on PRP 3 and 4 it was
moderately differentiated and on PRP 5 it was weakly
diversified. According to TM , diameter differentiation
was medium on all PRP while TM, height differentia-
tion was low on PRP 1, 3 and 5, and on PRP 2 and 4 it
was medium. With respect to tree layer, PRP 1, 3 and
5 represented an extraordinarily diversified stand struc-
ture on, while the structural diversity on PRP 4 and 2 was
considerably lower.

Table 4. Structural diversity of tree layer on permanent re-
search plots 1—5in 2016.

PRP  A(Pri)  TMy(F) TM;(Fi) o(Pi&Moi) R(C&Ei) B(J&Di)
1 0.718 0.371 0.296 1.620% 0.865 10.339
2 0.252 0.364 0.305 0.806 1.341% 7.088
3 0.497 0.369 0.266 0.980 1.083 9.272
4 0.546 0.496 0.429 1.085 1.057 8.648
5 0.674 0.374 0.289 1.173 1.072 11.277

Notes: A Arten-profile index, TM, - diameter differentiation index, TM, - height differentia-
tion index, o — index of non-randomness, R - aggregation index, B - total diversity index; *sta-
tistically significant (0.95 confidence interval) for spatial pattern — R and v indexes. .

3.2. Species diversity of tree layer

The species richness according to tree layer D, was high
on PRP 1, 3 and 5 and it was medium on PRP 2 and 4 in
1961 (Table 5). Until 2016 a moderate increase of spe-
cies diversity was observed on all PRP. Tree layer D, was
medium in 1961 on PRP 1, 3 and 5 and it was low on
PRP 2 and 4. Until 2016 its slight to moderate increase
to a medium level was found out on all PRP. In 1961 the
species heterogeneity according tree layer 4/was high on
PRP 1, 3,4 and 5 and medium on PRP 2. Over 55 years it
moderately increased on PRP 5,0n PRP 2 -4 itdecreased
moderately. Tree layer entropy H “was high in 1961 on
PRP 1 and 5, and it was medium on PRP 2 — 4. Until

2016 it moderately increased on PRP 5, and it decreased
slightly to moderately on PRP 2 — 4. In 1961, the spe-
cies evenness according to tree layer E, indicated high
biodiversity on PRP 1,4 and 5, on PRP 2 and 3 medium
biodiversity; in 2016 the species eveness was the same on
PRP 1 and it moderately decreased on PRP 2 — 5. Tree
layer E, index indicated high biodiversity on PRP 1 and
3in 1961 while medium diversity was recorded on PRP
2,4 and 5. Until 2016 it moderately increased on PRP 3
whereas it moderately decreased on the other plots.

Comparing species diversity of tree layerin 1961 and
2016, forest stands showed several differences. In the
course of 55 years, species richness in tree layer increased
significantly (parameter D, paired t-test, t=—7.22, df =
4, p=10.002), but no significant changes were observed
in species heterogeneity (p > 0.05 in all cases). In terms
of species evenness, there was found marginal insignifi-
cance in terms of decrease (parameter E, paired t-test,
t=2.41,df =4, p=0.07). Overall, the most substantial
change occurred in coppice on PRP 5, where the species
diversity increased by 17.3%, conversely high forest on
PRP 3 showed its stability in diversity during study period
(decrease —0.4%). The highest diversity was on PRP 5
and 1, while the lowest diversity was observed on PRP 2
representing high forest.

3.3. Species diversity of natural regeneration

The density of natural regeneration ranged on studied
PRP from 13,880 recruits ha—'on PRP 4 to 186,462
recruits ha='on PRP 2 with increasing share of maples
and European ash compared to tree layer. Natural
regeneration D, (species richness) was high on PRP 1,
3 and 5in 1961 whereas it was medium on PRP 2 and 4
(Table 6). Until 2016 it substantially increased on PRP
4, it was the same on PRP 2, on PRP 3 and 5 there was
a moderate decrease and on PRP 1 a distinct decrease.
Natural regeneration D, was medium on PRP 1in 1961,
low on PRP 2 — 4 and very low on PRP 5. Until 2016 it
substantially decreased on PRP 1 — 3 while it decreased
moderately on PRP 4 and 5. In 1961 natural regenera-
tion £ (species heterogeneity) was high on PRP 1, 3, 4
and 5 and medium on PRP 2. Over 55 years it increased
moderately on PRP 2 and 4 while vice versa on PRP 1,
3 and 5. Natural regeneration entropy H " was high in

Table 5. Change of species diversity of tree layer on permanent research plots 1 — 5 from 1961 to 2016.

PRP Year n(ind) D; (Mai) Dy (Mei) A (Sii) H’ (Shi) E; (Pii) E, (Hi)

1 1961 8 N 1.105 0.337 » 0.837 1.908 P 0.917 0.892 <
2016 8 1.155 0.387 0.836 1.912 0.920 0.885

2 1961 4 » 0.525 0.229 » 0.477 0.911 < 0.657 0.613 N
2016 5 0.730 0.323 0.394 0.823 0.511 0.509

3 1961 7 N 0.919 0.268 » 0.662 1.342 N 0.689 0.693 N
2016 7 0.969 0.317 0.620 1.175 0.604 0.729

4 1961 6 N 0.762 0.225 » 0.672 1.420 N 0.793 0.653 N
2016 6 0.812 0.276 0.559 1.172 0.654 0.568

5 1961 7 » 1.031 0.382 » 0.723 1.566 » 0.805 0.690 N
2016 13 1.672 0.447 0.794 1.975 0.795 0.620

Notes: n —number of species, D, and D, - indexes of species richness, 2 and H"~ indexes of species heterogeneity, E, and E, - indexes of species evenness; code abbreviation of species diversity
tendency over 55 years: v decreasing index value, ~ increasing index value, — no change index value.
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1961 0onPRP 1,3 -5, and mediumon PRP 2. Until 2016
there was amoderate increase on PRP 2 and 4, a substan-
tial decrease on PRP 1 and 5, and a moderate decrease
on PRP 3. Natural regeneration E, (species evenness)
indicated in 1961 high biodiversity on PRP 1, 3 - 5 and
medium biodiversity on PRP 2. Over 55 years it slightly
increased on PRP 2 while it moderately decreased on PRP
1,3 - 5. Natural regeneration £, indicates in 1961 high
biodiversity on PRP 1, 3 — 5 and medium biodiversity
on PRP 2. Until 2016 it moderately increased on PRP 2,
it was the same on PRP 4, on PRP 1 and 3 it moderately
decreased and on PRP 5 it substantially decreased.

Comparing species diversity of natural regeneration
in 1961 and 2016, plots showed also several significant
differences, similarly such as in tree layer. Comparing
PRP at the beginning and the end of the observation
period, there were significant decrease in species rich-
ness trough all PRP (parameter D,, paired t—test, t=2.8,
df=4,p=0.049). No significant changes were observed
inspecies heterogeneity (p>0.05), while marginal insig-
nificance was found in species evenness (parameter E,
paired t—test,t=2.17,df =4, p=0.10). Overall, the most
substantial change occurred on PRP 1, where the species
diversity decreased by 41.9%, conversely PRP 4 showed
its stability in diversity for 55 years (increase 4.2%). The
highest species diversity was in coppice with standards
on PRP 4, while the lowest diversity was observed in high
forest on PRP 2.

3.4. Species diversity of herb layer

The species richness of herb layer was high in 1961 on
PRP 1-3 and very high on PRP 4 and 5 (Table 7). Until
2016 it increased rather substantially on PRP 1 -4, only

on PRP 5 it moderately decreased. Herb layer £ (species
heterogeneity) washighin PRP 1-5in1961. Until 2016
there was a moderate increase on PRP 2 and 3, and it
decreased moderately on PRP 1. Herb layer entropy H "
was high in 1961 on PRP 4, and medium on PRP 1 -3
and 5. Until 2016 it increased moderately on PRP 2 — 4,
while opposite dynamics were on PRP 1and 5. Herblayer
E (species evenness) indicated in 1961 high biodiversity
on PRP 4 and medium biodiversity on PRP 1 — 3 and 5
while in 2016 it moderately decreased on all PRP. Herb
layer £, indicated in 1961 high biodiversity on PRP 4 and
medium biodiversity on PRP 1 — 3 and 5. Until 2016 it
moderately increased on PRP 3 and 5, and it moderately
decreased on PRP 1 and 2.

Comparing species diversity of herb layer in 1961
and 2016, PRP showed no significant difference. Spe-
cies richness showed marginal insignificance in term of
increase (parameter D, paired t-test, t = —2.6, df =4,
p =10.06) and no significant changes were observed in
species evenness and especially in species heterogeneity
(parameter H’, paired t—test, t =0.03, df =4, p=0.98).
Overall, the most substantial change in species diver-
sity occurred in high forest on PRP 3 (increase 11.2%),
respectively the minimum changes in coppice on PRP 5
(decrease —2.0%), both conversely than in tree layer and
natural regeneration. The highest species diversity was
on PRP 4, while the lowest diversity on PRP 3 in 1961,
respectively on PRP 1in 2016.

Retreating species were mainly light demanding ones
like Veronica chamaedrys agg., Hypericum hirsutum,
Melica nutans and Fragaria vesca. Partly disappeared
also species typical for broadleaved forests like Lilium
martagon, Viola mirabilis and Poa nemoralis and also
cold-tolerant species (Actaea spicata, Campanula trache-

Table 6. Change of species diversity of natural regeneration on permanent research plots 1 — 5 from 1961 to 2016.

PRP Year n(ind) D, (Mai) D, (Mei) A (Sii) H’(Shi) E, (Pii) E, (Hi)

1 1961 9 < 1.227 0.345 N 0.824 1.844 N 0.839 0.880 N
2016 8 0.657 0.039 0.608 1.219 0.586 0.651

2 1961 7 » 0.831 0.189 N 0.476 1.015 » 0.522 0.517 »
2016 13 0.824 0.025 0.691 1.397 0.583 0.735

3 1961 7 » 0.967 0.214 N 0.715 1.505 N 0.724 0.717 N
2016 11 0.880 0.038 0.599 1.158 0.483 0.685

4 1961 7 » 0.767 0.140 » 0.687 1.372 » 0.705 0.745 N
2016 11 1.048 0.093 0.750 1.612 0.672 0.746

5 1961 13 N 1.301 0.095 N 0.821 2.001 N 0.758 0.718 N
2016 13 1.159 0.074 0.550 1.339 0.522 0.433

Notes: n —number of species, D, and D, - indexes of species richness, 2 and H"~ indexes of species heterogeneity, E, and E, — indexes of species evenness; code abbreviation of species diversity
tendency over 55 years: v decreasing index value, ~ increasing index value, — no change index value.

Table 7. Change of species diversity of herb layer on permanent research plots 1-5 from 1961 to 2016.

PRP Year n(ind) D; (Mai) D, (Mei) A (Sii) H"(Shi) E; (Pii) E, (Hi)

1 1961 19 » 4.801 2915 » 0.822 2.053 < 0.697 0.680 <
2016 26 6.759 4.091 0.688 1.746 0.536 0.633

2 1961 16 » 3.744 1.859 » 0.792 1.866 » 0.646 0.699 <
2016 24 5.008 2415 0.812 2.015 0.634 0.663

3 1961 14 » 3.150 1.778 » 0.779 1.922 » 0.728 0.604 -
2016 23 4918 2457 0.835 2.191 0.699 0.639

4 1961 33 » 9.160 5.753 » 0.939 3.008 » 0.860 0.799 <
2016 38 10.374 6.387 0.942 3.073 0.845 0.794

5 1961 41 9.033 4.479 N 0.863 2.587 < 0.697 0.513 »
2016 40 8.514 4.049 0.858 2.396 0.649 0.605

Notes: n —number of species, D, and D, - indexes of species richness, 2 and H"~ indexes of species heterogeneity, E, and E, - indexes of species evenness; code abbreviation of species diversity
tendency over 55 years: N decreasing index value, ~ increasing index value, — no change index value.

208



V. Hdjek et al. / Cent. Eur. For. J. 66 (2020) 202-217

lium, Abies alba, Picea abies). On the contrary, increase
was confirmed in the case of shade tolerant species like
Athyrium filix-femina, Geum urbanum, Viola reichen-
bachiana and seedlings of tree species (Fagus sylvatica,
Acer pseudoplatanus, Fraxinus excelsior, Ulmus glabra).
Increase in case of thermophilic plants was also observed
(Heptica nobilis, Isopyrum thalictroides, Acer plata-
noides, Carpinus betulus). From nitrophilous species
increase was also recorded (Urtica dioica, Galeobdolon
montanum and invasive Impatiens parviflora).

3.5. Relationships among species diversity
and stand characteristics

Results of the PCA analysis are presented in the form of
the ordination diagramin Fig. 3. The first ordination axis
explained 32.8%, the first two axes together 57.3% and
the first four axes together 85.1% variability data. The
first axis x represented age, volume and canopy of tree
layer, but also species richness of regeneration. Second
axis y represented regeneration canopy with species
evenness of regeneration. All indices of stand species
diversity positively correlated to each other, while these
parameters were negatively correlated with degree of nat-
uralness (closer to autochthonous stands), regeneration
canopy and species evenness of herb layer. Volume, age
and canopy of tree layer were increasing in the course of
time, while species diversity of regeneration and species
richness of vegetation were decreasing in time. Canopy
of tree layer were negatively correlated with regenera-
tion D, (r=-0.70, p <0.05), 4 (r = —0.63, p <0.05)
and H (r=-0.75, p <0.01) and regeneration canopy
(r=-0.64, p <0.05). Cover herb was negatively corre-
lated with species diversity of natural regeneration and
herb too, especially herb layer 2 (r=—0.79, p<0.01) and
H’(r=-0.70, p <0.05) and regeneration E, (» = —0.74,
p <0.01). Species indices of individual layers (herb,
tree, natural regeneration) were often very significantly
correlated (p <0.001), in the greatest extent in the tree
layer. The dynamics of parameters in the course of 55
years was remarkable especially for coppice stands on
the PRP 5, as marks of each record are relatively distant
from one another, whereas marks for PRP 2 and 3 rep-
resenting the high forests were relatively close together
in the diagram. Slope and regeneration richness had
relatively small importance for the explanation of the
data variability. PRP were very different amongst one
another; high forests on skeletic cambisol occupied the
right part of the diagram typical for higher stand volume
and age of tree layer, coppice or combined forest (cop-
pice with standard) on leptosols were characterized by
higher species diversity. According to the plant associa-
tions the greatest overall species diversity was observed at
Mercuriali-Fraxinetum, the lowest at Asperulo-Fagetum.

o {
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Fig. 3. Ordination diagram showing results of PCA analysis of
relationships among species diversity of tree layer, herb layer
and natural regeneration (E7and E2 species richness, H and
7 species heterogenity, DI and D2 species evenness, Rege
natural regeneration); stand characteristics (AgeTree mean
age of stand, VolumeTree stand volume, Slope of plot); canopy
parameters (CanopyRege, CanopyTree, CoverHerb); soil type
(CambSkel Cambisol Skeletic, LeptSkel Leptosol Skeletic,
LeptCalc Leptosol Calcaric); forest type (Coppice, High For-
est, Combined variant of the previous two type), plant asso-
ciations (Tilio cordatae-Fagetum, Aceri-Carpinetum, Asper-
ulo-Fagetum, Mercuriali-Fraxinetum) and time (Year). Code
abbreviation: e identification of PRP and year of the record
(1961, 2016), ¢ plant associations, m soil type and V forest
type.

4, Discussion

4.1. Structure and diversity of tree layer

Based on our results, the stand volume ranged from
340 m3 ha' on PRP 5 (coppice forest) to 699 m® ha™!
on PRP 3 (high forest) in 2016. Similarly, the highest
timber production was observed in high forest in Cesky
kras PLA, respectively the lowest stand volume in cop-
pice (Vacek et al. 2019b). In relation to spatial distribu-
tion, pronounced variability of the horizontal structure
of tree layer has been revealed. On PRP 1 the structure
was aggregated, on PRP 2 it was regular and on PRP
3 -5 random to regular. Our results are consistent with
those of Szwagrzyk & Czerwczak (1993), who studied
tree distribution in old-growth forest stands in the Czech
Republic and in Poland. They stated that the dominant
spatial distribution of trees tends to be between random
and regular arrangement. Similar results for trees with
diameter at breast height larger than 35 cm from near-
natural forest were reported by Szwagrzyk et al. (1997).
Also, von Oheim et al. (2007) reported random distri-
bution of canopy-forming full-grown trees on 8 ha of
near-natural forest in north-eastern Germany. Similar
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results from the beech forest of Sudeten range in the
Czech Republic and Poland are reported by Vacek et al.
(20144a,2015c) and Buluseket al. (2016). The total stand
diversity was the highest in coppice (PRP 5), while the
lowest was observed in high forest (PRP 2). The lowest
biodiversity was also documented in lowland forest in
middle Bohemia, although the highest total diversity was
found in coppice with standards (Vacek et al. 2019b).

For the tree layer (such as herb layer), the highest
number of species was recorded on PRP 5in 2016. Itisa
plotinthe scree forest that can be classified as overgrown
coppicebecause 58% of the trees originated from shoots.
In spite of its lowest age the forest stand on this plot has
very high biodiversity. This trend, but less pronounced,
was observed on the other plots in scree forests, especially
on PRP 1 with 20% of the trees of vegetative origin and
on PRP 4 with 8% of the trees of vegetative origin. There
was an opposite trend in the herb-rich beech forest stand
on PRP 2 (high forest).

On PRP 1 -4 the number of species in the tree layer
hasnotchanged at all. Apronounced change has occurred
onlyon PRP 5, where their number has increased almost
toadouble, which is caused by taking the relevés of forest
stand shortly after coppicing when some species of trees
have not grown up to the tree layer yet. Generally, spe-
cies richness of tree layer significantly increased, while
species evenness decreased during the observed 55 years.
Comparable trend was observed from lowland stands
during forest dynamics of 15 years (Vacek et al. 2019b).
Overall, the most substantial change (diversity increase
by 17%) occurred in coppice on PRP 5. Conversely, stud-
ies from Denmark (Strandberg et al. 2005) and in Italy
(Ciancio et al. 2006) showed decreasing biodiversity
trend in coppice forests.

4.2. Diversity of natural regeneration

On PRP 2 — 4 number of natural regeneration species
increased by 57 — 86%, on PRP 5 it remained the same
andon PRP 1itdecreased by 11%. The highestincreasein
the number of natural regeneration species was observed
in herb-rich beech forest. On all plots except PRP 5 the
number of individuals of particular species of natural
regeneration increased several times. The increase of
the beech natural regeneration over the past two dec-
ades was also documented by many researches in the
Sudeten range (Vacek et al. 2015a; Slanart et al. 2017).
Expansion of beech can be explained by air pollution load
(high SO, concentrations) fading from the 80°s and 90°s
(Kralicek et al. 2017; Vacek et al. 2017a; Simiinek et al.
2019) and tree species distribution shift due to climatic
change (Krameretal. 2010; Dulamsurenetal. 2017). The
highest species diversity was in coppice with standards
(PRP 4), while the lowest diversity was observed in high
forest (PRP 2).
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In the studied locality partial eutrophication of veg-
etation have taken place since 1961 (Hédl et al. 2010).
Among the commonly appearing tree seedlings, newly
occur Fraxinus excelsior, Ulmus glabra and Acer sp. that
further contribute by their litterfall to eutrophication
(Hofmeister et al. 2004). The trend of nutrient increase in
the environment is evident from a comparison of EIV for
nutrients and from soil analyses. The trend of eutrophi-
cation is very frequent in lowland forests (Van Calster et
al. 2007; Keith et al. 2009). It is due to two factors that
started to act approximately at the same time and that
cannot be fully separated from each other. One factor is
atmospheric deposition of nitrogen that has increased
twice since the mid-20" century (Falkengren-Grerup
1995; Dentener et al. 2006; Hinova et al. 2017), the
other is a change in the management regime (Rackham
2008; Verheyen et al. 2012). Unlike the previous inten-
sive removal of biomass, now organic matter remains in
the environment and is accumulated there (Dzwonko &
Gawronski 2002). Eutrophication is also fostered by the
above-mentioned higher representation of tree species
requiring more nutrients in the environment (Hofmeister
etal. 2004).

Generally, newly appearing were shade-tolerant trees
seedlings. Onthe other side inrelation to climate change,
increase occurrence of Acer platanoides and Carpinus
betulus and decrease of Abies alba and Picea abies was
observed in natural regeneration and may be closely
related to rising temperature in study area. Decline of
Picea abies in middle-elevations and increase of broad-
leaved lowland tree species due to climatic change was
observed also in other studies (Falk & Hempelmann
2013; Sedmakova etal. 2019). Similarly, decline of Abies
alba in changing environmental conditions was docu-
mented by Mrkva (1994) and Mikulenka et al. (2020).

The frequently reported impact of red deer on veg-
etation — in many localities causing severe browsing
and bark stripping damage to regeneration (Corney et
al. 2008; Rogers et al. 2008; Hédl et al. 2010; Vacek et
al. 2015b; Cukor et al. 2019), was not confirmed in our
study.

4.3. Diversity of herb layer

In the herb layer the relative level of species richness has
increased on all plots except PRP 5. The species hetero-
geneity on PRP 2-4 has increased moderately, while it
decreased slightly to moderately only on PRP 1 and 5. It
was proved at the Kozinek SAC that the higher species
richness of herb layer is usually characteristic of forest
stands with higher tree species diversity. Similar conclu-
sions were drawn by Vockenhuber et al. (2011). Some
studies reported positive relations between the diversity
of tree layer and herb layer (Ingerpuu et al. 2003; Molder
et al. 2008), others did not find any significant relation
(Borchsenius et al. 2004; Houle 2007). In the study of
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Molder et al. (2014) a positive relationship between the
biodiversity of tree layer and herb layer was demonstrated
in the Hainich National Park. In general, compared to
coniferous forests higher biodiversity was observed in
broadleaved forests (Berger & Puettman 2000; Hart &
Chen 2008).

Currently, the herb layer on the studied plots (except
PRP 5) is more shaded and trophic thanin 1961 thanks to
more abundant natural generative regeneration. On PRP
1-5 the number of species in the herb layer increased by
15-64% whileon PRP 5 it decreased by 2%. This increase
is caused mainly by a high number of seedlings of differ-
ent tree species. But the total number of species in all
relevés on PRP 1-5 has not basically changed. In similar
studies a moderate increase in the number of species in
a relevé is reported (Thimonier et al. 1994; Wild et al.
2004; Van Calster et al. 2007; Samonil & Vrska 2008),
but mostly a moderate to pronounced decrease was
observed (Hédl 2004; Rogers et al. 2008; Naaf & Wulf
2010; Kopecky et al. 2013). There are also studies show-
ing that the number of species did not change in time
(Taverna et al. 2005; Keith et al. 2009), which is consist-
ent also with our results.

Scree forests were richer in species number than
herb-rich beech forests in the studied locality. However,
they were highly variable proportionally to their devel-
opmental stage. In scree forests the number of species
in the herb layer was a reaction mainly to light quantity
when the species diversity was decreasing with increas-
ing overshadowing. In herb-rich beech forests the effect
of lower light intensities did not have any influence, but
the effect of a change in moisture played its role.

Declining species were mainly light-demanding ones
(e.g. Veronicachamaedrys agg.). On the contrary, among
the newly appearing ones there were shade-tolerant spe-
cies (e.g. Athyrium filix-femina, Geum urbanum, Viola
reichenbachiana). The majority of the above-mentioned
newly appearing species are also plants requiring higher
soil moisture. Among the newly appearing species,
increased the representation of the species of nutrient-
rich sites (e.g. Gallium odoratum) (Hofmeister et al.
2004). As a result of natural regeneration graminoids
were also declining (mainly Melica nutans and Poa
nemoralis). Inrelation to global warming, increase occur-
rence of Hepatica nobilis and Isopyrum thalictroides and
decrease of Actaea spicata and Campanula trachelium
was observed in study area.

In the forest vegetation due to an increase in the
canopy closure (frequently caused by advanced natural
regeneration) species were prospering that were adapted
to overshadowing and specific conditions given by the
leaf shedding of broadleaved species (e.g. Hepatica nobi-
lis). The adaptation to restricted light access consists in
a shift of phenological phases to earlier spring when the
trees do not have any leaves yet, which allows the plants
to receive sufficient solar radiation even in conditions
of overshadowing (Dahlgren et al. 2006; Kopecky et al.

2013). An increase in the number of spring species was
recorded by Brewer (1980) but von Oheim & Brunet
(2007) reported a decrease.

Average Ellenberg’s indicator values did not confirm
any change in the moisture characteristics but other stud-
ies showed that the restriction of light and radiation into
a forest stand decreases evapotranspiration from the
undergrowth and the environment becomes more humid
(Decocq et al. 2005; Hédl et al. 2010); on the contrary,
moisture is decreasing with opening canopy (Héd12004).

There was no difference in EIV for the soil reaction,
thus we conclude that the influence of acidification has
not been evident in the area of Kozinek SAC in the last
55 years. Since the soil reaction has a crucial influence
on diversity (Brunet et al. 1997; Hofmeister et al. 2009;
Vacek et al. 2017a), an increase in soil acidity is consid-
ered as important factors changing the type of forest
vegetation (Falkengren-Grerup 1995). The calcareous
marlstone bedrock probably plays its role (Mikeska et al.
2000), acting as a buffer against acidification (Thimonier
et al. 1994). However, in other areas changes caused by
soil acidification were recorded (Hédl 2004; Van Calster
et al. 2007). Important factors are atmospheric deposi-
tions of compounds, and forest succession and nitrogen
accumulation in the environment that contributes to
soil acidification (De Schrijver et al. 2006; Hanova et al.
2017).

4.4. Effect of forest management

It is to state that studied forest stands which were man-
aged by small-scale systems, in the past mainly by cop-
picing, and later by shelterwood and selection felling,
have maintained high species biodiversity during the
years of observation. Significantly higher biodiversity
was observed in scree forests in comparison with herb-
rich beech forests. Based on a comparison of PRP 5 (for-
est with prevailing coppice shoots in the tree layer) and
PRP 3 (forest of generative origin) it is to conclude that at
sites of scree forests coppice maintain higher biodiversity
than high forests. Such a comparison is not available for
herb-rich beech forests because they have always been
regenerated generatively.

Similar results from forests where coppicing was
abandoned were described by Corney et al. (2008),
Rogers et al. (2008), Verheyen et al. (2012). Our results
confirm the conclusions about vegetation changes pre-
sented by Molder et al. (2008). Comparing different func-
tional groups of forests Vockenhuber et al. (2011) found
that higher tree diversity is consistent with an increased
number of flowering herbs. It may be caused by plant
functional groups that have different requirements for
sources and therefore they have different reactions to gra-
dients of ecological conditions (Tinya et al. 2009). Trees
species often influence the herb layer by a change in the
availability of resources and ecological conditions in the
lower forest storeys (Barbier et al. 2008). It is especially
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the influence of light availability for the herb layer, which
isaresult of differentlight transmittance through the tree
crowns, or the influence on the soil structure and its acid-
ity through litterfall and its decomposability (Molder et
al. 2014).

Our study provided results that are many times con-
sistent with similar published researches from other
areas in the Czech Republic and in other countries (Hédl
2004; Van Calster etal. 2007; Rogers et al. 2008; Rooney
2008; Baeten et al. 2009; Keith et al. 2009; Bunn et al.
2010; Hédl et al. 2010; Verheyen et al. 2012; Kopecky
et al. 2013). At the Kozinek SAC it is mainly a gradual
change in forest management, i.e. conversion of coppice
forest to high forest that modified the forest environment.
This assumption is consistent with Durak (2012), who
considered the forest management method as one of the
most important factors influencing forest site and stand
conditions.

5. Conclusion

The studied nature protected area Kozinek of the Natura
2000 belongs to the most valuable remnants of natural
mixed beech forests in the Czech Republic. Biodiversity
of scree forests in the past managed as a coppice or cop-
pice with standards was greater than in herb-rich beech
forests in both observation periods. There are several
potential causes of changes in the biodiversity of scree
forests and herb-rich beech forests at Kozinek SAC. The
main cause is a change in forest management from cop-
pice forest to high forest while small-scale management
methods have been maintained. Climate change has
also influenced the species diversity dynamics, but on a
smaller scale compared to silviculture practises. In this
connection, increase in the population of thermophilic
plants was documented. During the 55 years, canopy of
tree layer increased and thus a decrease was observed
in light-demanding species of herb layer, while popula-
tion of shade tolerant herb species and seedlings of trees
increased. Animportantrole played considerable expan-
sion of natural regeneration. Eutrophisation was also an
important factor, especially due to nitrogen deposition.
As aresult, new species of nitrophilous herbs appeared.
The most substantial changes occurred in species rich-
ness, especially in its increase in the tree layer. However,
limited number of research plots and slight differences of
used methods in both periods in this case study must be
considered when interpreting the present results.
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5.2.2. Cldnek 2: Mixed forests as a strategy for climate change adaptation: the future of
silviculture management in the Ore Mountains

Citace: Hamerova, V., Hajek, V., Vacek, Z., Vacek, S., Gallo, J., Cukor, J., Trojan V. (2025):
Smisené lesy jako strategie adaptace na klimatickou zménu: budoucnost hospodateni v
Krusnych horach. [Mixed forests as a strategy for climate change adaptation: the future of

silviculture management in the Ore Mountains]. Zpravy lesnického vyzkumu, 70: 3: 129-141.

Abstrakt: Zrychlujici se dopady probihajici globdlni zmény klimatu vyznamné ovliviiuji
strukturu, dynamiku a funkce lesnich ekosystému napti¢ Evropou. Mezi hlavni faktory, které
stoji za témito zménami, patii narast teplot, zmény v distribuci srazek, vyssi frekvence
extrémnich meteorologickych jevii a zvySeny vyskyt sekundarnich Skodlivych Cciniteld,
zejména hmyzich §kiidct a houbovych patogenti. Tyto procesy maji zdsadni dopad na stabilitu
i produk¢ni funkcee lest, zejména u monokulturnich porosti, které se ukazuji jako méné odolné
vuci disturbancim. V tomto kontextu se podpora druhové 1 prostorové rozmanitosti, piedevsim
prostfednictvim péstovani smiSenych porostl, jevi jako jedna z nejicinnéjSich adaptacnich
strategii, jak zachovat dlouhodobou ekologickou i produkéni stabilitu lesnich ekosystému
v kontextu klimatickych zmén. Tento vyzkum byl realizovan v Kru$nych horach (542—-603 m
n. m.) na 20 trvalych vyzkumnych plochach o velikosti 25 x 25 m, zalozenych ve v€kové
vyrovnanych (86—102 let) porostech buku lesniho (Fagus sylvatica L.) a smrku ztepilého (Picea
abies [L.] Karst). Cilem studie bylo vyhodnotit vliv riiznych podilti obou dievin (0, 25, 50, 75
a 100 %) na druhovou diverzitu a produkéni charakteristiky jednodruhovych a smisSenych
porostli. Typologicky se zkoumané porosty fadi do LT 4K1 — kyseld bucina metlicova.
Statistické analyzy potvrdily vyznamné rozdily (p < 0,001) mezi jednotlivymi variantami
zastoupeni dievin u vétSiny sledovanych produkcnich i diverzitnich parametri. SmiSené
porosty dosahovaly v priméru o 33 % vyssi hustoty stromt, o 47 % vyssi kruhové zékladny a
0 54 % vys$i zasoby dieva (558 m*-ha™') ve srovnani s monokulturami (362 m?-ha™"). Nejvyssi
zasoba byla zji$téna u varianty s rovnomérnym zastoupenim obou druhil (50 % smrk a 50 %
buk; 614 m*-ha™'). Naopak nejvyssi objem sttedniho kmene vykazovala varianta s pfevazujicim
podilem buku (75 % buk + 25 % smrk; 1,6 m?). KliCovym faktorem ovliviiujicim produkci se
ukédzala byt druhovd vyrovnanost (ne druhovd bohatost). Indexy diverzity jednoznacné
potvrdily pfinos smiSenych porosti, pficemz nejvyssi hodnoty celkové porostni diverzity byly
zjisténa u smrkovych monokultur (B = 3,21), nasledovanych ¢istymi bukovymi porosty (B =

4,66). Ziskané vysledky jednoznacné potvrzuji, ze smiSené bukosmrkové porosty vykazuji
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vyssi produkéni potencidl, a tim 1 vétSi schopnost sekvestrace uhliku, coZ je zasadni z hlediska
mitigace dopadii klimatické zmény. Soucasné tyto porosty vykazuji vyssi prostorovou a
strukturalni heterogenitu, kterd pfispiva ke zvySeni ekologické stability a adaptability
ekosystému. V obdobnych stanoviStnich podminkadch lze proto cilenou podporu
bukosmrkovych smési doporucit jako vhodné péstebni opatfeni ke zvysSeni odolnosti, stability
a multifunkénosti lest v kontextu probihajici globalni zmény klimatu. Pfitom je v§ak nezbytné,
aby cilenymi péstebnimi zdsahy nedoslo k redukci pozitivnich efektti smési, a to napiiklad
snizenim poctu strom na urovenl monokultur ¢i odstranovanim stinomilnych dfevin z
podurovng.

Kli¢ova slova: smrk ztepily; buk lesni; produkéni potencial; porostni struktura; biodiverzita,

Krusné hory
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SMISENE LESY JAKO STRATEGIE ADAPTACE NA KLIMATICKOU ZMENU:
BUDOUCNOST HOSPODARENI V KRUSNYCH HORACH

MIXED FORESTS AS A STRATEGY FOR CLIMATE CHANGE ADAPTATION:
THE FUTURE OF SILVICULTURE MANAGEMENT IN THE ORE MOUNTAINS
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ABSTRACT

Global climate change (GCC) underscores the need to increase the resistance of forest ecosystems, with mixed stands increasingly considered
a key adaptation strategy for maintaining both productive and ecological stability. The study was conducted in the Ore Mountains (542-603 m
a.s.1.) on 20 permanent research plots in 86-102-year-old stands of European beech (Fagus sylvatica L.; BK) and Norway spruce (Picea abies [L.]
Karst; SM). The aim was to evaluate the effect of species admixture on diversity and production potential in pure and mixed stands across five
variants (admixture of 0, 25, 50, 75, and 100%). The results demonstrated significant differences (p < 0.001) between admixture variants for most
of the studied parameters. Mixed stands showed 32.5% higher tree density, 47.4% higher basal area, and 54.1% higher stand volume (558 m* ha™!)
compared to monocultures (362 m* ha'), with the highest stand volume observed in the SM 50% + BK 50% variant (614 m® ha'). In terms of
production, species evenness proved to be the most important factor. Diversity indices of the tree layer revealed a strong advantage of mixtures,
particularly in the SM 50% + BK 50% variant, which also reached the highest values of overall diversity (B 5.64), whereas spruce monocultures
showed the lowest values (B 3.21). Mixed stands achieve higher production potential, carbon sequestration, and structural diversity compared to
monospecific stands. The promotion of mixed beech-spruce stands can be recommended as a suitable silvicultural strategy to enhance stability,
resilience, and multifunctionality of forests under GCC in similar site conditions.

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

Klicova slova: smrk ztepily; buk lesni; produkéni potencial; porostni struktura; biodiverzita

Key words: Norway spruce; European beech; production potential; stand structure; biodiversity

uvoD
Postupujici globalni klimaticka zména (GCC) ma znacény dopad na
evropské lesy a vede ke zméndm v rustu stromt (GRACE et al. 2002;

vymirani mnoha lesnich druht, ¢imz negativné ovliviiuji biologickou
rozmanitost, stabilitu a udrzitelnost téchto ekosystému (SAENZ-Ro-
MERO et al. 2017; GARATE-EscAMILLA et al. 2019; Fu et al. 2024).

MARTINEZ-SANCHO et al. 2020; FORZIERI et al. 2021; VACEK Z. et al.
2023), jejich zvy$ené umrtnosti (ALLEN et al. 2015; SCHEFFERS et al.
2016; BoSErA et al. 2021), zménam v druhovému sloZzeni (HANEWIN-
KEL et al. 2013; AMMER 2019) a modifikacim funk¢nosti lesnich
ekosystémt (FREEMAN et al. 2018; LIANG et al. al. 2023). Lesy totiz
vykazuji zna¢nou citlivost na zmény teplotnich a srdzkovych pomé-
rtt (MARCHI et al. 2018). Zejména pak dfeviny rostouci ve stfednich
a vys$Sich zemépisnych $itkich jsou na tyto dopady obzvlasté citlivé
(Fu et al. 2024). Zvysujici se teploty vzduchu zptsobuji distribu¢ni
zmény (napt. migraci dfevin na sever nebo do vyssich poloh) a mistni
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Vhodnym ptikladem pro tyto zmény je zejména smrk ztepily (Picea
abies [L.] Karst) a buk lesni (Fagus sylvatica L.). Zejména pak smrk
ztepily vykazuje obzvlasté vysokou citlivost na ptimé a nepiimé du-
sledky GCC, coz dokazuji velkoplo$né disturbance napti¢ Evropou
(THURM et al. 2018; BurAS, MENZEL 2019; VACEK Z. et al. 2023; S1-
MUNEK et al. 2025). V zdjmové oblasti Krusnych hor byly navic smr-
kové porosty postizeny imisni kalamitou a lesni stanovi§té narusena
buldozerovou ptipravou, coz bude vyzadovat del$i dobu pro jejich
revitalizaci (BORUVKA et al. 2005; PODRAZSKY et al. 2005, 2006; Pobp-
RAZSKY 2008). Bylo rovnéz prokazano, ze druhova skladba porostu
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ovliviiuje chovani tézkych kovii v pidé. Zatimco pod smrkem dochézi
k jejich vyssi mobilizaci do hlubsich horizontt, buk podporuje jejich
zadrzovani v povrchovych vrstvich (JuRi¢ka et al. 2023), coz pod-
trhuje ekologicky vyznam piitomnosti listnatych dfevin pfi obnové
imisné zatiZzenych stanovi§t (HANEWINKEL et al. 2013; MACHAR et al.
2017; FucHs et al. 2024). Ackoli buk lesni v pfirozenych podminkach
dominoval stfedoevropskym lesim (LEUusCHNER 2020; CERNY et al.
2024), byl silné zasazen neddvnymi lety silného sucha, coZ na mnoha
mistech vede ke snizeni jeho konkurenceschopnosti (SCHULDT et al.
2020; MATHES et al. 2023). Byla pozorovana jeho defoliace a odumi-
rani porosti (MEYER et al. 2022; MATHES et al. 2023).

Globalni oteplovani ¢asto zvy$uje rust dievin v horskych oblastech,
zatimco v nizinach ji snizuje (PRIMICIA et al. 2015; SIDOR et al. 2015;
MARQUESs et al. 2016). Nékolik nedavnych studii uvedlo pokles ris-
tu i rozsiteni souvisejici s GCC jak u smrku ztepilého (VOSPERNIK,
NoTHDURFT 2018; PUTALOVA et al. 2019; D’ANDREA et al. 2023), tak
i buku lesniho (MACHAR et al. 2017; FucHs et al. 2024). V posled-
ni dobé se proto ¢asto diskutuje nejen o moznosti vyuziti vhodnych
geograficky neptivodnich drevin (VACEK Z. et al. 2021b; NovoTNY et
al. 2023; VACEK Z., VACEK S. 2023; PODRAZSKY et al. 2024, 2025), ale
zejména o tvorbé porostnich smési jako o vhodné strategii adapta-
ce na GCC (AMMER, WAGNER 2005; PRETZSCH et al. 2018; AMMER
2019). SmiSené lesy mohou dosahovat jednak vys$siho produkéniho
potencialu, ale jsou také rezistentnéj$i viici zvysujici se frekvenci kli-
matickych extrému pfi porovnani s monokulturami (VACEK Z. et al.
2021a; BRABEC et al. 2023). Naptiklad na rozsdhlém souboru 33 tri-
pletit borovice a dubu v Evropé bylo prokdzano, Ze stejnovékd smés
gickym gradientem, pri¢emz borovice lesni (Pinus sylvestris L.) vice
profituje na Zivnéjsich stanovistich a dub (Q. robur L., Quercus petraea
[Matt.] Liebl.) na chudsich (PRETZsCH et al. 2020). Studie na stejném
souboru vyzkumnych ploch uvéadi, Ze smési borovice a dubu zmir-
nuji zranitelnost stromu vici suchu diky komplementdrnimu vyuziti
zdrojii (STECKEL et al. 2020) a Ze dvoudruhové stejnovéké smési maji
nejen vy$s$i pramérny prirtist, ale i vyznamné vyssi stabilitu produkce
oproti monokulturam (DEL Rio et al. 2022).

GCC vyznamné ovliviiuji lesni ekosystémy prostiednictvim zméné-
nych mikroklimatickych podminek stanovisté¢ (ALTMAN et al. 2017).
Podle lokdlnich podminek a konkrétniho stavajictho porostu miize
zména klimatickych podminek na dany porost ptsobit v rozsahu ne-
gativniho az pozitivniho pusobeni. Produktivita lesa a rozmanitost
dfevin se obvykle zvysuje se zvysujici se teplotou, srazkami a dostup-
nosti zivin i zptisoby obhospodarovani (Das 2004). Za téchto okol-
nosti je trvale udrzitelné hospodareni mozné pouze tehdy, pokud jsou
hospodarské strategie ptizptsobeny prirodnim procestim anebo jsou
tyto procesy cilené ovliviiovany na zékladé znalosti jejich dynamiky
a vnéjsich Ciniteltl (FURST et al. 2007). Pro zdarny riist a vyvoj vyse
uvedenych dfevin pod vlivem GCC je pti jejich péstovani potiebné
vychdzet z exaktnich poznatkil o jejich ekologickych ndrocich, struk-
tufe a dynamice vyvoje v danych stanovi$tnich pomérech (KRALICEK
etal. 2017; SLANAR et al. 2017; VACEK Z. et al. 2021a, 2023). Vytvéafeni
trvalych smiSenych porostii cilovych dfevin je mimoradné naro¢nym
a slozitym ukolem (VACEK Z., VACEK S. 2022). Je totiz vhodné, aby
na jednom stanovisti rostly alespon zékladni, stanovisti odpovidajici
cilové dfeviny a plnily véechny funkce lesa 1épe nez porosty tvorené
jednou drevinou (VACEK S. et al. 2007). Pti v3i slozitosti a ndro¢nosti
tohoto tkolu je to vSak kol redlny (POLENO et al. 2009; VACEK Z. et
al. 2023). Cilem tohoto ¢lanku proto bylo zhodnotit strukturu, diver-
zitu a produkéni potencidl smrku ztepilého a buku lesniho v jedno-
druhovych a smiSenych porostech v Kru$nych horach v podminkach
GCC jako podkladu pro tvorbu a péstovani smisenych porostt v ob-
dobnych stanovistnich pomérech.
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MATERIAL A METODIKA

Zajmové uzemi

Zajmové tuzemi spadd pod spravu Lest CR, s. p., LS Litvinov a na-
chédzi se v nadmotské vysSce 542-603 m (souradnice 50.6989311 N,
13.7853015 E). Sklon svahil se pohybuje mezi 5-14° a expozice je pre-
vazné jizni. Pro sbér dat a zaloZeni trvalych vyzkumnych ploch (TVP)
byl vybran komplex ¢tyt sousedicich porostt ve véku 86 az 102 let,
jez jsou obhospodafovany prostiednictvim decendlnich probirek za-
meéfenych na rozvoj korun jedincti vy$si jakosti a intenzivni pfirtst
kvalitni dfevni hmoty. Soucasti péstebni péce je také odstranovani
poskozenych stromil a podpora vtrousenych drevin. Porosty jsou tvo-
feny prevazné bukem lesnim (BK) a smrkem ztepilym (SM) s pfimé-
si habru obecného (Carpinus betulus L.), modfinu opadavého (Larix
decidua Mill.), btizy bélokoré (Betula pendula Roth), borovice lesni
(Pinus sylvestris L.) a javoru klenu (Acer pseudoplatanus L.) do 5 %.
Klimatické podminky tzemi odpovidaji mirnému ocednickému typu
(Cfb) podle klasifikace Koppena (KOPPEN 1936) s primérnou ro¢ni
teplotou priblizné 7,7 °C a ro¢nim uhrnem srazek mezi 700-810 mm
(CHMU 2000-2024). Typologicky se porosty fadi do kategorie 4K1
(kyseld bu¢ina metlicovd; VIEWEGH et al. 2003). Pudni poméry jsou
reprezentovany modalni kambizemi, podloZi tvofi pfevaziné ryolitovy
az trachytovy ignimbrit a ryolit.

Sbér dat

Z hlediska analyzy struktury a produkce lesnich ekosystému byla po-
uzita technologie Field-Map (IFER, CR), pomoci niz byly v roce 2025
zaznamenany jednotlivé pozice jedinct stromového patra, které mély
vycetni tloustku (DBH) = 7 cm a u jednotlivych stromu byla zméte-
na korunova projekce minimalné ve ¢tyfech kardinalnich smérech
(S, V. ], Z). Vycetni tloustka (dva priméry na sebe kolmé) byla mérena
pomoci priimérky Mantax Blue (Haglof, Svédsko) s presnosti 1 mm
a vy$ka jednotlivych stromi a vyska nasazeni zelené koruny pomoci
vyskoméru Vertex Laser (Hagléf, Svédsko) s presnosti 0,1 m. Klasi-
fikace cenotického postaveni stromu byla provedena dle publikace
KRAFT (1884). U studovanych smiSenych porosttl ve fazi kmenoviny
bylo zaméfeno 20 TVP o velikost 25 x 25 m, které byly rozdéleny dle
druhové skladby do 5 variant (4 plochy v kazdé varianté): 1) 92,5-
100 % smrk, 2) 75+7,5 % smrk a 25+7,5 % buk, 3) 50+7,5 % smrk
a50+7,5 % buk, 4) 25+7,5 % smrk a 75+7,5 % buk a 5) 92,5-100 % buk
(VACEK Z. et al. 2021a).

Analyza dat

U stromového patra byly na kazdé TVP zhodnoceny strukturalni
a ristové parametry, produkce, horizontdlni a vertikdlni struktura
a celkova biodiverzita pomoci softwaru SIBYLA Triquetra 10.0 (FaB-
RIKA, DURSKY 2005). Objem strom@ byl vypoéitany podle objemo-
vych rovnic publikovanych v praci PETRAS, PAjTik (1991). Z ukaza-
teld hustoty porostu byly spocitany: stupen zapoje (CC; CROOKSTON,
STAGE 1999) a index hustoty porostu (SDI; REINEKE 1933). Z hlediska
diverzity lesnich porostti, prostorové rozmisténi bylo na jednotlivych
TVP zhodnoceno u v$ech jedincii stromového patra. Pro vypocet ho-
rizontdlni struktury byl spo¢itan Clark-Evanstv index (CLARK, EvANS
1954), jenz reprezentuje zptisob rozmisténi jedinct po plose porostu.
Dale byly v ramci hodnoceni diverzity horni etdZe spocitdny: indexy
tloustkové diferenciace a vyskové diferenciace (FULDNER 1995), index
korunové diferenciace (JAEHNE, DOHRENBUSCH 1997), index druho-
vé ruznorodosti (SHANNON 1948), index druhové vyrovnanosti (HILL
1973), index druhové bohatosti (MARGALEF 1958), Arten-profil index
(PRETZSCH 2006), vertikalni diverzita (JAEHNE, DOHRENBUSCH 1997)
a index celkové porostni diverzity (JAEHNE, DOHRENBUSCH 1997).
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Celkova diverzita vyjadfuje agregaci parcidlnich slozek diverzity: di-
verzity druhového slozeni, vertikalni strukturu, prostorového rozmis-
téni stromu a diverzitu korunové diferenciace. Do vypoctu vstupuje
pocet dfevin, maximdalni a minimalni zastoupeni dfevin, maximalni
a minimalni vyska stromu v porostu, maximalni a minimdlni rozestup
stromt, minimalni vy$ka nasazeni koruny a minimalni a maximalni
priamér koruny. Kritéria druhovych, strukturalnich a komplexnich in-
dexti jsou uvedeny v Tab. 1. Detailni informace o vypoctech jednotli-
vych indext jsou uvedeny v praci VACEK Z. et al. (2020).

Statistické analyzy diverzity, struktury a produkce lesnich porostii
mezi jednotlivymi variantami smiseni byly zpracovany v softwaru Sta-
tistica 13.1 (TIBCO Software, USA). Data byla nejprve testovana Sha-
piro-Wilk testem normality a poté Bartlett testem rozptylu. Pfi splnéni
obou pozadavki byly rozdily mezi zkoumanymi parametry testovany
analyzou rozptylu (ANOVA) a nasledné Tukey HSD testem. Pokud ne-
byla splnéna normalita a rozptyl, byly zkoumané charakteristiky testo-
vany neparametrickym Kruskal-Wallis testem. Analyza hlavnich kom-
ponent (PCA) byla provedena v programu CANOCO 5 (SMILAUER,
LEPS 2014) pro hodnoceni vztaht mezi strukturou porostu a produkeé-
nimi parametry v kontextu jednotlivych variant smiseni. Pfed analy-
zou byla data standardizovana, centralizovana a logaritmizovana. Vy-
sledky PCA byly prezentovany ve formé ordina¢nich diagram.

VYSLEDKY

Produk¢ni potencial

Vysledky v Tab. 2 dokumentuji signifikantni (p < 0,041-0,001) rozdily
mezi jednotlivymi variantami smiSeni ve vétdiné zkoumanych para-
metrt kromé pramérné vycetni tloustky. Signifikantné nejvyssi objem
stfedntho kmene dosahuje varianta SM25:75BK oproti monokultu-
rdm. Se zvySujicim se zastoupenim smrku se zvySuje priimérna vyska
porostu. Pocet stromtl je signifikantné nejvys$i u varianty SM75:25BK

Tab. 1.
Prehled indext popisujicich diverzitu porostu a jejich interpretace.

Overview of indices describing stand diversity and their interpretation.

a nasledné SM50:50BK. Nejvyssi kruhové zakladny dosahuje varianta
u bukové monokultury (29,2 m*ha?). Smi$ené varianty jsou charak-
teristické o 54,1 % vyssi zasobou (558 m’ha') oproti jednodruho-
vym porostiim (362 m?*ha). Konkrétné nejvyssi zasoba je u varianty
SM50:50BK - 614 m® ha™. Stihlostni kvocient vykazuje signifikantné
nejvy$si hodnotu u smrkové monokultury (78,2) a se zastoupenim
smrku klesd. U stupné zépoje dominuje varianta SM25:75BK, resp.
u hustoty porostu opét SM50:50BK.

Diverzita stromového patra

Rozdily v diverzité jsou zjistény u druhové heterogenity, druhové vy-
rovnanosti, vertikalni struktufe, vertikalni diverzité a u celkové diver-
zity (Tab. 3). Z 10 hodnocenych ukazateldi diverzity dosahuje v osmi
ptipadech nejvyssich hodnot varianta SM50:50BK. Naproti tomu di-
verzitné nejchudsi je varianta se 100% zastoupenim smrku. Druhova
bohatost a rtiznorodost je napfi¢ variantami nizkd, vyjma druhové
vyrovnanosti u smési dosahujici velmi vysokych hodnot. Rozmisté-
ni stromt je na vSech plochach ndhodné s tendenci ke shlukovitosti
u bukové monokultury a pravidelnosti u smési vyuzivajici optimalné
svij prostor. Vertikalni struktura je u smrkové monokultury nizkd,
u bukové stfedni a u smiSenych porostii vysoka, obdobné jako verti-
kalni diverzita. Strukturalni diferenciace jak tloustkova, tak vyskova
je ve vSech hodnocenych pripadech nizkd az stfedni. Signifikantné
nejvyssich hodnot komplexni diverzity porostu dosahuje varianta
SM50:50BK (B 5,64) s nerovnomérnou strukturou oproti monoténni
struktufe u smrkové varianty (B 3,21).

Interakce mezi produkci, diverzitou a formou smiseni

Vysledky PCA vyjadfujici vztah mezi produkénim potencidlem,
strukturou, diverzitou a jednotlivymi variantami smiSeni jsou prezen-
tovany formou ordina¢niho diagramu na Obr. 1. Prvni ordina¢ni osa
prezentuje 43,1 %, prvni dvé osy 70,2 % a ¢tyfi osy dohromady vysvét-

. I Kvantifikator/ Oznaceni/  Reference/ Hodnoceni/
Kritérium/Criterion ier " "
Quantifier Designation Reference Assessment
. Arten-profil index Ap (Pi) PRETZSCH 2006 ro,zpvetl '0—1; vyrovnana vertikalni struktura Api < 0,3,
Vertikalni struktura/ vybérny les Api > 0,9
Vertical structure o . JAEHNE, DOHREN-  nizka Si < 0,3, stfedni Si = 0,3-0,5, vysoka Si = 0,5-0,7,
Vertikalni diverzita S (J8DI)  gusch 1997 velmi vysoka diferenciace Si > 0,7
Strukturalni Tloustkova diferenciace  TM, (Fi)  FULDNER 1995 rozpéti 0—1; nizka TMi < 0,3, stfedni TMi = 0,3-0,5, vy-
diferenciace/ Vyskova diferenciace TM, (Fi)  FULDNER 1995 soka TMi = 0,5-0,7, velmi vysoka diferenciace TMi > 0,7
Structural PR Y L
. e . . . JAEHNE, DOHREN- nizka Ki < 1,0, stfedni Ki = 1,0-1,5, vysoka Ki = 1,5-2,0,
differentiation Korunova diferenciace K (J&Di) BUSCH 1997 velmi vysoka diferenciace Ki > 2,0
Horizontalni struktura/ Adregacni index R (C&Ei) CLARK, EVANS stfedni hodnota Ri = 1, shlukovitost Ri < 1, pravidelnost
Horizontal structure greg 1954 Ri>1
Druhova bohatost D (Mi) MARGALEF 1958 minimum Di = 0, vys8i Di = vy3Si hodnota
Druhc_>va d_|verz_|ta/ Druhova heterogenita H' (Si) SHANNON 1948 rczzp_etl 0-1; m|n|mun7 H’i =0, maximum H’i =1 - pro 10
Species diversity dfevin (Hertleyova mira)
Druhova vyrovnanost E (Hi) HiLL 1973 rozpéti 0—1; minimum Ei = 0, maximum Ei = 1
- . monotoénni struktura Bi < 4,
Komplexni diverzita/ Porostni diverzita B (J&Di) JAEHNE, DOHREN- nerovnomérna struktura Bi = 6-8,

Complex diversity

BUSCH 1997

velmi rdznoroda struktura Bi > 9
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luji 92,3 % variability dat. Celkova variabilita ¢ini 11,9 %, doplitkové
proménné vysvétluji 52,24 % (upravend vysvétlena variabilita 39,5 %).
Osa y predstavuje $tihlostni kvocient, primérnou vysku porostu a ob-
jem sttedniho kmene. Osa x prezentuje celkovou porostni diverzitu,
pocet stromt a druhovou heterogenitu. Zasoba porostu je pozitivné
korelovana s kruhovou zdkladnou, zakmenénim a vertikalni struktu-
rou. Objem kmene je pozitivné korelovan s vyskou porostu, nicméné
tyto ukazatele jsou negativné korelovany se $tihlostnim kvocientem.

Tab. 2.

v

kova diferenciace porostu. Nejvyssi variabilita v datech mezi plochami
je u varianty SM75:25BK, zatimco relativné homogenni data se na-
chézi u bukové monokultury. SmiSené porosty nachdzejici se na pravé
¢asti diagramu jsou charakteristické vysokou diverzitou a produkei
oproti monokulturdm (leva ¢ast grafu). Nejvyssich hodnot v téchto
sledovanych parametrech pak dosahuje ve vétsiné pfipadech varianta
SM50:50BK.

Zakladni porostni charakteristiky sdruzeného porostu diferencované dle variant smiSeni v roce 2025; signifikantni rozdily jsou znazornény

rozdilnym pismenem a u p-hodnot podtrzenim.

Basic stand characteristics differentiated by admixture variants in 2025; significant differences are indicated by different letters and p-values are

underlined.
Varianta (‘i':';':) (:1) f (r:1’3) (ks ’I'wq) (mf;a_1) (m3\r/|a'1) HDR (E/S SDI
BK100 34,3a 232a  0514c  1,120a  312a 29,2a 354a 67,7a  919bc  0,50ab
SM25:75BK  39,7a  26,3ab  0483bc  1,578b  324a  391ab  498ab  664a 93,7c  0,66bc
SM50:50BK 36,92 26,1ab  0,473bc  1,324ab  468b 49,4b 614b  70,8ab  914bc  0,76c
SM75:25BK  27,9a 26,7b  0448ab 1,178ab  480b 47,0b 564b  757bc  86,4b 0,72¢
SM100 35,3a 276b  0419a 1,134a  328a 32,1a 371a 78,2¢ 60,0a 0,48a
test KW ANO ANO KW KW ANO KW ANO KW ANO
p-hodnota 0,268 0007 <0001 0041 <0001 <0001 <0001 <0001 <0001  <0.001

Vysvétlivky: dbh - kvadraticky pramér vycetni tloustky, h — priimérnd vyska, f - vytvarnice, v - objem stfedniho kmene, N - pocet stromii na hektar, G - vy&etni kru-
hové zakladna, V - porostni zdsoba, HDR - §tihlostni kvocient, CC - stupeii zapoje, SDI - index hustoty porostu, ANO - analyza rozptylu, KW - Kruskal-Wallis test

Captions: dbh - quadratic mean diameter at breast height, h — mean height, f - form factor, v - mean stem volume, N - number of trees per hectare, G - basal area,
V - stand volume, HDR - slenderness ratio, CC - canopy closure, SDI - stand density index, ANO - analysis of variance, KW - Kruskal-Wallis test

Tab. 3.

Zékladni ukazatelé diverzity sdruzeného porostu diferencované dle variant smiseni v roce 2025; signifikantni rozdily jsou znazornény rozdil-

nym pismenem a u p-hodnot podtrzenim.

Basic indicators of stand diversity differentiated by admixture variants in 2025; significant differences are indicated by different letters and

p-values are underlined.

Varianta D. H.' E. R . A'.) TN.Id TN.Ih S . K . B .

(Mi) (Si) (Hi) (C&Ei) (Pi) (Fi) (Fi) (J&Di) (J&Di) (J&Di)
BK100 0,18a 0,09a 0,36ab 0,88a 0,44ab 0,36a 0,23a 0,68ab 1,27a 4,66ab
SM25:75BK  0,21a 0,27b 0,77bc 1,07a 0,58b 0,34a 0,21a 0,66ab 1,08a 4,72ab
SM50:50BK  0,24a 0,32b 0,88c 1,00a 0,59b 0,37a 0,24a 0,76b 1,31a 5,64b
SM75:25BK  0,28a 0,30b 0,73bc 1,06a 0,53b 0,32a 0,21a 0,75b 1,28a 5,55b
SM100 0,09a 0,05a 0,26a 0,94a 0,24a 0,25a 0,15a 0,44a 0,88a 3,21a
test KW ANO KW ANO ANO ANO ANO KW KW ANO
p-hodnota 0,225 <0.001 <0.001 0,099 0.002 0,278 0,485 0.016 0,328 0.024

Vysvétlivky: D - druhové bohatost, H’ - druhova heterogenita, E — druhova vyrovnanost, R - agrega¢ni index, Ap - vertikalni Arten profil index, S - vertikalni
diverzita, TM [, - tloustkova diferenciace, ™, - vyskova diferenciace, K - korunové diferenciace, B - celkova porostni diverzita, ANO - analyza rozptylu, KW -

Kruskal-Wallis test

Captions: D - species richness, H' - species heterogeneity, E - species evenness, R — aggregation index, Ap - vertical Arten-profile index, S - vertical diversity,
TMd - diameter differentiation, TMh - height differentiation, K - crown differentiation, B - overall stand diversity, ANO - analysis of variance, KW - Kruskal-

-Wallis test
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DISKUSE

Produkéni potencial

Pfi porovnani smiSenych a jednodruhovych porostit buku lesniho
a smrku ztepilého v Kru$nych horach byl potvrzen vyznamny vliv
smi$eni na produkei porostil. Nejvyssi objem ze vSech zkoumanych
variant smideni byl zji$tén u varianty SM 50:50 BK (614 m’ ha™') a na-

sy

v vr

nokultury smrku (371 m?® ha™'). Podobné je tomu u stejnych studo-
vanych variant smrku a buku v autochtonnich porostech ve vyssich
nadmotskych vyskach v Krkonosich s tim rozdilem, ze nejvyssi pro-
dukce byla zjisténa u varianty SM 75:25 BK (656 m® ha™') a nasledné
u varianty SM 50:50 BK (512 m® ha™'; VACEK Z. et al. 2021a). V tomto
ptipadé se produkce ve studovanych smisenych porostech snizovala
s vy$$im podilem buku, podobné jako u studie ze Slovenska (SHAR-
Ma et al. 2019). Nizsi objem srovnatelnych smrkobukovych porostii
(v praméru 449 m? ha™') byl zjistén v jiné studii z Krkono$ (VACEK S.
et al. 2015). KRALICEK et al. (2017) také uvadéji nizsi objem porostit
(239-536 m’ ha™!) ve smiSenych smrkobukovych porostech v podob-
nych biotopech (905-990 m n. m.) v Orlickych horach. Naproti tomu
bukosmrkojedlové porosty v jiné oblasti Orlickych hor vykazovaly
podobnou produkei (538 m* ha™ - VACEK Z. 2017) jako v nasi studii.
Srovnévaci studie nesmi$enych porosttl v Krkonosich ukazaly, Ze jak
jednodruhové bukové porosty (nadmorska vyska 940-1030 m, zasoba
198 m® ha'; SIMUNEK et al. 2020), tak smrkové porosty (nadmorska
vy$ka 710-1250 m, zdsoba 322 m® ha™'; PuTALOVA et al. 2019) vykazo-

valy niZ§i objemy porosti ve srovnani se smiSenymi porosty. Podobné
vysledky byly zjistény i v jinych kombinacich dfevin, napf. SPuLAK
et al. (2018) prokazali, Ze pfimés dubu v borovych porostech zvysi-
la zasobu oproti ¢istym monokulturam, aniz by byla narusena jejich
stabilita. Ta muiZe byt vyjadfena napt. Stihlostnim kvocientem. Z nasi
studie vyplyva, Ze se zvy$ujicim se podilem buku klesaji hodnoty §tih-
lostniho kvocientu (BK75 HRD = 64,4; BK50 HRD = 70,8; BK25 HRD
=75,7), tj. zvy$uje se staticka stabilita porostil. Podobné to uvadéji na-
priklad STEFANCIK (2015), SHARMA et al. (2016, 2019), STEFANCIK et
al. (2018) & VACEK Z. et al. (2021a).

V nasi studii byl primérny objem kmene o 21,4 % vys$§i u buku
a0 19,9 % vys$$i u smrku ve smiSenych porostech nez v porostech jed-
nodruhovych. Niz§i rozdily uvadéji téZ VACEK Z. et al. (2021a) z Kr-
konos, kde byl primérny objem kmene 0 9,7 % vyssi u bukua o 7,7 %
vy$si u smrku ve smiSenych porostech nez v monokulturach. Téz
PRETZSCH (2016) z Némecka uvadi, Ze smiSené porosty produkuji
0 11-30 % vétsi objem kmentd nez monokultury. Na $ir$i evropské
urovni se pozitivni vliv smési potvrzuje i u jinych kombinaci dfevin.
VOSPERNIK et al. (2023) zaznamenali, Ze ve smésich dubu a borovice
je rtist stromd ovlivnén nejen klimatem a lokalni konkurenci, ale také
strukturni diverzitou a smi$enim. To mélo pozitivni vliv na rist boro-
vice, zatimco u dubu byl tento efekt méné vyrazny.

Prevladajici pozitivni vliv pfimési buku lesniho a smrku ztepilého na
produkci potvrzuje i fada dalsich praci (PRETZSCH, SCHUTZE 2009;
PRETZSCH et al. 2010, 2012, 2013). Kromé produkce muize charakter
smési také vyznamné ovlivnit pocet stromil, zdpoj a index hustoty
porostu (AMOROSO, TURNBLOM 2006; PRETZSCH, BIBER 2016; PRETZ-
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1.4

Ordina¢ni diagram zobrazujici vysledky PCA zavislosti mezi produkci (DBH - vycetni tloustka, vyska, pocet stromd, zdsoba porostu, objem
kmene, kruhova zékladna, SDI - index hustoty porostu, CC - stupeni zapoje, HDR - $tihlostni kvocient), diverzitou (TMd - tloustkova dife-
renciace, TMh - vyskova diferenciace, S — vertikdlni diverzita, Ap - vertikdlni struktura, R - horizontalni struktura, D — druhové bohatost, H’
- druhovd heterogenita, E - druhova vyrovnanost, B - celkovd diverzita porostu) a péti variantami smi$eni (@) v roce 2025.

Fig. 1.

Ordination diagram showing the PCA results of the relationships between production (DBH - diameter at breast height, height, number of
trees, stand volume, stem volume, basal area, SDI - stand density index, CC - canopy closure, HDR - slenderness ratio), diversity (TMd - dia-
meter differentiation, TMh - height differentiation, S - vertical diversity, Ap - vertical structure, R - horizontal structure, D - species richness,
H’ - species heterogeneity, E - species evenness, B - overall stand diversity), and five admixture variants (@) in 2025.
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SCH, ZENNER 2017). To rovnéz odpovida vysledkiim nasi studie, kde
byl pocet stromil ve smiSenych porostech o 32,5 % vyssi ve srovnani
s monokulturami (o 50 % vy$si ve varianté SM 75:25 BK). Nizi roz-
dily uvadi prace VACEK et al. (2021c¢) z Krkono$, kde byl pocet stromtl
ve smiSenych porostech o 15,5 % vy$si ve srovnani s monokulturami
(0 27,2 % vyssi ve varianté SMS 75:25 BK). Produktivita véetné sekves-
trace uhliku smiSenych porosti1 ve srovnani s monokulturami je pozi-
tivné ovlivnéna vyssi hustotou porosti, plochou korunovych projekei
a strukturdlni rozmanitosti, napf. asymetrii a rozsahem tloustkové dis-
tribuce stromi (PRETZSCH et al. 2014).

Jednodruhové porosty maji relativné méné slozitou korunovou vy-
stavbu (pfevazuje horizontalni nad vertikalni) a niz$i variabilitu struk-
tury v ramci porostii (FORRESTER, ALBRECHT 2014; PRETZSCH 2014).
Stromy ve smi$enych porostech mohou vykazovat vyssi a¢innost vy-
uzivani zdroji, a proto mit vyrazné vys$$i tempo riistu ve srovnani
s monokulturami (RICHARDS et al. 2010; PRETZSCH et al. 2016; SHAR-
MA et al. 2016, 2017) v dusledku odli$nych ekologickych naroki (zi-
viny, vlhkost, klimatické faktory, osvétleni atd.) jednotlivych dfevin
(KNOKE et al. 2008; VACEK S. et al. 2019b; MIKULENKA et al. 2020).
Zaroven i relativné mala pfimés miize vyvolat silné pozitivni u¢inky
(PRETZSCH 2014). V nasem ptipadé pfimieni do 25 % zvysilo objem
porostu az o 46,5 % ve srovnani s monokulturou. V praci VACEK Z. et
al. (2021a) se uvadi, ze pfimiseni buku jednou drevinou do 25 % zvy-
$ilo objem porostu o 26,7 % ve srovnani s monokulturou. Produkéni
potencial ve sledovanych podminkach muze byt jesté vyse pozitiv-
né ovlivnén primési dal$ich dfevin, napt. jedle bélokoré (Abies alba
Mill.) ¢i javoru klenu (VACEK S. et al. 2018; BLEDY et al. 2024). S vyssi
produkei smi$enych lest jsou spojeny i ekonomické vyhody (AGEs-
TAM et al. 2006; FELTON et al. 2010). Na druhou stranu tyto porosty
Celi vétsim Skodam zpusobenym zvéfi, zejména okusem (BRABEC et
al. 2024).

Diverzita stromového patra

Z hlediska druhové diverzity nase studie potvrdila, ze druhova bo-
hatost (D 0,14), heterogenita (H’ 0,07) a vyrovnanost (E 0,31) byly
vyznamné niz8§i v monokulturdch ve srovnani se vSemi variantami
smi$enych porostt (D 0,24, H’ 0,30 a E 0,79). Téz studie VACEK et al.
(2021c) uvadi, ze druhova bohatost (D 0,01), heterogenita (H> 0,02)
a vyrovnanost (E 0,03) byly vyznamné nizsi v monokulturach ve srov-
néani se véemi variantami smisenych smrkobukovych porostii (D 0,18,
H’ 0,25 a E 0,82). Podobné hodnoty druhové diverzity stroma byly
zjistény ve smrkobukovém lese v Jizerskych horach (D 0,17, H’ 0,20,
E 0,66; VACEK S. et al. 2019). Na druhou stranu byla ve smrkovobuko-
vém lese v Orlickych horach pozorovana vyssi diverzita v druhové bo-
hatosti a heterogenité a niz$i v druhové vyrovnanosti (VACEK Z. 2017).
To bylo zptisobeno primési dalsich drevin, jako je jedle bélokor4d, jerab
ptaci a javor klen.

V na$i studii byly nejvétsi rozdily mezi variantami smiSeni zjitény
v druhové vyrovnanosti a heterogenité. Nejvyssi (vyznamné v piipa-
dé indextt H’ a E) druhové heterogenita a vyrovnanost byly zjiStény
u varianty SM 50:50 BK, u bohatosti to bylo u varianty SM 75:25 BK
zeno v monokultufe smrku. Velmi podobné to bylo i v ptipadé studie
VACEK Z. et al. (2021a). Mnoho studii primdrné vyuziva druhovou
bohatost k vysvétleni vztahu diverzita — produktivita (MORIN et al.
2011; GILLMAN et al. 2015), ale zejména druhovd vyrovnanost a he-
terogenita by mély byt zahrnuty do modelu z hlediska druhové diver-
zity a mezidruhovych interakci (Nyjs, Roy 2000; ZHANG et al. 2012).
Globalni metaanalyza 54 studii ukdzala, Ze nejlep$im prediktorem pii
vysvétleni modelu produktivity byla druhova vyrovnanost (34 %), za-
timco druhova bohatost vysvétlila pouze 13 % variability (ZHANG et
al. 2012). Nase studie v$ak ukdazala, Ze rovhomérné rozloZeni velikosti
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smrku a buku (SM 50:50 BK, vysokd vyrovnanost) zvy$uje produkti-
vitu, obdobné jak bylo potvrzeno v komplexnich analyzach horskych
smiSenych lest v sedmi evropskych zemich (TORRESAN et al. 2020).

Z hlediska prostorového rozmisténi stromt nebyl zji§tén zadny vy-
znamny vliv smi$eni na prostorové rozmisténi dievin. Horizontaln{
struktura v monokulturach vsak vykazovala tendenci k agregovanos-
ti, zatimco smi$ené porosty vykazovaly ndhodné az mirné pravidelné
rozmisténi optimalnéji vyuzivajici prostor. Podobné tomu bylo i ve
studii VACEK et al. (2021a) v Krkono$ich. Ndhodné rozlozeni stromo-
vého patra bylo zjisténo i ve smienych porostech v Orlickych horach
(KRALICEK et al. 2017; VACEK Z. 2017), v Boubinském pralese (SEB-
KOVA et al. 2011) a v Polsku (SzwaGrzyk, CZERwWCZAK 1993). Po-
dobna tendence k agregaci v bukovych a smrkovych monokulturach
v obdobnych nadmoftskych vyskach byla zjisténa i v dal$ich oblastech
Ceské republiky (VACEK S. et al. 2014; KRAL et al. 2015; VACEK Z. et al.
2019). Horizontdln{ struktura stromového patra v pfirozenych a pti-
rodé blizkych lesich je ve vétsiné piipadi ndhodnd (voN OHEIMB et
al. 2005; HAJEK et al. 2020; VACEK et al. 2020a), ale s rostoucim vé-
kem a bohatosti stanovist se zvy$uje i konkurence, a struktura se méni
z agregované na ndhodnou a nakonec na pravidelnou (WIJDEVEN
2003; RUGANT et al. 2013; BULUSEK et al. 2016). V pocate¢nich fazich
ristu (pfirozend obnova) nebo v extrémnich stanovistich (horni hra-
nice lesa, skaly) dochdzi k agregaci jedinct (NAGEL et al. 2006; VACEK,
HEejcMAN 2012; VACEK Z. et al. 2015).

Z hlediska strukturni diferenciace nemély piimési ptili§ velky vliv
na tloustkovou a vyskovou diferenciaci. Smi$ené porosty (TMd 0,34,
TMh 0,22) nicméné vykazovaly vyssi diferenciaci ve srovnani s mono-
kulturami (TMd 0,31, TMh 0,19). Podobné tomu bylo ve studii VACEx
Z. et al. (2021a), kde téZ smiSené porosty (TMd 0,33, TMh 0,25) vy-
kazovaly vys$$i diferenciaci ve srovndni s monokulturami (TMd 0,25,
TMh 0,20). Obdobné byla zjisténa vyssi diferenciace priiméru ve smi-
$enych porostech v Krkonosich (TMd 0,47 - VACEK Z. 2017) a v Orlic-
kych horach (TMd 0,40 - KRALICEK et al. 2017) ve srovnani s mono-
kulturami v Krkonosich (TMd 0,33 — VACEK Z. et al. 2015; TMd 0,36
- KRALICEK et al. 2017) a na Slovensku (TMd 0,36 — STEFANCIK 2015).

Smisené porosty také vykazovaly vyssi vertikalni diverzitu (Ap 0,34)
ve srovnani s monokulturami (Ap 0,57). Podobné tomu bylo i ve stu-
dii z Krkono$ (VACEK Z. et al. 2021a). Téz diferenciace korun byla
monokultufe. Vyssi korunovou diferenciaci smiSenych smrkobuko-
vych porostl ve srovnani s monokulturami uvadéji opét VACEK Z. et
al. (2021a). Bohata vertikalni diverzita a diferenciace korun umoziuje
smiSenym porostiim rychleji uzavirat mezery v koruné nez jednopa-
trovym jednodruhovym porostim. To sniZuje poskozeni a zvysuje
hustotu, rist a produkci smiSenych versus jednodruhovych porosti
(PRETZSCH, FORRESTER 2017). PRETZSCH et al. (2022) navic ukdzali,
Ze vicevrstevna struktura sniZuje transpira¢ni stres mensich stromd,
¢im?Z zmirnuje dopady sucha. Kromé toho mnohem hustsi a diverzifi-
kovanéj$i vyplnéni prostoru korun ve smisenych porostech mutize zvy-
$it zachyceni svétla, hustotu porostu, produktivitu, ale také rezistenci
rustu vidi extrémiam (PrReTzscH 2014; PRETZSCH et al. 2021).

Pfi hodnoceni efektivity smiSeni je duleZita analyza celkové diverzity
porostt véetné druhového slozZeni, vertikdlni struktury, prostorového
rozlozeni a diferenciace korun (JAEHNE, DOHRENBUSCH 1997). Vyse
uvedené vysledky ukazuji, ze celkova diverzita byla ve smiSenych po-
rostech vyrazné vyssi (B 5,3) ve srovnani s monokulturami (B 3,9). Po-
dobné tomu je i ve studii VACEK Z. et al. (2021a) z Krkono$ (smiSené
porosty B 5,0) ve srovnani s monokulturami (B 3,4). To je i v souladu
s dal$imi vysledky dokumentujicimi vyssi celkovou diverzitu smise-
nych bukosmrkovych porostit (B 7,2 - KRALICEK et al. 2017; B 8,5
- VACEK Z. 2017) ve srovnani s monokulturami smrku (B 6,2 - KRALI-
CEK et al. 2017) a monokulturami buku (B 6,4 — VACEK Z. et al. 2015).
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ZAVER

Vysledky studie jasné prokazaly pozitivni vliv smi$enych bukosmrko-
vych porostil na produkéni parametry i strukturalni a druhovou di-
verzitu ve srovndni s monokulturami. Nejlepsich hodnot z hlediska
porostni zasoby, kruhové vycetni zakladny i komplexni diverzity do-
sahla varianta se stejnym zastoupenim buku a smrku. SmiSené porosty
podporuje jejich stabilitu a rezistenci. Z pohledu produkéniho poten-
cidlu a sekvestrace uhliku se ukazuje, Ze klicovym faktorem neni sa-
motna druhova bohatost, ale predev$im druhova vyrovnanost, ktera
zasadné ovliviiuje vyuziti ristového prostoru a stabilitu porostu. Li-
mitaci studie je vSak skute¢nost, Ze vychazi z relativné uzkého rozsahu
stanovistnich podminek a poctu ploch, coz muze ovliviiovat genera-
lizaci vysledktl. Nicméné na zékladé téchto poznatkil lze doporudit
podporu a aktivni zakladani smiSenych bukosmrkovych porosti jako
efektivni adaptacni opatteni na probihajici GCC. Pro praxi je zadouci
rozvijet diverzifika¢ni strategie hospodareni a neomezovat pozitivni
efekt smési (napf. redukci stromt na tGroven monokultur), zatimco
budouci vyzkum by mél sméfovat k dlouhodobému monitoringu vy-
voje téchto smési a k hodnocent jejich odolnosti vii¢i disturbancim.
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MIXED FORESTS AS A STRATEGY FOR CLIMATE CHANGE ADAPTATION: THE FUTURE OF SILVICULTURE
MANAGEMENT IN THE ORE MOUNTAINS

SUMMARY

Global climate change (GCC) significantly affects European forests, leading to alterations in growth, species composition, mortality, and ecosys-
tem functioning. Tree species in mid- and high-latitude regions are especially vulnerable, with Norway spruce (SM; Picea abies [L.] Karst) being
highly sensitive to disturbances, while European beech (BK; Fagus sylvatica L.) shows relatively greater tolerance but also suffers under extreme
drought. Rising air temperatures and changing in precipitation distribution have triggered tree distribution shifts, declines in competitiveness,
defoliation, and mortality in both species. Although spruce monocultures dominate large areas, their vulnerability highlights the need for adap-
tive strategies such as species mixtures. Mixed forests are increasingly recognized as more productive and resilient compared to monospecific
stands under GCC.

The study was carried out in the Ore Mountains (Kru$né hory, Czech Republic - 542-603 m a.s.1.) on permanent research plots (PRPs) domi-
nated by spruce and beech. Twenty 25 m x 25 m PRPs were established across five admixture variants ranging from pure spruce to pure beech
(admixture of 0, 25, 50, 75, and 100%), with four plots per variant. All trees with DBH > 7 cm were measured for DBH, height, crown dimen-
sions, and social position using Field-Map technology and standard forestry instruments. Stand density, basal area, volume, and a wide range
of diversity indices (species, structural, and complex; Tab. 1) were calculated. Statistical analyses included ANOVA, Kruskal-Wallis tests, and
principal component analysis (PCA) to assess differences and relationships between production and diversity parameters.

Results showed significant differences (p < 0.05-0.001) among admixture variants for most parameters except mean DBH (Tab. 2). The high-
est mean stem volume occurred in the SM25:75BK variant, while stand height increased with spruce dominance. Tree density was greatest in
SM75:25BK and SM50:50BK variants, whereas the highest basal area was observed in the equal mixture variant (49.4 m* ha'). Mixed stands
had 54.1% higher stand volume (558 m?® ha') compared to monocultures (362 m® ha''), with the maximum in SM50:50BK variant (614 m® ha*).
Slenderness ratio was highest in spruce monocultures, while canopy cover and stand density were most favorable in mixed stands. Diversity
indices showed that mixtures, especially SM50:50BK variant, reached the highest values in species evenness, vertical structure, and overall stand
diversity (B 5.64; Tab. 3). Spruce monocultures exhibited the lowest overall diversity values (B 3.21) and a more homogeneous structure. PCA
confirmed that mixed stands were positively associated with higher basal area, stand volume, vertical structure, and overall diversity compared
to monocultures (Fig. 1). Among mixtures, the SM50:50BK variant consistently displayed the most balanced combination of high production
and structural diversity.

Mixed beech-spruce stands clearly outperformed monocultures in both production and structural and species diversity. The 50:50 mixture
achieved the highest stand volume, basal area, and overall diversity, highlighting the importance of species evenness (compared to species
richness). Mixed stands also showed superior spatial and vertical structure, supporting their greater stability and resilience under GCC. These
results support the promotion of mixed stands as an effective adaptive silvicultural strategy and not to limit the positive effect of mixtures (e.g.,
by reducing tree numbers to the level of monocultures), though broader long-term monitoring across site conditions is necessary for general-
ization.
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5.3. Tematicky okruh 2: Vliv klimatickych faktor(i a managementu na radialni
rist a dynamiku smiSenych lesu

5.3.1. Clének 3: Dynamics of mixed lowland forests in Central Bohemia over a 20-year
period
Citace: Vancura, K., Proklipkova, A., Bulusek, D., Simtnek, V., Hajek, V., Kralicek, 1. (2020).

Dynamics of mixed lowland forests in Central Bohemia over a 20-year period. Journal of Forest

Science, 66: 2: 49-62.

Abstrakt: SmiSené¢ lesy nizSich poloh ponechané samovolnému vyvoji predstavuji v
podminkach Ceské republiky velmi vzacny fenomén. Dlouhodobé sledovani lesti ponechanym
bez zéasahu je klicové pro pochopeni pfirozené¢ dynamiky lesnich ekosystémi. Vyzkum se
zaméfuje na vyvoj, produkéni charakteristiky, strukturdlni diferenciaci, druhovou diverzitu,
mnozstvi a charakter odumielého dfeva a také na radidlni rist hlavnich dievin (Fagus sylvatica
L., Fraxinus excelsior L., Acer platanoides L., Quercus petraea [Matt.] Liebl.). Pfedmétem
studie je Sest trvalych vyzkumnych ploch ve dvou typech smiSenych lesi — vapnomilné
dubobukové lesy (les vysoky a nizky) a kamenité javorobukové doubravy (les stiedni) — na
lokalité Doutna¢ v Narodni pfirodni rezervaci KarlStejn (412—433 m n. m.). Hodnoceni vychazi
z inventarizace realizované v letech 2002, 2008, 2014 a 2020. Opakovand méteni umoznila
sledovat vyvoj porosti v riznych fazich a stadiich po zavedeni bezzdsahového rezimu v roce
2004, a tim analyzovat reakce porosti, které byly v minulosti obhospodarovéany jako vysoky
les, les nizky a les stfedni. Vysledky ukazuji, Ze hustota stromi v porostech v prvnich dvou
inventarizacich mirné vzrostla (o 2—10 %), coZ odraZi prosperitu mladsich jedinct po zavedeni
bezzéasahového rezimu. V roce 2020 vSak byla zaznamenana redukce hustoty stromového patra
0 618 %, v disledku autoredukce vyplyvajici ze zvySené konkurence o zdroje a zhorSujicich
se klimatickych podminek. Vyvoj porostni zasoby se li$il v zavislosti na vychozim tvaru lesa:
zatimco u lesa vysokého pokracoval nariist zasoby v celém sledovaném obdobi, patezina i les
sdruzeny vykazovaly zfetelny narist pouze do roku 2014. Celkovéa zasoba se v roce 2020
pohybovala od 190 m?*/ha u pateziny az po 630 m3/ha u lesa vysokého, piic¢emz pramérny nartst
zasoby za 18 let ¢inil 28 %. Kruhova zakladna se zvysila mezi lety 2002-2020 o 21 % v lese
vysokém, o 17 % v lese sdruzeném a o 19 % v lese nizkém. Druhova a prostorova diverzita
stromového patra se v lese vysokém projevila mén€ rovnomérnou strukturou, zatimco porosty
vzniklé z pafeziny a sdruzeného lesa si zachovaly vyrazné heterogennéjsi strukturu a vyssi

druhovou pestrost. Objem odumielého dieva kontinudlné nariistal a v roce 2020 dosahl 18-35
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m?/ha, coz predstavuje dlouhodoby narast piiblizn¢ 1 m?3/ha/rok. Postupna akumulace
odumfelého dieva je nezbytnd pro biodiverzitu saproxylickych organisml a pro pfirozené
fungovani lesnich ekosystéml. Analyza radidlniho ristu identifikovala srazkovy deficit a
vysoké teploty ve vegetacni sezéné (Cerven—srpen) jako hlavni limitujici klimatické faktory,
pricemz pocet tzv. negativné¢ vyznamnych let vyrazné vzrostl v posledni dekad¢. Buk lesni se
ukdzal jako nejsenzitivnéjsi dfevina, s vyznamnymi redukcemi pfirGstu v suchych a teplych
periodach, zatimco jasan ztepily vykazal vyssi rezistenci. Javor mlé¢ byl z hlediska radidlniho
prirGstu nejstabilnéjsi dfevinou. Za poslednich 20 let doslo u dubu zimniho k néartstu radidlniho
rastu o 7 %, zatimco vétSina ostatnich dfevin zaznamenala pokles, nejvyraznéjsi propad byl
zaznamenan u buku (—38 %). Zavérem lze konstatovat, ze porosty historicky obhospodatované
jako les vysoky navzdory vysSimu produkénimu potencidlu a niz$i druhové diverzité
vykazovaly pomalejsi vyvojovou dynamiku. Naopak pateziny a les sdruzeny, charakterizované
vetsi strukturalni variabilitou, reagovaly na zavedeni bezzisahového rezimu rychlejSim
vyvojem. Tyto poznatky potvrzuji, ze ponechani lesit samovolnému vyvoji vede nejen k narastu
biodiverzity, ale i k vyrazné proméné produkcnich a ristovych parametrit v zavislosti na
ptedchozich péstebnich postupech a aktudlnich klimatickych pomérech.

Klic¢ova slova: uzemi ponechané samovolnému vyvoji; porostni struktura; dendrochronologie;

klimaticka zména; Doutnac
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Abstract: The paper deals with the effect of environmental factors and management on various mixed lowland forests
in the Mednik National Natural Monument, Czech Republic, over a 20-year period. The objectives were to evaluate the
structure, production, dynamics and radial growth in relation to climatic conditions in the mixed hornbeam-oak, herb-
-rich beech and spruce forest stands. The tree density decreased by 8.5% (to 120-1,364 trees-ha™!), while stand volume
increased by 28.0% (to 244-767 m*ha™!) from 1998 to 2018. Large-leaved lime (Zilia platyphyllos Scop.) and Norway
spruce (Picea abies /L./ Karst.) showed high variability and sensitivity to climatic factors in radial growth compared to
stability and resistance in sessile oak (Quercus petraea /Matt./ Liebl.) and European beech (Fagus sylvatica L.). April,
June and July were determined as the most significant months in relation to diameter increment. The synergism of pre-
cipitation deficit and high air temperature was a limiting factor of growth in the studied lowland area. The frequency of
negative pointer years with extremely low radial growth has been increasing recently. Generally, hornbeam-oak stands
are characterized by rich structure, high density and lower productivity, herb-rich beech stands represent rich structu-
red productive forests and spruce forests are very productive stands but with low ecological stability.

Keywords: protected area; stand structure; tree-ring dating; climate change; Czech Republic

The natural forest as an original biocoenosis
is the top of a natural ecosystem, the components
of which are in very long-term interaction (Prasa
1985). This type of forest represents the most ad-
vanced and complex climax community of the
study area of Central Bohemian Uplands, which
can arise here and keep up spontaneously in long
term (Vacek et al. 2018). However, it does not put
an end to forest dynamics, but it represents its
lasting continuation based on internal and exter-
nal influences leading to the general regularity
(Korpel 1995).

The principle of self-regulation is the basis of
the original forest development (Veblen 1992).
The original autochthonous and natural forests are
suitable model objects from this point of view (Kral
et al. 2015; Bilek et al. 2016). Natural forest com-
munities as complex living organisms at the high-
est hierarchical level have a prominent tendency to
homeostasis (Mayer, Ott 1991; Vacek 2003). This
capability relatively promptly responds to distur-
bance by creating specific conditions, characters
and other elements ensuring the existence of the
original natural forest or continually following with
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structure and ecosystem dynamics (Slanaf et al.
2017; Vacek et al. 2017a). However, the forest eco-
systems are influenced by climate change at present
(Pretzsch et al. 2014; Ponocn4 et al. 2018) and there
are still many uncertainties related to the effects of
these changes on forests. It concerns both the re-
gional and the continental level. This is mainly due
to the absence of long-term studies using similar
methodologies (Peters et al. 2015; Bosela et al. 2016;
Sharma et al. 2016, 2017). Nevertheless, it is per-
ceptible that climate change has an increased im-
pact on forests and poses a threat to the provision
of basic functions of forest ecosystems (Vacek et al.
2016, 2017b; Conte et al. 2018). Climate change has
a great influence on forest ecosystems in the short
term (Anderegg et al. 2016) and at the same time
on their long-term dynamics (Millar, Stephenson
2015). The negative influence of climate changes on
forest ecosystems (Bréda et al. 2006; Hanewinkel et
al. 2013) should be understood as a certain trend
which it will be necessary to adapt to in the future
(Beniston 2004; Kunz et al. 2018).

Climate change gravity has been on the rise in
recent years and forestry in Central Europe is fac-
ing several unprecedented events (Cater, Diaci
2017; Nagel et al. 2017). Of course, the tree growth
of European forests is limited by low temperatures
in northern areas and at higher altitudes and low
availability of water and drought in warmer low-
er regions and southern areas (Babst et al. 2013;
Primicia et al. 2015). Some of the most important
European tree species have already shown great
sensitivity to climate change (Cukor et al. 2019a;
Vacek et al. 2019a; Mikulenka et al. 2020). That
concerns particularly the Norway spruce (Picea
abies /L./ Karst.) because of its great vulnerabil-
ity to drought, which already distinctly threatens
it at present and even more negative effects are
pronounced for the future (Hanewinkel et al. 2013;
Zang et al. 2014; Cukor et al. 2019b). Consequen-
tial drought may also lead to significant changes
in the structure and species composition of for-
est stands (Fonti et al. 2006; Choat et al. 2012),
changes in competitive relations (Bittner et al.
2010), stability (Lloret et al. 2012), carbon seques-
tration (Adams et al. 2009; Cukor et al. 2017a) and
negative economic impacts on forestry in general
(Kunz et al. 2018). On the other hand, the rising
temperature and the reduction in rainfall are pre-
conditions for increasing the range of other tree
species (Urli et al. 2015). In addition, global warm-
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ing is conductive to an earlier start of the grow-
ing season and change in the tree species distri-
bution range (Matisons et al. 2013; Netsvetov et
al. 2017). Therefore a reliable assessment of forest
ecosystem productivity, including climate change
impacts and other severe effects as determining
factors is increasingly considered as crucial for
forest management planning and as a means for
climate change mitigation (Hanewinkel et al. 2013;
Hlasny et al. 2017). Thanks to this fact the decision
making on differentiated management methods in
specially protected areas on ecological approach,
to ensure their ecological stability and biodiversity
is a very difficult task. Any decision must always be
based on a detailed study and assessment of spe-
cific site and forest stand conditions, in particular
as regards the structure and development of model
forests on natural and close-to-nature areas (Bilek
et al. 2014; Vacek 2017).

The long-term objective of forest management in
specially protected areas is to maintain their sig-
nificant proportion under spontaneous develop-
ment (Gotmark 2007; Kralic¢ek et al. 2017). Subse-
quently, more diversified stands could be created
which are more resilient (Pretzsch et al. 2013; Seidl
et al. 2016) and which can provide a wide range
of ecosystem services (Gamfeldt et al. 2013; Mina
et al. 2018). Differences between various species
in tolerance to shadow, crown phenology, canopy
density and structure, depth of root system or di-
verse rhizomorph organisms may be associated
with increased productivity of these stands (Bras-
sard et al. 2013; Toigo et al. 2015). Moreover, mixed
and rich structured forests are more stable in terms
of environmental changes and they better resist to
disturbances (Vacek et al. 2019b, 2019c¢). The most
protected areas apply the specific management ori-
ented on the main theme. It is nature conservation,
which is maintaining and strengthening the most
northern population of Erythronium-dens canis in
Europe at this locality.

The objective of this paper is to assess the struc-
ture, production and dynamics of mixed horn-
beam-oak, herb-rich beech and spruce forests at
the Mednik National Natural Monument (NNM)
between 1998 and 2018 under the influence of cli-
mate change and contribute to one of the greatest
challenges of current forestry, which is preserva-
tion of stable, economically and environmentally
sustainable forest ecosystems. The basic hypothesis
was that hornbeam, oak and herb-rich beech for-
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Figure 1. Localization of a series of per-
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ests are significantly more stable than secondary
spruce stands forests and thus they can better resist
to climate change.

MATERIAL AND METHODS

Study area. The Mednik NNM is located on the
left bank of the Sdzava River valley midway between
Pikovice and Luka settlements, on the north and
northeast slopes of Maly Mednik at the altitude of
220-398 m a.s.l. (Figure 1). A reason for the protec-
tion of this territory since the 1930s has been the
conservation and expansion of Erythronium-dens
canis, a critically endangered species in the Czech
Republic (Holub, Prochdzka 2000) in this isolated
locality, the northernmost one of its European
occurrences. A further motive was the conserva-
tion of natural colluvial forests with a number of
protected and endangered flora and fauna species
on the area of 43.67 ha. The average annual tem-
perature at this locality is 8-9°C and annual pre-
cipitation varies around 550-600 mm (Tolasz et
al. 2007). Metabasics prevail in the bedrock with
the occurrence of granodiorites. The prevailing soil
type is represented by mesotrophic Cambisols and
Ranker Cambisols up to Rankers on steep slopes.

A lime-oak-hornbeam forest dominates in the
NNM, accounting for 63%. This is a coppice for-
est dominated by European hornbeam (Carpinus
betulus 1..) with admixed large-leaved lime (Tilia
platyphyllos Scop.), sessile oak (Quercus petraea
/Matt./ Liebl.) and European beech (Fagus syl-
vatica L.) and the following interspersed species:

sycamore maple (Acer pseudoplatanus L.), Norway
maple (Acer platanoides L.), field maple (Acer camp-
estre L.), Scots elm (Ulmus glabra Huds.) and wild
service tree (Sorbus torminalis /L./ Crantz). These
are communities (phytocoenoses) of the Carpin-
ion alliance Issler 1931 and Melampyro nemorosi-
Carpinetum plant association Passarge 1962 and
Stellario-Tilietum Moravec 1964. The herb-rich
beech stands are represented abundantly (30%)
with domination of beech and with admixed horn-
beam in the lower tree layer. Oak and silver birch
(Betula pendula Roth.) are interspersed scarcely.
They represent the Eu-Fagenion suballiance Ober-
dorfer 1957 and Dentario enneaphylli-Fagetum as-
sociation Oberdorfer ex W. et. A. Matuszkiewicz
1960. Relict spruce stands of the Sazava ecotype of
Norway spruce (Picea abies /L./ Karst.) belong to
the Piceion abietis alliance Pawlowski et al. 1928
and with admixed birch they are represented by 6%.
Summary of the PRP basic data is given in Table 1.

Data collection. A theodolite and FieldMap
technology (IFER) were used for the establishment
of 8 permanent research plots (PRP) of 50 x 50 m
in size for determining the stand structure in 1998
and 2008. Two PRPs (1A-1B) were situated in horn-
beam-oak stands, four PRPs (2A-2D) in herb-rich
beech stands and two PRPs (3A-3B) in secondary
spruce stands. The position of all individuals of
the tree layer with breast height diameter (DBH)
> 4 cm was measured. The height of the live crown
base and the crown diameter were also measured
in the tree layer, at least in 4 directions perpendicu-
lar to each other. Diameters of the tree layer were
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Table 1. Overview of basic characteristics of permanent research plots

D GPS Alglt;de ISZi)g)oon— Sl((:?e Astsi(())flia— Species Age Di?crnnjz)ter H(eling)ht (\I/;)gl‘l;r:iel)
1A-1B ﬁ%%%ég 300  NE 28 Carpinion i%fi’c QFF; ﬁfg” 75 18.6 155 246
2A-2D iii’?zzzllig 330 N 5 Fagion Fs,Cb,Qp,Bp 116 44.8 29.5 346
3A-3B ‘ﬁ:iig%ﬁ? 380  NE 8 1; ’Zf;:l’: Pa,Bp,Cb,Ps,Ld 98  37.7 31.9 458

Cb — Carpinus betulus, Tp — Tilia platyplhyllos, Qp — Quercus petraea, Ap — Acer pseudoplatanus, Apl — Acer platanoides,

Ac — Acer campestre, Fs — Fagus sylvatica, Ug — Ulmus glabra, Bp — Betula pendula, Pa — Picea abies, Ps — Pinus sylvestris,

Ld - Larich decidua

measured with a Mantax Blue metal calliper (Ha-
glof, Sweden) to the nearest 1 mm and heights were
measured using a Vertex laser hypsometer (Haglof,
Sweden) to the nearest 0.1 m.

Increment cores were randomly (RNG func-
tion in Excel) taken from 20-25 dominant and
co-dominant trees (with DBH > 25 cm) of all main
tree species (beech, lime, spruce and oak) on each
PRP series in spring 2018 using the Pressler au-
ger at breast height (130 cm) at right angles to the
axis of the stem, both uphill and downhill. Annual
ring widths were measured to the nearest 0.01 mm
under an Olympus binocular microscope on the
LINTAB measuring table and recorded with Tsap-
Win software (Rinntech).

Data analysis. The basic structure and produc-
tion characteristics of the tree layer were evalu-
ated by the SIBYLA 5 forest growth simulator (Fab-
rika, Durslq’r 2005). The tree volume was calculated
according to the volume equations published by
Petras, Pajtik (1991). Horizontal structure of stands
was evaluated according to the L-function (Ripley
1981) in PointPro 2 software (CULS). The relative
stand density index (SDI), the crown closure (CC)
and the crown projection area (CPA) were observed
for each plot.

Annual ring series were individually crossdated
using statistical tests in the PAST application (Knib-
be 2007) and subsequently subjected to visual in-
spection according to Yamaguchi (1991). If the miss-
ing ring was found, there was a ring with 0.01 mm
width put in its place. Age detrending was done in
ARSTAN software. The 30-year spline was applied
(Grissino-Mayer et al. 1992). Analysis of significant
negative pointer years was carried out according
to Schweingruber (1990). For each tree the pointer
year was tested as an extremely narrow tree-ring
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that does not reach 40% of the increment average
from the four preceding years. The occurrence of the
negative year was proved if such a strong reduction
in increment occurred at least in 20% of trees on the
PRP. Average annual ring series of PRP were corre-
lated with climate data (precipitation and tempera-
ture) of the Neumétely Station (322 m a.s.l.) of the
Czech Hydrometeorological Institute in the period
1960-2017. The DendroClim software (Biondi, Wai-
kul 2004) was used for the modelling of radial incre-
ment dependence on the climatic characteristics.

RESULTS

Dynamics and production of tree layer

In hornbeam-oak stands (PRP 1A-1B), the tree
density ranged from 1,268 to 1,512 trees-ha™! in
1998 (Table 2). During 20 years of study, the total
numbers decreased by 9%, while SDI increased by
15% to 0.74. The average basal area was 27.6 m*ha™!
in 1998 and this area increased by 21% during
20 years. The stand volume ranged between 171
and 178 m*ha™! in 1998, of which 50-61% was
hornbeam, 18-20% lime and 17-31% oak. During
20 years, the stand volume increased by 43-51%.
The mean annual increment increased from 2.7
(1998) to 3.2 m3ha~ly~! (2018). Of all PRPs the
highest number of trees with canopy and the low-
est stand volume with increment were observed on
PRP 1A and 1B.

In herb-rich beech stands (PRP 2A-2D), the
number of trees decreased during 20 years by 2.4 to
11.7% to 120-164 trees-ha~! in 2018 (Table 2). SDI
slightly changed from 0.42 in 1998 to 0.43 in 2018.
The average basal area was 26.4-31.1 m*ha! in
1998 and the area average increased by 7% during
20 years. The stand volume ranged between 419 and
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Table 2. Basic stand characteristics on permanent research plots (PRP) in 1998 and 2018

PRP Year 1?5)6 ]()c}fn}_)[ H (m) (tree]s\-[ha*) (mz}%lf;*l) (m3-‘lia*1) HDR (m3'}11)a/1\*11-y*1) (m3-11\1/[aﬁl-y*1) (C%C) ?hlz; SPI
1A 1998 64 15.6 13.74 1,512 29.0 178 88.1 4.8 2.78 99.4 5.14 0.68
2018 84 182 15.74 1,364 35.4 268 86.5 5.4 3.31 99.5 528 0.79
1B 1998 64 16.2 14.39 1,268 26.1 171 88.8 4.1 2.66 99.1 4.70 0.60
2018 84 184 16.06 1,160 31.0 244 87.3 4.7 3.04 99.2 481 0.68
2A 1998 106 52.5 31.57 144 31.1 545 60.1 6.6 5.14 82.6 175 0.44
2018 126 57.3 33.46 120 30.9 569 58.4 6.3 5.33 80.2 1.62 042
2B 1998 106 46.7 26.80 164 27.9 467 57.4 6.4 4.41 829 177 042
2018 125 50.4 28.41 148 29.4 524 56.4 5.5 4.71 81.3 1.68 043
2C 1998 104 44.9 27.19 168 26.4 419 60.6 6.5 4.03 80.6 1.64 0.39
2018 124 495 29.08 164 31.3 519 58.7 6.2 4.41 83.8 182 045
2D 1998 104 44.8 29.05 172 27.1 436 64.8 6.7 4.14 84.8 188 0.40
2018 124 49.1 30.98 152 28.7 498 63.1 6.2 4.55 81.8 1.70 0.41
3A 1998 88 34.2 30.22 484 44.6 571 88.4 11.5 6.48 69.2 1.18 0.66
2018 108 40.5 32.03 452 58.3 767 79.1 11.2 7.37 76.0 143 0.81
3B 1998 87 324 28.44 476 39.1 494 87.8 10.4 5.68 70.5 122 0.61
2018 107 38.4 30.19 464 53.8 699 78.6 10.7 6.60 785 154 0.78

Age — average stand age, DBH — mean quadratic breast height diameter, H — mean height, N — number of trees per hectare,

BA —basal area, V' — stand volume, HDR — height-to-diameter ratio (slenderness quotient), PAI — periodic annual increment;

MATI — mean annual increment, CC — canopy closure, CPA — crown projection area, SDI — stand density index

545 m3ha™! in 1998, of which 79-97% was beech
and 3-15% hornbeam. During 20 years, the stand
volume increased by 4-24%. The mean annual
increment increased by 7.5% to 4.8 m*ha-ly~!in
2018. Of all PRPs the lowest number of trees on
PRP 2A and/or the lowest height-to-diameter ratio
(HDR) on PRP 2B were recorded.

In secondary spruce stands (PRP 3A-3B), the
number of trees decreased by 2.6—6.6% to 452 to
464 trees-ha~! and SDI by 23-28% to 0.78-0.81 dur-
ing 20 years (Table 2). The average basal area was
39.1-44.6 m*ha~! in 1998 and this area increased
by 31-38% in 2018. The stand volume ranged be-
tween 494 and 571 m3ha ! in 1998, of which 83 to
97% was spruce. During 20 years, the stand volume
increased by 34—41%. The mean annual increment
increased from 6.1 (1998) to 7.0 m®>ha=1y~! (2018).
Overall, of all PRPs the highest stand volume
(767 m3-ha!) as well as MAI (7.4 m3*ha-1l.y~!) were
observed in 2018 on PRP 3A.

Structure of tree layer

The diameter frequency on PRP 1A and 1B shows
statistically visible left-skewed distribution, where
oak and lime dominated in overstorey and horn-
beam and rowan in understorey with other inter-

spersed tree species (Norway maple, sycamore,
field maple, beech, Scots elm). The diameter class
8-16 cm was the most commonly represented one
on PRP 1 (Figure 2). The diameter distribution of
herb-rich beech forest (PRP 2A-2D) was relatively
diverse. Beech and hornbeam dominated in the
largest diameter classes in the upper storey and in
the lower storey it was hornbeam and sparsely in-
terspersed oak and birch. The highest representa-
tion was found out in the diameter class 64+ cm
(Figure 2). The secondary spruce forest on PRP 3A
and 3B showed the Gaussian distribution of diame-
ter classes. Spruce dominated in the largest diame-
ter classes and in the top tree layer while hornbeam,
oak, Scots pine, European larch and birch were in-
terspersed in understorey. The greatest representa-
tion was revealed in the diameter classes 28—36 cm
on PRP 3 (Figure 2). In the course of the studied
20 years, a shift to larger diameter classes occurred
(Figure 3). On the other hand, a shift in the lowest
diameter class was sporadic (except for PRP 3) due
to game damage to natural regeneration.

In relation to horizontal structure, the tree layer
of hornbeam-oak stand (PRP 1A-2B) showed clus-
ter distribution of individual trees according to
their distance (spacing) up to 5—6 meters as shown
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Figure 2. Histogram of tree layer diameter structure on permanent research plots 1 (PRP 1A-1B), 2 (2A-2D) and 3 (3A-3B)

differentiated according to main tree species in 2018

by Ripley’s L-function. In the case of larger spac-
ing the trees were distributed randomly. Mostly
random distribution of the tree layer was found on
PRP 2A-2D, only on PRP 2B with the spacing up
to 3 m cluster aggregated horizontal structure was
analysed. Similarly, mostly random arrangement of
trees in spruce stands was on PRP 3A-3B. Trees
were distributed regularly only in the case of spac-
ing up to 4 m on PRP 3A and up to 3 m on PRP 3B.
A shift towards regular structure was observed on
all PRPs during 20 years.

Radial growth and effect of climate

The average tree-ring width was lowest in oak
(1.37 mm) and in spruce (1.54 mm), while the high-
est increment was in lime (1.75 mm) and beech
(1.62 mm; Table 3). The highest variability in growth
was observed in lime (0.87 SD), while the highest
stability in increment was in oak (0.42 SD). Similar-
ly, the most resistant tree species in relation to sig-
nificantly negative pointer years with extreme radial
growth were oak (1 year) and beech (2 years). Con-
versely, the most sensitive tree species in relation

to extreme climatic events were lime (6 years) and
spruce (5 years). Moreover, the frequency of signifi-
cant negative pointer years was increasing in 1960 to
2017. In the first part of the period, only 3 years were
observed, while it was 6 years in the second part.

The dynamics of radial growth showed a signifi-
cant decrease in all tree species in 2007 (Figure 4),
when the warmest year (9.4 °C, mean 7.8 °C) and
especially the warmest winter 2006/2007 (3.4 °C,
mean —0.9 °C) were observed in the studied period.
The significantly negative pointer year 2000 (for
spruce and lime) was characterized by extremely
high annual temperature (9.2 °C) and extremely hot
June and July (18.5 °C, mean 16.4 °C) were char-
acteristic of the year 2017. In lime, significantly
extremely low radial growth was observed in the
two driest years 1982 (361 mm, mean 590 mm) and
1976 (418 mm) in connection with late frost. Simi-
larly, the year 1990 with the historically driest June
and July (39 mm, mean 153 mm) caused a signifi-
cant decrease in radial growth of lime.

Climatic analyses in relation to radial growth
showed several significant (a = 0.05%; r = —0.42 to
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Figure 3. Dynamics of diameter structure of the tree layer on permanent research plots 1 (PRP 1A-1B), 2 (2A-2D) and 3

(3A-3B) in 1998 and 2018
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Table 3. Characteristics of tree-ring chronologies of main tree species and negative pointer years characterizing

extremely low radial growth in 1960-2017

Tree species Number of samples Mean(mm) SD Negative pointer years
Quercus petraea 20 1.37 0.42 2007

Fagus sylvatica 25 1.62 0.63 1998, 2007

Picea abies 24 1.54 0.70 1976, 2000, 2005, 2007, 2017
Tilia platyplhyllos 19 1.75 0.87 1982, 1989, 1990, 2000, 2007, 2017

0.33) months in 1960-2017 (Figure 5). The most
sensitive tree species lime (8 significant months)
was followed by spruce and beech (5 months),
while the lowest effect of climate was observed in
oak (4 months). Generally, the air temperature had
a higher effect on radial growth compared to pre-
cipitation. The effect of air temperature was mostly
negative in all tree species (except for October of
the previous year), while the effect of precipitation
was positive in all cases in the studied lowland area.
April and June were the most significant months
with respect to climate sensitivity of radial growth
as well as July and September of the previous year.

DISCUSSION

Tree density decreases by 8.5% to 120 to
1,364 trees-ha~! on studied PRPs during the period
1998-2018. The highest tree density was observed
in hornbeam-oak stands. These coppice forests
showed especially an increase of stocking, similarly
like in other localities in comparable conditions
(Paillet et al. 2010; Miillerova et al. 2015). Basal
area also showed a distinct increase during the

— Quercus petraea

Ring-width index

0.2

Fagus sylvatica

20 years — on average by 5.8 m>ha~!. The canopy
reaching 99% on the studied PRPs is usually in the
range of 85—-87% on the average forest sites (Paillet
et al. 2010; Pretzsch, Schiitze 2014), and it is usually
higher in mixed forests. In the course of 20 years
stand volume increased to 244—-699 m3ha!. The
lower stand volume was documented by Vacek et
al. (2018) in the Czech Karst (145-183 m3-ha!) and
Szymura et al. (2014) in the Polish coppice forests
(65—-370 m3ha!). The stand volume difference is
affected by past management that can persist even
more than 100 years (Paillet et al. 2010; Miillerova
et al. 2015).

In herb-rich beech stands the tree density was
lowest on all PRPs (146 trees-ha™!), which is given
by the specific site of the locality, which is intent on
a maximum size of Erythronium dens-canis popu-
lation in the most northern site of the European
distribution (Sddlo 2009). Erythronium dens-canis
needs enough light for successful development
(Guitian et al. 2002). Vacek et al. (2014) reported
higher tree density in beech forests in Eastern Bo-
hemia (188-656 trees-ha™!). The beech is the stron-
gest species in this locality from the competition

e Picea abies

e Tilia platyplhyllos
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Figure 4. Standardized ring-width chronologies of main tree species on permanent research plots after age detrending in

1960-2017
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Figure 5. The values of correlation coefficients of the standardized tree-ring chronology with monthly temperatures (upper
part) and precipitation (lower part) from April of the previous year (capital letters) to September of the current year (small
letters) for the period 1960—2017 for main tree species on permanent research plots; correlation coefficients with statisti-

cally significant values (a = 0.05) are displayed

point of view, which corresponds to its ecological
characteristics (Bosela et al. 2016). The dynamics of
basal area has dropped slightly to 28.7-31.3 m2ha1,

which are slightly lower values compared to Va-
cek et al. (2014) (30.1-44.8 m*ha™'). Stand volume
in the studied beech stand increased from 419 to
545 m3-ha~! to 498—569 m3-ha~! during the 20 years.
Similar results from comparable sites and stand
conditions (491-601 m*ha!) were obtained by Va-
cek et al. (2014).

In secondary spruce stands the number of
trees decreased by 4.6% to 458 trees-ha™! during the
20 years. On the other hand, the increase in stand
volume and in canopy was up to 41%. Conversely in
many parts of Europe, spruce stands are currently
very vulnerable to climate change, especially by
increasing temperatures, more frequent droughts
(Lévesque et al. 2013; Zang et al. 2014) and subse-
quently by bark beetle outbreaks (Hlasny, Tur¢ani
2013; Kolb et al. 2016), as well as sensitivity to other
types of biotic factors increased (Marini et al. 2017;
Mezei et al. 2017). Despite all the climate change
threats the studied stands have not yet been signifi-
cantly affected mainly due to specific microclimate
conditions with the availability of water in those lo-
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calities. Vacek et al. (2014, 2015a, 2015b) or Kolar
et al. (2015) presented similar results from certain
Sudetes sites.

In relation to the spatial pattern, the tree layer
of hornbeam-oak stands showed aggregated o ran-
dom distribution of trees. Mostly random horizon-
tal structure of the tree layer was found in herb-rich
beech forest stands. Mostly random distribution of
trees with tendency to the regular one was observed
in spruce stands. In general, the random distribu-
tion of trees is characteristic of the high forest of
optimum stage (Zahradnik et al. 2010; Ambroz et al.
2015) and, on the contrary, the aggregated pattern is
typical of stands in extreme localities (Bulusek et al.
2016) or of coppices (Vacek et al. 2018).

The growth of trees is affected by many envi-
ronmental factors, especially by silvicultural prac-
tices (Remes et al. 2015; Svec et al. 2015; Bilek et al.
2018; Stefanéik et al. 2018), fertilization (Vacek et
al. 2006; Cukor et al. 2017a, b; Vacek et al. 2019d)
and climatic factors (Krej¢i et al. 2013; Vacek et al.
2016; 2017c). Large-leaved lime showed the high-
est vulnerability to climatic factors in growth com-
pared to high resistance in sessile oak. Similarly,
the oak with beech showed low growth variabil-
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ity and small climate effect in scree forests in the
Broumov region (Vacek et al. 2019b). The lime was
negatively affected especially by droughts and high
air temperature, while the negative effect of tra-
cheomycosis was observed in oak. Colder and wet-
ter weather at the beginning of the growing season
is appropriate for an optimal radial increment of
oak in Central Europe (Kern et al. 2013; Cufar et
al. 2014). In addition, Urli et al. (2015) reported, as
regards the oak and climate change, that a suitable
change of precipitation and temperature increase
may be the driving force in the distribution of this
species. In beech, growth depressions have been
recorded in recent years that were caused by Cryp-
tococcus fagi, by late frost, and by drought like in
previous cases. Kréli¢ek et al. (2017) and Simtinek
et al. (2019) proved, in relation to beech growth,
the significant negative effect due to the damage of
crowns by icing and Cryptococcus fagi.

In secondary spruce stands a significant
negative effect of drought and high tempera-
tures was also observed, however the ecotype of
Sézava spruce maintains good production and is
relatively resistant to dry summer periods com-
pared to allochthonous populations. Spruce was
the most vulnerable tree species in Kozinek site
(430 m a.s.l.) in relation to climate (Vacek et al.
2019b). A considerable negative effect of drought
on spruce radial increment was confirmed by Bolte
et al. (2010) and Cukor et al. (2020), who observed
a decrease of spruce growth in the Orlické hory
Mts. Mikinen et al. (2001) similarly documented
that a pronounced decrease of spruce growth was
due to the negative correlation of summer tem-
peratures. The negative effect of temperature de-
creases with increasing altitude where the effect
of precipitation is diminished (Andreassen et al.
2006; Hauck et al. 2012).

Generally, the precipitation had a positive ef-
fect while the air temperature had a negative effect
on growth in the studied lowland area. Growing
season, especially July and September of the pre-
vious year and April and June of the current year,
were the most significant months in relation to
the effect of climate on radial growth like in other
studies (Mikinen et al. 2001; Putalov4 et al. 2019).
Currently, particularly a significant negative impact
of droughts and warming in recent years is evident
related to ongoing climate change, which repre-
sents a crucial issue in European forest ecosystems
(Cater, Diaci 2017; Vitali et al. 2018).

CONCLUSION

Forests of hornbeam-oak stands, herb-rich
beech stands and secondary spruce stands in the
Mednik NNM have been specifically managed
since 1930 for the occurrence of the protected
and critically endangered Erythronium dens-canis
population. The forest management applied for a
long time has largely influenced the structure and
diversity of stands, when these impacts were larg-
est in hornbeam-oak stands and smallest in spruce
stands. There is no need to engage in forest regener-
ation in the next decades because of enough stump
sprouts in the hornbeam-oak coppice. On the other
hand, it will be necessary to initiate the process of
their gradual controlled natural regeneration in
herb-rich beech stands and spruce stands in small
game-proof fences because of complete damage by
hoofed game browsing. In relation to climatic fac-
tors, large-leaved lime showed the highest vulner-
ability to climatic factors in growth compared to
high resistance in sessile oak and European beech.
Also, the local population of Sdzava Norway spruce
showed good adaptability to climate extremes com-
pared to allochthonous spruce populations. The
synergism of precipitation deficit and high air tem-
perature was a limiting factor of growth together
with extreme droughts, high air temperature and
late frost in the studied NNM. The frequency of
negative pointer years with extremely low radial
growth has been increasing during the time. Close-
to-nature small-scale silviculture together with
support of resistant tree species in mixed forests
represents necessary management measures for
adaptation to climate change and conservation of
these valuable forest ecosystems.
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5.3.2. Cldnek 4: Effect of Climate Change on the Growth of Endangered Scree Forests in
KrkonoSe National Park (Czech Republic)

Citace: H4jek, V., Vacek, S., Vacek, Z., Cukor, J., Simanek, V., Simkova, M., Prokiipkova,
A., Kralicek, 1., Bulusek, D. (2021): Effect of Climate Change on the Growth of Endangered
Scree Forests in Krkonose National Park (Czech Republic). Forests, 12: 1127.

Abstrakt: Sutové lesy patii k nejcitlivéjsim a ekologicky nejcennéj$im lesnim ekosystémim
sttedni Evropy. Jsou charakteristické vysokou heterogenitou mikrostanovist, extrémnimi
pudnimi poméry a vyskytem fady ohrozenych a reliktnich druhi rostlin i zivocichii. Jejich
stabilita je podminéna kiehkou rovnovdhou mezi klimatem, pidnimi vlastnostmi a strukturou
vegetace, coz z nich ¢ini ekosystémy mimotadné citlivé na probihajici klimatickou zménu.
Zejména piechod k c¢astéjsim epizoddm dlouhodobého sucha a zvySené teploté predstavuje
zasadni stresor pro stanovist¢ s melkymi, skeletovitymi rankery, které maji omezenou vodni
kapacitu a nizky reten¢ni potencial. V této studii byla hodnocena reakce péti zajmovych dievin
— buku lesniho (Fagus sylvatica L.), smrku ztepilého (Picea abies [L.] Karst.), javoru klenu
(Acer pseudoplatanus L.), jasanu ztepilého (Fraxinus excelsior L.) a jilmu horského (Ulmus
glabra Huds.) — na zmény klimatickych a imisnich podminek v sutovych lesich zédpadnich
Krkono$. Vyzkum probihal ve smiSenych porostech ve véku 105-157 let na stanovistich
z hlediska typologie odpovidajicich asociacim Aceri-Fagetum sylvaticae a Luzulo-Abietetum
albae v nadmotskych vyskach 590-700 m. Tyto lokality jsou typické mélkym rankerem na
rulovém podloZi, hlubokym zastinénim a proménlivym vodnim reZzimem, které zesiluji reakci
dfevin na klimatické extrémy. Na sedmi trvalych vyzkumnych plochach (TVP) o velikosti
50x50 m byly hodnoceny produkéni parametry, struktura a biodiverzita porostii a dale byl
analyzovan vztah radidlniho ristu (150 vyvrtll) na klimatické charakteristiky (mésicni teploty
a srazky) a imisni zat¢z (SO, NOy, ozonové expozice). Zasoba smiSenych porostll na
sledovanych TVP dosahovala 557-814 m?3/ha. Radialni rast buku a smrku rostoucich na
relativné ptiznivych stanovistich s hlub§im pidnim profilem a niz8i skeletovitosti se za
poslednich 20 let zvysil o 16,6-46,1 %. Oproti tomu u javoru klenu a jasanu, které¢ se nachazeji
na vyrazné extrémnéjSich pidnich podminkach, byl zaznamendn pokles radidlniho ristu o
12,5-14,6 %. Pro vSechny sledované dieviny se vSak projevil narast variability rastu (o 12,7—
29,5 %) a zvySeny pocet negativné vyznamnych let, coz ukazuje na Castéjsi vyskyt rastove
limitujicich klimatickych epizod s extrémnimi udéalostmi. Citlivost dievin vici klimatickym a
imisnim faktortim byla rozdilna: nejvyraznéji reagovaly smrk a buk, zatimco javor klen a jasan

projevily signifikantn¢ vyssi rezistenci. Spektralni analyza navic odhalila u smrku nejvyraznéjsi
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cyklické vykyvy, vcetné 12letého slunecniho cyklu, zatimco u jasanu nebyly identifikovany
zadné vyznamnéjsi periodicity ristové odezvy. Z hlediska limitujicich faktord rastu byly u
smrku urcujici suché a teplé epizody ve vegetacnim obdobi, zatimco u buku hraly kli¢ovou roli
piedevsim pozdni mrazy ovliviiujici fenologii a rané riistové faze spojené s tvorbou kambia.
Jednotlivé druhy tedy vykazuji diferencovanou ekologickou strategii odpovidajici stupni
extrémnosti stanoviste a specifickym projeviim probihajici globalni klimatické zmény. Ta se v
poslednich 60 letech projevila zejména naristem primérné teploty o 2,1 °C, zvySenou
variabilitou srazek a Casté¢jSim vyskytem extrémnich meteorologickych jevi, které spolecné
uréuji soucasnou i budouci dynamiku rastu sutovych lesii nejen v KrkonoS$ich, ale i1
v obdobnych stanovistnich podminkach ve stiedni Evropé.

Kli¢ova slova: smisen¢ lesy, dendrochronologie, struktura porostii, biodiverzita, Krkonose
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Abstract: Scree forests with large numbers of protected plants and wildlife are seriously threatened
by climate change due to more frequent drought episodes, which cause challenges for very stony,
shallow soils. The effect of environmental factors on the radial growth of five tree species—European
beech (Fagus sylvatica L.), Norway spruce (Picea abies (L.) Karst.), sycamore maple (Acer pseudoplatanus
L.), European ash (Fraxinus excelsior L.), and mountain elm (Ulmus glabra Huds.)—was studied in the
mixed stands (105-157 years) in the western Krkono$e Mountains (Czech Republic) concerning cli-
mate change. These are communities of maple to fir beechwoods (association Aceri-Fagetum sylvaticae
and Luzulo-Abietetum albae) on ranker soils at the altitude 590-700 m a.s.l. Production, structure, and
biodiversity were evaluated in seven permanent research plots and the relationships of the radial
growth (150 cores) to climatic parameters (precipitation, temperature, and extreme conditions) and
air pollution (SO, NOx, ozone exposure). The stand volume reached 557-814 m? ha—1 with high
production potential of spruce and ash. The radial growth of beech and spruce growing in relatively
favorable habitat conditions (deeper soil profile and less skeletal soils) has increased by 16.6%-46.1%
in the last 20 years. By contrast, for sycamore and ash growing in more extreme soil conditions, the
radial growth decreased by 12.5%-14.6%. However, growth variability increased (12.7%—29.5%) for
all tree species, as did the occurrence of negative pointer years (extremely low radial growth) in
the last two decades. The most sensitive tree species to climate and air pollution were spruce and
beech compared to the resilience of sycamore and ash. Spectral analysis recorded the largest cyclical
fluctuations (especially the 12-year solar cycle) in spruce, while ash did not show any significant cycle
processes. The limiting factors of growth were droughts with high temperatures in the vegetation
period for spruce and late frosts for beech. According to the degree of extreme habitat conditions,
individual tree species thus respond appropriately to advancing climate change, especially to an
increase in the mean temperature (by 2.1 °C), unevenness in precipitation, and occurrence of extreme
climate events in the last 60 years.

Keywords: mixed forests; dendrochronology; forest structure; biodiversity; rocky soils

1. Introduction

Forest management practices have a considerable impact on forest ecosystems, es-
pecially in the context of global climate change for adaptive and mitigation measures for
increasing stability of forests [1,2]. Lack of precipitation and, as a result, more frequent and
severe droughts will increasingly be a major risk to the growth, ecological stability, and
vitality of forest ecosystems during global climate change [3,4]. Higher air temperatures, in
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addition to the current decrease in precipitation during the vegetation period in Central and
Southern Europe in recent years, led to significant periods of summer drought, which often
have serious consequences for growth processes in natural and commercial forests [5,6].
At the same time, it is often a matter of maintaining the bare existence of forests due to
significantly increasing disturbances and the amount of salvage logging [7].

For the European Union, forests are important ecosystems filling other roles, specifi-
cally recreation and biodiversity, wood and non-wood (game, wild berries, mushrooms)
resources, and carbon sequestration [8,9]. The Member States of the European Union are
committed to maintain and protect their forests with a view to their sustainable devel-
opment and the sustainable fulfillment of ecological (soil protection, protection of water
resources, protection of landscape and nature), social and cultural (preservation of land-
scape and cultural heritage, recreational functions), and economic (renewable natural
resource, source of employment and income) functions [10,11].

Mixed forest mountain ecosystems consisting mainly of Norway spruce (Picea abies (L.)
Karst.), silver fir (Abies alba Mill.), and European beech (Fagus sylvatica L.) cover large areas
of European mountains [12]. However, due to the long history of forest management in
Europe, few primeval forest ecosystems in terms of their species, spatial, and age structure,
have been preserved [13]. Nowadays, the stands are often formed by spruce monocultures
with an even-aged structure [14], which are highly susceptible to disturbances due to
changing climate [15,16].

In many places, both research and silviculture are currently focused on the transfor-
mation of unmixed even-aged stands into mixed uneven-aged stands [17,18]. European
beech plays an increasingly important role [19,20] and the predicted warmer climate is
assumed to be suitable even for silver fir, which grew well during the warmer, Middle
Holocene period [21,22]. The growth of trees can then be positively influenced through the
mixing of species within the stand [23,24], which has also been shown in beech [25], and
partly in fir [26]. Other studies present the reduced sensitivity of woody plants in mixed
stands to global climate change [27,28].

Climate change, whether alone or synergistically with some non-climatic influences,
directly affects the dynamics of mountain forest ecosystems [29,30]. Therefore, demo-
graphic changes may occur in forest ecosystems and the boundaries of particular tree
species’ distribution may also change [31,32]. However, the dynamics of forest ecosystems
are also influenced by several other factors, such as forest management [33,34], mutual
species and interspecies interactions [35,36], air pollution including ozone exposure, sulfur
and nitrogen deposition [37-40], or introskeletal erosion [41]. Conversely, rising tempera-
tures can prolong the length of the growing season and thus have an impact on both plant
phenology and production [42,43], which can compensate for the reduced production due
to rising temperatures and drought stress [44,45].

Manifold interactions between factors that affect the growth of individual forest
species and entire forests stands require complex investigation of various habitats with
different species compositions. This will allow us to predict the impact of climate change
on forest ecosystems in Central Europe more accurately [46] and optimize the management
of given forest ecosystems accordingly [47,48]. Scree forests are among the specific stands
that grow mainly on steep slopes with outcrops of rocks or with significant solifluction, in
ravines, in the lower part of the slopes, and on the foot of the slopes with the accumulation
of boulders or other rubble material [49]. Scree forests usually consist of small stand areas
spread from the hills to mountainous locations; the upper limits reach altitudes of around
800-900 m [50,51]. Due to their hard-to-reach habitats, scree forests are one of our best-
preserved natural forests [34,52]. They are also among the most susceptible to intraskeletal
erosion [41,49] due to the increased mineralization of the holorganic horizons, in terms
of their shallow soil profiles, even in conditions of global climate change. Conservation
management of scree forests is often intervention-free, as they usually form small protected
areas and protection forests [53].
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In this study, we focused on mixed stands on shallow grounded rubble in the western
Krkono$e Mountains. Here, the key factor is slope erosion caused by the often-unstable
subsoil regarding the formation of the structure and dynamics of these scree forest stands.
Forests in these conditions are often left to spontaneous development due to frequent
disturbances, high biodiversity, and limited economic value, or their management is kept
to a minimum [54,55], such as in our area of interest. From the relatively specific conditions
of mountain mixed forests on very stony, shallow soils, this paper should also contribute
to the investigation of the endangered scree sites in the time of climate change. There is
only partial knowledge about the structure and biodiversity of scree and ravine forests in
specific environmental conditions, regarding the methods of their management [56,57].

The objective of this paper is to evaluate the effect of climate, air pollution, and other
environmental factors on the growth of mixed scree forests dominated by European beech
and Norway spruce with admixed sycamore maple (Acer pseudoplatanus L.), European ash
(Fraxinus excelsior L.), and mountain elm (Ulmus glabra Huds.). The partial objectives were
to determine (i) the production potential, stand structure (vertical, horizontal), and diversity
(species, structural, total), (ii) dynamics of the radial growth of the five investigated tree
species in relation to climate change, (iii) cycle processes of the radial growth of individual
tree species using spectral analysis, and (iv) the effect of climate factors (temperature,
precipitation, extremes, and changes), air pollution (concentrations of SOp, NOx, AOT40F),
and pests (insect, fungal pathogens) on the radial growth of individual tree species and the
differences between them.

2. Material and Methods
2.1. Study Site

The area of interest is shallow grounded rubble in the western Krkonose Mountains
(west of Harrachov) on the slopes near the Jizera Valley at an altitude of 590-700 m
(Figure 1). This area is part of the II and III nature protection zones of the Krkonose
National Park. These are richly structured mixed stands that belong to special-purpose
forests and are left to spontaneous development, or are managed by the selection and
shelterwood systems. Stands are most typically upland communities of maple and fir
beechwoods, wherein their natural composition, European beech had 40%, sycamore
maple 20%, silver fir 20%, Norway spruce 10%, and the rest consisted of European ash
and mountain elm. However, silver fir almost became extinct there due to the synergism
of the air pollution calamity (high concentrations of SO,) in the 1980s and 1990s and the
attack of the silver fir woolly aphid (Dreyfusia nordmannianae) in the tree layer [58]. These
are communities belonging mainly to the association Aceri-Fagetum sylvaticae, and also to
the association Luzulo-Abietetum albae.

The mean annual temperature of the locality is 4.9 °C (10.7 °C in the vegetation period)
and the annual total precipitation varies around 1200 mm (600 mm in the vegetation period),
with maxima in July (Figure 1). The length of the vegetation period is 122 days and Lang’s
rain factor is 245. The study area was qualified as a humid continental climate zone,
characterized by warm to hot, humid summers and cold to severely cold winters (Dfb) as
defined by the Koppen climate classification [59]. In terms of climate change, the average
annual temperature has increased by 2.1 °C over the last 58 years (1961-2019) and the total
annual precipitation has decreased by 15 mm, while fluctuations of monthly climatic data
increased in both cases, especially in the case of precipitation. When comparing climatic
extremes, 7 of the 10 warmest months were found in the last 15 years. Annual averages
of SO, concentrations during the air pollution disaster (in the 1970s and 1980s) ranged
120-410 pg m~3 and led to a significant decrease after 2000 to the current values of ca
4ug m 3 [60]. The NOx concentration currently averages around 8 ug m 3, and ozone
exposure (AOT40F) shows mean values of 27,000 ppb h—! [61].
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Figure 1. Location of permanent research plots 1-7 in mixed stands on scree sites in the western Krkonose Mountains and

the mean monthly climatic values in the period 1961-2019 (meteorological station Harrachov of Czech Hydrometeorological

Institute); the map was made in ArcGIS 10 software (Esri).

The geological basis consists mainly of quartzites and phyllites. The predominant
soil types are modal and cambic Rankers and ranker Cambisols. Depth and skeletality in
scree forests are quite variable in a mosaic arrangement with numerous rocky outcrops.
On very shallow soils (depth up to 30—40 cm) and most skeletal soils (skeleton content over
70%), there are mostly sycamore maple, ash, and elm. On relatively deeper (depth of soil
profile over 50 cm) and less skeletal soils (skeleton content up to 55%), European beech and
Norway spruce dominate.

A detailed overview of the basic site and stand data of permanent research plots
(PRPs) is given in Table 1. The forest stands usually consist of two to three tree layers,
with the age of the upper tree layer from 105 to 130 years. Given their management, the
studied stands were divided into two groups. PRPs 1, 2, 5, and 7 have been left to develop
spontaneously for more than 30 years, and PRPs 3, 4, and 6 are managed by near-natural
methods. It is mainly the local introduction of silver fir, the proportion of which was
reduced to a minimum during the air pollution disaster in the 1980s.

Table 1. Overview of basic site and stand characteristics of permanent research plots 1-7 in the western Krkonose Mountains

in 2020.
. . Age of Tree Stand
PRP GPS Al:::;de Exposition SI(?)pe FO’EFSt Slte Geology Soils Species Layers Volume
yp (Years) (m® ha-1)

50°44'57" N, Acereto-Fagetum . cambic

1 Bonaaa | 600 SwW 15 lpidosam phyllite R Pa, Fs, Ap, Ug 151/18 336

o044/ 59" _ :

2 ey 590 sw 17 Al E;l” Fagetu phyliite sambie o, Fs, Ap, Ug, Aa 121/18 489
50°45'03"” N, Acereto-Fagetum . ranker

3 15°04'40" E 620 SW 13 lapidosum phyllite Cambisols Pa, Fs, Ap, Aa 107/17 394
50°45'03" N, Acereto-Fagetum . modal

4 15°04/42" E 610 SW 15 lapidosum phyllite Rankers Pa, Fs, Ap, Fe 105/7 377

PR— Piceeto-Fagetum .
50 ey 680 sw 13 lapidosum quartzite S Pa, Fs, Ap 128/39/19 419
acidophilum

50°45'40" N, Piceeto-Fagetum . modal

6 15°04/34" E 700 SW 32 saxatile quartzite Rankers Pa, Fs, Ap, Fe 130/24 484

Piceeto-Fagetum

50°45'38" N, . . ranker

7 15°24'25" E 650 W 15 algﬁ;it;lsillt;nm quartzite Cambisols Pa, Fs, Ap, Ug 136/19 359

Notes: Pa—Norway spruce (Picea abies (L.) Karst.), Fs—European beech (Fagus sylvatica L.), Ap—sycamore maple (Acer pseudoplatanus L.),
Ug—mountain elm (Ulmus glabra Huds.), Fe—European ash (Fraxinus excelsior L.), Aa—silver fir (Abies alba Mill.).
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2.2. Data Collection

FieldMap technology (IFER-Monitoring and Mapping Solutions Ltd.) was used to
determine the structure of the tree layer of forest stands on seven PRPs with a size of
50 x 50 m (0.25 ha) in 2020. The position of all individuals of the tree layer with a diameter
at breast height over 4 cm was measured. The diameter limit was determined according to
Slanaf et al. [18], Bulusek et al. [36], Kral et al. [60], and other researches, where individuals
under 4 cm are included to natural regeneration. Tree heights, heights of the live crown
base, and crown projection area were also measured in the tree layer, in at least 4 directions
perpendicular to each other. Diameters of the tree layer were measured by a Mantax Blue
metal caliper (Haglof, Sweden) with an accuracy to 1 mm, and the heights were measured
using a Vertex laser hypsometer (Haglof, Sweden) with an accuracy to 0.1 m.

For dendrochronological analysis of the samples, increment cores were taken using a
Pressler auger perpendicular to the axis of the trunk at a height of 1.3 m above the ground.
Thirty core samples were randomly (RNG Excel function) taken from healthy predominant
and dominant trees (according to Kraft/1884/classification) of the five following tree
species: European beech, Norway spruce, sycamore maple, European ash, and mountain
elm. A total of 150 cores were taken for dendrochronology (135 cores were used for
analysis). Increment cores were measured with an Olympus microscope with a LINTAB
measuring table (Rinntech, Heidelberg, Germany). The measurement was performed with
an accuracy of 0.01 mm, and TSAP-Win software (Rinntech, Heidelberg, Germany) was
used to record the increment cores. Measurements were made from the bark towards
the core perpendicular to the center of the trunk so that each annual ring was measured
perpendicular to the trunk axis.

Data sets from meteorological stations and air pollution monitoring stations were
used to derive stress factors related to climate and air pollution. Available data from
the Desna-Sous station (772 m above sea level; GPS 50°47'23" N, 15°19’9" E), which is
approximately 6 km away from the monitored PRPs, was used to analyze the air pollution
situation according to SO, (1970-2012) and NOy (1994-2019) concentrations, and AOT40F
(1993-2019). Mean and maximum values of concentrations in g m~3 and ppb h~! and
their 95 quantiles were used for evaluation. Climate behavior in terms of temperature
and precipitation ratios was evaluated based on the data from the meteorological station
Harrachov from the years 1961-2019 (690 m above sea level; GPS 50°46/29” N, 15°25'39" E,
located about 3 km from the monitored PRPs). The development of temperature and
precipitation conditions was studied on the basis of data on mean annual temperature, tem-
perature in the vegetation period, temperature outside the vegetation period, temperature
in individual months, temperature variability, minima and maxima, and an annual sum of
precipitation, precipitation in the vegetation period, precipitation outside the vegetation
period, precipitation in individual months, precipitation variability, minima, and maxima.
The study area have been long-term monitored by various specialists in the fields, and
damage by other climatic factors (wind, late frost) and pests (bark beetles, Cryptococcus
fagisuga, Ophiostoma ulmi, Rhytisma acerinum) has been recorded.

2.3. Data Analysis

The basic structure, biodiversity, and production characteristics of the tree layer
were evaluated by the SIBYLA 5.1. software [62]. The stand volume was calculated ac-
cording to Petras and Pajtik [63]. The relative stand density index (SDI) [64], the crown
closure (CC) [65], and the crown projection area (CPA) were observed for each plot. The
maximum SDI value was derived from the model of the yield tables [66]. Slenderness
coefficient (height to diameter ratio—HDR) was evaluated as an indicator of static stand
stability [67,68] according to the following range: excellent (HDR < 82), good (83-92),
satisfactory (93-101), and dissatisfactory (>102) [69]. Species diversity was evaluated by
species richness [70], species heterogeneity [71], and species evenness [72]. In terms of
structure, horizontal structure [73], Arten-profile index [74], vertical diversity, crown dif-
ferentiation [75], and diameter and height differentiation [76] were calculated. Moreover,
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total stand diversity [75] was determined based on tree species diversity, diversity of verti-
cal structure, diversity of tree spatial distribution, and diversity of crown differentiation
(Table 2). For calculation of horizontal structure, the software PointPro 2.1 (CULS Prague,
Zahradnik) was used. The Monte Carlo technique was used to simulate random data sets.
For each investigated plot, 4000 simulations of the Poisson forest with the same stand
density as the investigated stand were performed. When the value of the aggregation index
exceeds the upper or lower limit of the random distribution interval (at significance 0.05),
the horizontal structure of trees is regular or aggregated [77].

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

Criterion Quantifiers Label Reference Evaluation
Richness D (Mi) [70] minimum D = 0, higher D = higher values
Species diversity Heterogeneity H’ (5i) [71] minimum H’ = 0, higher H" = higher values
Evenness E (Pii) [72] range 0-1; minimum E = 0, maximum E = 1
Horizontal structure Aggregation index R (C&Ei) [73] mean value R = 1; ag%rigla tion R <1; regularity
. ) . . range 0-1; balanced vertical structure A < 0.3;
Vertical structure Arten-profile index A (Pri) [74] selection forest A > 0.9
. . . low S < 0.3, medium S = 0.3-0.5, high
Vertical div. 5 J&DY (73] S = 0.5-0.7, very high diversity S > 0.7
Structure Diameter dif. TM; (Fi) [76] range 0-1; low TM < 0.3; very high
differentiation Height dif. TM;, (Fi) differentiation TM > 0.7
. . low K < 1.0, medium K = 1.0-1.5, high
Crown dif. K g&Di) (73] K = 1.5-2.0, very high differentiation K > 2.0
Complex diversity Stand diversity B (J&Di) [75] monotonous structure B < 4; uneven structure

B = 6-8; very diverse structure B > 9

Cross-dating the increment cores was performed in the CDendro program so that
the cross-correlation index was CC > 25 for each sample [78]. Dendrochronological data
were processed using R software [79] using the “dplr” package [80-82]. The detrending of
each tree was performed negatively by exponential detrending with an interleaved spline
of 1/3 of the age of each tree. This detrending removes the age trend while maintaining
low-frequency climate signals [83]. The EPS (expressed population signal) was calculated
for detrended data. The EPS represents the reliability of a chronology as a fraction of the
joint variance of the theoretical infinite tree population. The limit for using the data for
comparison against climatic data was a significant EPS limit so that EPS > 0.85 [80]. The
SNR (signal to noise ratio), which represents the signal strength of chronology, and R-bar
(inter-series correlations) [84] were also calculated. The first-order autocorrelation (Arl)
was also carried out. The EPS, SNR, R-bar, Arl were calculated by the instructions to
“dplr” [80] based on common dendrochronological theories [84,85].

The pointer years analysis of the relative growth change was carried out [86] to
determine changes in tree-rings. The pointer year is created by normalizing the tree-ring
series in a moving window with each year placed as a central point. The pointer years
reflect the number of standard deviations from the local mean of the average ring width of
the previous four years. The pointer years identify event years where pointer year > 0.75
standard deviation of the previous four years. The threshold on the percentage of trees
in a negative or positive event year was used for better clarity [87]. The pointer years or
mean annual growth deviation (in percentage) are distinguished for the most common
event-year class.

Spectral analyses for the detrended radial increment of each studied tree species
were performed with Statistica 13 software (StatSoft, Tulsa, OK, USA). The calculation
was performed with the “Single Fourier (Spectral) Analysis” function, using the output
“Periodogram” plot by Period”.

The average ring series from individual tree species were correlated with climatic data
(precipitation, temperature) and air pollution data (AOT40F, SO,, and NOy concentrations)
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in Statistica 13 software (StatSoft, Tulsa, OK, USA). DendroClim software [88] was used to
model the radial increment depending on the monthly climatic characteristics.

Unconstrained principal component analysis (PCA) in Canoco 5 [89] was used to
analyze the relationships between climate factors, air pollution load, and the radial growth
of tree species. 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, West Redlands, CA, USA).

3. Results
3.1. Stand Structure and Production

The number of live trees in the tree layer in 2020 ranged between 260 and 480 trees ha~!
(on average 328 trees ha~1); for stands left to spontaneous development, the average was
296 trees ha~!, and for managed stands, 372 trees ha~! (Table 3). The stand density index
ranged from 0.60 to 0.81 (on average 0.68). The canopy closure ranged from 76.6 to 97.4%.
Considering the rather extreme habitat, the stand production capacity was at a relatively
high level. The average basal area reached 46.2 m? ha~! for stands left to spontaneous devel-
opment and 45.8 m? ha~! for managed stands. The highest stand volume was 814 m3 ha~!
on PRP 7, and the smallest was 597 m® ha—! on PRP 3, where overhead release felling
was performed. In stands left to spontaneous development, the average stand volume
was 730 m3 ha~!, and in managed stands, it was lower by 17.9% (599 m3 ha_l). The mean
annual increment varies in the range of 4.28-6.06 m3 ha~! yr~!; for unmanaged stands,
it was 5.78 m® ha~! yr~!, and in managed stands, 4.81 m® ha~! yr~!. The slenderness
ratio—within the limits for the given habitat and stand conditions—showed excellent static
stability of these stands (HDR 62.6-74.2).

Table 3. Structural characteristics of tree layer on permanent research plots 1-7 in the western Krkonose Mountains in 2020.

PRP Age DBH h f v N BA A% HDR MAI CcC CPA SDI
(yr) (cm) (m) (m3) (trees ha™1) (m? ha1) (m?® ha~1) (m®ha=! yr1) (%) (haha™1)
1 151 43.7 32.3 0.516 2.504 276 414 691 74.2 4.58 84.0 3.18 0.63
2 121 39.7 28.1 0.498 1.860 344 42.6 640 71.8 5.29 88.9 3.43 0.68
3 107 41.5 24.8 0.524 1.755 340 45.8 597 60.4 5.58 76.6 2.16 0.60
4 105 36.0 243 0.541 1.338 480 489 642 62.6 4.57 97.4 2.51 0.80
5 128 46.0 33.1 0.464 2.554 304 50.5 776 72.0 6.06 92.1 3.31 0.70
6 130 43.0 21.8 0.594 1.881 296 42.8 557 66.1 4.28 95.6 223 0.66
7 136 49.6 33.2 0.488 3.132 260 50.1 814 71.3 5.99 94.0 3.12 0.71

Notes: Age—mean stand age, DBH—mean quadratic diameter at breast height, h—mean tree height, f—form factor, v—mean tree volume,
N—number of trees per hectare, BA—basal area, V—stand volume, HDR—height to diameter ratio (slenderness quotient), MAI—mean
annual increment, CC—canopy closure, CPA—crown projection area, SDI—stand density index.

The diameter distribution and relationship between DBH and height of the tree layer
are clearly shown in Figure 2. Three to four stories were measured in stands left to
spontaneous development and two to three levels in managed stands. The tree layers of all
PRPs were dominated by beech followed by spruce and maple. On PRP 1, 2, and 7, elm
was admixed, while it was ash on PRP 4 and 6. Fir was interspersed only on PRP 2 and
3. All tree species except the fir are represented in all stories. Only the fir is represented
in the lowest story. The diameter distribution on the left side is closer to the shape of the
Gaussian curve with the highest frequency of trees in diameter class 48-56 cm. The highest
tree was observed in the case of spruce (42.6 m) followed by beech (41.0 m), while it was
lowest in the case of sycamore (33.0 m) and ash (33.7 m).
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Figure 2. Frequency of diameter classes of tree layer and relationship between diameter at breast height and tree height
summary for all permanent research plots 1-7 in the western Krkonose Mountains in 2020; error bars indicate standard
error and R? coefficient of determination.

3.2. Tree Layer Biodiversity

In terms of species diversity, the species richness of the tree layer was low to medium,
as was species heterogeneity (Table 4). The species evenness ranged from medium to very
high. The horizontal structure of the tree layer was significantly (« = 0.05) aggregated on
PRP 1 and 7, on other PRPs, the spatial pattern was random with a prevailing tendency
to aggregated distribution of trees. According to the standardized A index, the vertical
structure of the tree layer was moderately diversified on most PRPs, only on PRP 6 was it
strongly diversified. However, the diversity of the vertical structure according to B index
was high on all PRPs except PRP 2, where it was medium. The diameter differentiation
was medium on all PRPs, and the height differentiation was low to medium. Crown
differentiation was medium on all PRPs. In terms of the total diversity of the tree layer,
uneven stand structure was observed on all PRPs, while diversity was higher by 1.3%
(B = 6.555) in unmanaged compared to managed stands (B = 6.469).

Table 4. Indices of tree layer biodiversity on permanent research plots 1-7 in the western Krkonose Mountains in 2020.

prp D H E R A S ™,y ™, K B
(Mi) (Si) (Pii) (C&Ei) (Pri) (J&Di) (Fi) (Fi) (J&Di) (J&Di)

1 0356 N\, 0332 N\, 069 — 0806* A 0457 \, 0780 A 0372 \, 0208 \,\, 1.620 — 6152 —
20392 N\, 0441 N\, 0631 — 0920 0474 N\, 0621  — 0407 N\, 0231 \,\, 1.194 \, 6954 —
3000172 N\N\(0.120  \,\,0399 N\, 1036 0314 \, 0848 0454 \, 0378 \, 2998 — 6073 —
4 0486 N\, 0426 \, 0708 ' 0982 0682 — 0864 0442 \, 0320 \, 1684 — 6848 —
5 0175 N\,\0295 \, 0980 ' 0.964 0655 — 0842 7 0403 N\, 0229 \,\, 1756 — 6845 —
6 0351 \, 0424 \, 0889 _ 1082 0732 0894 S 0461 N\, 0358 N\, 1756 — 6845 —
7 0360 N\, 0321 N\, 0673 — 0868* A 0571 — 0782 7 0330 N\, 0157 \,\, 1576 — 6268 —

Notes: D—species richness, H—species heterogeneity, E—species evenness, R—aggregation index, A—Arten-profile index, S—vertical
diversity, TMyq—index of diameter differentiation, TM,—index of height differentiation, K—crown differentiation, B—stand diversity index.

* statistically significant aggregated spatial pattern (« = 0.05) for horizontal structure (R index), arrows: \,\—low, \,—lo w-medium,

——medium, /—high,  "—very high value of diversity.

3.3. Dynamics of Radial Growth

The dendrochronological analyses show that Norway spruce (RW = 2.41 mm) reached
the largest average diameter increment (Table 5). Tree species such as mountain elm,
European ash, and sycamore maple had similar RW ranging from 1.96 to 2.09 mm. The
lowest diameter increment was recorded for European beech (RW = 1.43 mm). Comparing
the period 2010-2019 to 1990-2009, radial growth increased in spruce by 46.1% and in beech
by 20.6%, while it decreased in ash by 14.9% and sycamore by 12.5% (no changes in the
case of elm—~0.1%). On the other hand, the annual variability in growth increased in all tree
species, from 12.7% (in elm) to 29.5% (in ash) in the last 20 years. The oldest tree recorded
in the studied area was a 152-year-old beech. Other tree species showed a maximum age
from 120 to 145 years. Spruce reached higher autocorrelation values (Arl = 0.76) than
European beech (Arl = 0.68). However, other admixed and less represented tree species
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(elm, ash, and sycamore) showed higher autocorrelations (Arl = 0.80-0.85). The values
of the EPS results were sufficiently significant for spruce (EPS = 0.95), beech (EPS = 0.89),
elm (EPS = 0.86), and ash (EPS = 0.87); recording EPS values higher than 0.85. Sycamore
maple showed the lowest value of EPS (EPS = 0.65) due to the lower number of used core
samples.

Table 5. Overview of basic dendrochronological characteristics of tree species in the western Krkonose Mountains in 2020.

Species No. Age Min.—-Max. Mean RW Min.-Max. RW SD  Arl R-Bar EPS
(Cores) (yr) (mm) (mm)

Norway spruce 27 85-135 2.41 1.774-3.354 127 076 0.46 0.95

European beech 30 104-152 1.43 1.065-2.463 0.70 0.68 0.27 0.89

Mountain elm 26 84-145 1.98 1.124-3.264 128 0.85 0.24 0.86

European ash 28 84-120 2.09 1.497-3.623 1.11  0.80 0.26 0.87

Sycamore maple 24 80-134 1.96 1.173-2.530 117 0.82 0.19 0.65

Notes: No.—number of used core samples, Age—age of trees in diameter at breast height (130 cm), RW—tree ring width, SD—standard
deviation, Arl—first-order autocorrelation, R-bar—inter-series correlation, EPS—expressed population signal.

The standardized annual ring curves showed different courses of growth in tree
species from 1960 to 2019 (Figure 3). The largest fluctuations in the radial growth were in
spruce and elm, followed by beech compared to low variability in growth as in the case
of ash and sycamore. In spruce, the negative decrease of the radial growth in 1972 was
caused by a lack of precipitation (62% of precipitation of the long-term average 1961-2019)
until 1974. In the period from 1970 to 1985, the growth of spruce was negatively affected
by air pollution load. The effect of air pollution in synergism with winter drying in spruce
was most prominent in the years 1980-1984. In early spring 1995, due to a thick layer
of wet snow, some of the spruce trees were damaged by top breaks, and the following
year, 1996, was very cold (75% of the average), which influenced the decrease in the radial
growth. Long-term droughts in the vegetation period were recorded in 2006 (47% of the
average in June and July). The significantly declining radial growth in 2018-2019 was due
to a substantially reduced sum of precipitation (74% of the average) and high average
temperature (126% of the average) during both years, and especially in the vegetation
period.

In beech, the years with a high decrease in the radial growth were 1979, 1981, 2011, and
2016. On a smaller scale, European beech also reacted to air pollution in the RWI between
1979 and 1986. In the spring of 1979 and 1981, the assimilation apparatus was damaged
by late frosts. In 1985, there was a strong outbreak of beech scale (Cryptococcus fagisuga).
In 1995, beech crowns were severely damaged by rime, and in 1996, late frosts recurred.
Very strong damage to the beech assimilation apparatus occurred at the beginning of the
vegetation period in 2011, and milder in 2016. The sharply declining radial growth in
2016-2019 was the same in the case of spruce. For elm, in the period 1972-1974, there was
a weaker incidence of Ophiostoma ulmi, and in 1985-1995, there was a strong incidence of
Ophiostoma ulmi in synergism with increased air pollution. In 2004-2007 and 2009-2011,
Ophiostoma ulmi was recorded there again. In 2014, precipitation was significantly below
normal (74% of the long-term average). In ash, a decrease in the radial growth in 1996 was
caused by a very cold year in combination with damage to the assimilation apparatus by a
late frost, as in the case of beech. In sycamore, the reduced radial growth in 1993 and 1996
was caused by infestation with Rhytisma acerinum, and in 2011, there was damage to the
assimilation apparatus by late frosts.
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Figure 3. Standardized ring width chronologies of Norway spruce, European beech, mountain elm,
European ash, and sycamore maple in the western Krkonose Mountains in 1960-2019; black line
describes ring-width index, and grey line is standard error.

Relative changes in the growth of annual rings and negative pointer years are recorded
in Figure 4. The most stable fluctuations in the mean growth deviation are recorded for
spruce, where positive and negative growth periods alternate after four to seven years.
Spruce recorded two significantly negative years in 2018 and 2019. It is 2018 and 2019 that
are abnormally high in terms of temperature averages. The average temperature over the
last ten years is 6.5 °C, except in the years 2018 and 2019, it shows 7.3 and 7.2 °C, which
is almost 0.9 °C above normal. At the same time, in 2018 and 2019, the total precipitation
decreased. The average precipitation for the last 10 years was 1190 mm, but the years
2018 and 2019 show only 916 mm and 1008 mm. In contrast to the growth reactions of
spruce, beech showed a more positive average growth deviation, and only one significant
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negative year was recorded in 2011, caused by the aforementioned significant spring frosts,
which damaged beech sprouts. Pointer years of spruce and beech are easily visible from
the decline in growth in Figure 3. Other tree species (elm, ash, sycamore) do not indicate
any significant pointer years in growth.
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Figure 4. Pointer years (relative growth change) of Norway spruce, European beech, mountain elm, European ash, and
sycamore maple in the western Krkonose Mountains in 1960-2019; dark grey bars—significant pointer years with extremely
low radial growth; light grey bars—mean growth deviation.

3.4. Spectral Analysis in Radial Growth

Recurring processes in the radial growth of tree species are clearly characterized by
a single spectral analysis (Figure 5), which describes the repeated period and the relative
magnitude of individual cycles over the periodogram values. Norway spruce, the most
represented tree species, goes through the most prominent cycles reaching 1.2 periodogram
values. Mountain elm also had large cycles in radial growth (up to 0.6 periodogram values).
European beech indicated smaller cycles that reach up to 0.3 periodogram values. The
smallest cyclic processes in growth (periodogram values up to 0.1) were recorded for
European ash and sycamore maple. Spruce recorded 12, 20, and 60-year cycles in the radial
growth, beech, 7 and 20-year cycles, elm, 15-year cycles, and sycamore maple, 20-year
cycles. Ash did not show any significant cyclic processes in spectral analysis.

Spectral analysis recorded the largest cyclical fluctuations in spruce, while it was
also found that with a lower proportion of tree species, cyclical fluctuations in the radial
increment decreased. Across tree species, 7, 12, 20, and 60-year cycles in the radial increment
were recorded in ring widths.



Forests 2021, 12,1127 12 of 25

Norway spruce European beech
1.2 12
1.0 1.0
174 0
Q o
= =
g 0.8 g 0.8
E
g 06 © 06
g g
2 04 8 04}
4 &
- - ﬂ&/\/
0.0 0.0
0 5 10 15 20 25 30 35 40 45 50 55 60 65 0 5 10 15 20 25 30 35 40 45 50 55 60 65
Period Period
Mountain elm European ash
1.2 1.2
1.0 1.0
g
= =
S| 0.8 g 0.8
£
5 06 o 06
g g
S 04 S 04
& &
0.2 0.2
0.0 0.0 ooy o, 00000 o |
0 5 10 15 20 25 30 35 40 45 50 55 60 65 0 5 10 15 20 25 30 35 40 45 50 55 60 65
Period Period

Sycamore maple

Periodogram Values
o
o

0.2

oo MRene T~ o |

0 5 10 15 20 25 30 35 40 45 50 55 60 65
Period

Figure 5. Single spectral analysis of the indexed ring-width chronology of Norway spruce, European
beech, mountain elm, European ash, and sycamore maple in the western Krkonose Mountains in
1960-2019.

3.5. Effect of Climate on Radial Growth

The highest effect of climate factor (monthly temperature and precipitation) was
observed in European beech (10 significant months) followed by Norway spruce (8 months),
while the most climate-resistant tree species were European ash (3 months) and sycamore
maple (4 months; Figure 6). In beech, the temperature had only a positive effect and
precipitation only a negative effect on the radial growth. It was not so obvious for other
tree species. In spruce, the monthly climate factors in the previous year had a higher effect
on the radial growth compared to the current year, while there was no significant (p < 0.05)
effect of the previous year in the case of ash.



Forests 2021, 12, 1127

13 of 25

0.5 1 Norway spruce 0.5 European beech

0.3 .
o

-0.1 B III B N . I

-0.3

0.5 1 Mountain elm

0.3 A 03

ol ] o1 | ]
i aanane ,l, . N I | .
-0.3 -0.3

0.5 4 Sycamore maple

031 m Temperature

0.1 I H I O Precipitation

o H SR | N

-0.3

Figure 6. Coefficients of correlation in the regional residual index tree-ring chronology of Norway
spruce, European beech, mountain elm, European ash, and sycamore maple with monthly average
air temperature and the sum of precipitation from April of the previous year (capital letters) to
September of the current year (lower-case letters) in the western Krkonose Mountains in 1961-2019;
only statistically significant (p < 0.05) values are shown.

Generally, temperature had a higher effect on the radial growth compared to precipita-
tion in relation to individual months (Figure 6). The most significant months affecting the
radial growth were April and July in the current years. July was also the most important
month in the previous year. The highest negative correlation (r = —0.36) with the tempera-
ture was observed in the radial growth of ash in December of the previous year, or in July
of the current year (r = —0.35) in the case of precipitation.

3.6. Interaction between Climate, Air pollution, and Radial Growth of Tree Species

The results of PCA are presented in an ordination diagram showing relationships
among radial growth, climatic factors (temperature and precipitation), air pollution, and
tree species (Figure 7). The x-axis illustrates the concentrations of SO, and radial growth
of spruce, and the y-axis represents the temperature variability (standard deviation of
monthly data). The mean SO, concentration and mean temperature outside the vegetation
period were the highest explanatory variables concerning the radial growth of tree species,
while it was the lowest for the sum of precipitation outside the vegetation period and an
annual sum of precipitation. In terms of climatic factors, temperature had a higher effect
on the radial growth of the studied tree species compared to precipitation. The growth of
spruce and elm was the most sensitive tree species to climatic factors, while a low effect
was found for maple and ash.
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Figure 7. Ordination diagram showing results of the principal component analysis of relation-
ships between radial growth (ring-width index) of five tree species (Norway spruce, European
beech, mountain elm, European ash, and sycamore maple), climatic factors (Tem—temperature,
Pre—precipitation, Act—of the current year, Las—of the previous year, Ann—annual, Veg—in vege-
tation period, NonVeg—outside the vegetation period, VI-VII—in June and July, VarSD—monthly
variability by standard deviation), and air pollution load (5O2Mean—mean annual concentration
of SOy, SO2Max—maximum concentration of SO,) in the western Krkono$e Mountains; symbols e

indicate years of period 1970-2019.

According to individual tree species, the growth of beech is strongly affected by
temperatures: significant (p < 0.01) positive effect of the mean annual temperature in the
previous year and the mean temperature outside vegetation period of the current year
(Table 6). Similarly, a significant (p < 0.05) positive effect of the mean temperature in June
and July was observed in ash, while a significant (p < 0.05) negative effect of the mean
temperature outside the vegetation period was observed only in elm. In terms of climatic
variability, high differences in monthly values in temperature had a significant positive
effect on growth of (p < 0.01) ash and (p < 0.05) elm, and negative in (p < 0.05) ash in the
case of precipitation variability. No significant effect of cumulative climatic factors was
observed in maple and spruce; however, spruce was a sensitive tree species to air pollution
load. This tree species was significantly (p < 0.05-0.01) negatively correlated with mean
and max SO, concentrations, max NOx concentrations, and also with both ozone exposure
indicators. However, to a lesser extent, beech showed a significant (p < 0.05) negative effect
of the mean and max AOT40F and max NOx concentrations. Other tree species were not
influenced by air pollution load.
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Table 6. Correlation matrix describing interactions between the radial growth of Norway spruce, European beech, mountain

elm, European ash, and sycamore maple, as well as precipitation and temperature (1961-2019), and concentrations of SO,
(1970-2012), NOx (1994-2019), and AOT40F (1993-2019) in the western Krkono$e Mountains; significant correlations are
designated by * (p < 0.05) and ** (p < 0.01).

RWI PreAct PrelLas PreAct PreAct PreAct PreAct TemAct TemlLas TemAct
Ann Ann Veg VI-VII NonVeg VarSD Ann Ann Veg
Beech —0.07 —0.12 —0.07 —0.27* 0.10 —0.05 0.21 0.38 ** 0.12
Elm —0.05 0.19 0.11 0.03 —0.12 -0.21 —0.14 —0.09 —0.03
Ash —0.08 —0.05 —0.03 —0.10 0.02 —0.30* —0.02 —0.02 0.17
Maple 0.03 0.11 0.07 —0.09 —0.02 —0.09 0.05 —0.03 0.08
Spruce 0.04 0.14 0.12 0.14 —-0.10 —0.15 0.02 0.05 0.01
RWI TemAct TemAct TemAct SO, SO, NOx NOx AOT40F AOT40F
VI-VII NonVeg VarSD Mean Max Mean Max Mean Max
Beech 0.17 0.33 ** —0.13 —0.19 —0.18 —0.26 —0.43* —0.39 * —0.39 *
Elm 0.07 —0.26 * 0.28 * —0.11 —0.10 —0.07 —0.03 —0.16 —0.22
Ash 0.26 * —0.09 0.38 ** —0.18 0.04 —0.02 —0.05 0.21 —0.03
Maple 0.09 0.11 0.16 —0.10 —0.11 —0.01 —0.05 —0.20 —0.35
Spruce —0.08 0.03 —0.03 —0.43 ** —0.37 ** —0.31 —043 % —0.59 ** —0.59 **

Notes: Pre—precipitation, Tem—temperature, Act—of the current year, Las—of the previous year, Ann—annual, Veg—in vegetation period,
NonVeg—outside the vegetation period, VI-VII—in June and July, VarSD—monthly variability by standard deviation, SO, (NOx, AOT40F)
Mean—mean annual concentration of SO, (NOx, AOT40F), SO, (NOx, AOT40F) Max—maximum concentration of SO, (NOx, AOT40F).

4. Discussion
4.1. Stand Structure and Biodiversity

In the studied mixed forests, aged 105-151, the stand volume ranged from 597 to
814 m3 ha~!, whereas the mean stand volume was 730 m® ha~! in unmanaged stands
and 599 m3® ha=! in managed stands (—17.9%). A lower stand volume was observed in
mixed scree forests in the eastern (591-699 m® ha~!; aged 104-158 years) and middle parts
(145-195 m® ha~!; aged 83-107 years) of the Czech Republic [33,90]. Concerning the
connection of the stand volume and climate change, many researchers supported an
assumption that mixed forest stands provide higher timber production and more resistance
to increasing drought periods [61,91], whereas lack of precipitation was also a problem in
recent years in our study area. Conversely, comparing the total diversity of unmanaged
(B = 6.555) and managed (B = 6.469) forests, we have found no difference (+1.3%). Hajek
et al. [34] documented a significantly higher total diversity in a comparable site in the
Broumovsko Protected Area (B =7.088-11.277).

In terms of species diversity, the species richness and heterogeneity of the tree layer
was low to medium; however, the species evenness ranged from medium to very high in
study forest stands. The number of tree species ranged from three to five species per PRPs.
Hajek et al. [34] found a significantly higher species diversity in mixed scree forests and
counted from 5 to 13 tree species in lower altitudes. In terms of horizontal structure, the
distribution of the tree layer was significantly aggregated on two PRPs, whereas on other
PRPs, the spatial pattern was random with a prevailing tendency to aggregation. In natural
forests, trees are arranged randomly or in aggregates [92,93], while in managed forests, trees
are more regularly distributed [94,95]. Clustering of trees in natural forests can be caused
by an uneven distribution of resources (especially soil depth, skeletality, light availability),
interspecific competition, seed dispersal, or management and disturbance histories [96,97].
Even after many years since the end of stand management, the structure of forest stands
may retain some consequential characteristics from previous management methods [98,99],
as changes in stands caused by management lead to changes in interactions among trees
and within the forest structure [100,101]. Studies of stand structure in scree and ravine
forests have documented both random and aggregated tree arrangements [33,56]. Clustered
tree arrangements have been observed, especially in extreme, strongly skeletal, and shallow
soils [57], as in our case. A key factor in these forest stands is slope erosion caused by
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unstable debris beds [41]. For these reasons, most scree forests in the Krkonoge National
Park have been left to spontaneous development or managed by fine near-nature practices.

In our case, in the managed stands, the number of trees was higher by 25.7%
(372 trees ha~!) compared to stands both left to spontaneous development (296 trees ha™1)
and managed stands. For example, Heiri et al. [98] showed that the number of large trees
increased within a few decades since the end of management, but the total number of
trees had decreased. Burrascano et al. [102] found that the higher density of large live
trees and lower total tree density is conclusive in natural forests compared to mature
managed forests as in our case. The density of trees in scree forests is generally lower than
in the surrounding stands of a given altitudinal vegetation zone [54,103]. The lack of large
trees in managed forests is often compensated by the higher overall density of trees in the
stand [104,105], but this is not always the case [106,107].

4.2. Effect of Non-Climatic Factors to Radial Growth

On a European scale, the increased growth of forest ecosystems has been evident
since the 1970s, often attributed to rising temperatures combined with increased nitrogen
deposition and increasing CO, in the atmosphere [22,108]. On the other hand, other
researchers have shown a decrease in growth [109,110]. From our results, the increase in
growth was evident in Norway spruce (46.1%) and European beech (20.6%) in the last
20 years, but was not demonstrated in mountain elm (0.1%), sycamore maple (—12.5%),
and European ash (—14.9%), which grow prevailingly in the most extreme conditions of
shallow grounded rubble (with the largest skeletality and the shallowest soil profile). In the
Czech Republic, however, during this period, the increment of stands was also significantly
limited by several negative factors [39,58] including long-term droughts [111,112]. From
our results, the influence of negative factors on the radial growth of the studied tree species
was clearly visible.

In the Czech Republic, beech is negatively influenced by beech scale, which was
reported, e.g., from eastern Krkonose Mts. by Simtinek et al. [113] or from Orlické hory
Mts. [97]. Spruce is mostly infected by numerous insect pests (especially spruce bark
beetle, larch bud moth), hoofed game, and fungal pathogens [114,115]. It was similar in
our study, especially in the case of significant negative effects of SO,, NOy, and AOT40F
concentrations on the growth of spruce, which was the most sensitive tree species of
all of the studied samples. In sycamore, we proved the occurrence of only Rhytisma
acerinum. The same was true in the scree forests in the Broumov region [33]. In our study,
sycamore showed the highest stability in radial growth and resistance to adverse factors.
In ash, the situation is similar in the eastern Krkonose Mts., where fungal pathogens were
confirmed [116] as in our study area. Moreover, Ophiostoma ulmi was documented in
elm where the most significant damage occurred in the years 1985 to 1997, which is also
evidenced by the significantly reduced radial growth. A similar development was reported
from various parts of Europe [117,118].

Mina et al. [119] then showed that the growth of individual tree species in mixtures is
greater than in monocultures. In general, it can be said that mixed stands are also considered
to be more stable because the risk of their disturbance is distributed over a wider range
of species-specific properties [120,121]. Similar results regarding the positive effect of
mixing on growth were reported by Toigo et al. [26]. On the other hand, Nothdurft and
Engel [122] focused on individual trees in their research and do not share these conclusions.
Vannoppen et al. [108] then state that mixed beech and oak stands have a positive effect on
beech growth and, conversely, there is a negative effect on oak growth, which justifies the
differences in the ecological demands of the tree species. Forrester et al. [123] claim better
growth in mixed stands compared to monocultures by more efficient use of underground
resources rather than above-ground ones. In mixed stands, better decomposition of the
litter as well as the cycle of mineral nutrients may also be a positive factor [124,125].
The positive effects of mixing are enhanced by the ability of individual tree species to
create different root systems [126], as in our case—the root structures vary from superficial
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through substitute tap to tap roots. The variability of the radial growth of the studied tree
species corresponds in general to the type of root system and the character of soil conditions
on shallow grounded rubble. This thesis is supported by the results from monospecific
stands, where the variability of increment fluctuates considerably depending on different
habitat and stand ratios [58]. The positive effect of mixing on the growth depends heavily
on climatic and habitat conditions [127].

4.3. Effect of Climate to Radial Growth

Climatic factors showed considerable variability during the studied period. In the
beginning, the increment was influenced more by cold or frost damage and vice versa
at the end of the observed period by higher temperatures and lack of precipitation,
which is basically in line with climate dynamics. From the southern regions of Europe,
Begovi¢ et al. [46] offer a parallel in the positive relationship to summer precipitation
and the negative effect of summer temperature. Similar results were obtained by other
works [128,129] that deal with climate change. Zimmermann et al. [130], based on their anal-
ysis of the sensitivity of growth to climate, showed that both high summer temperatures
and low summer precipitation are among the main factors limiting growth. Our results
show a large variability affected by winter temperatures, although other studies have
shown a positive relationship between winter temperature and the increment [131,132].
Carrer et al. [133] showed a decreasing effect of maximum winter temperatures on the
radial growth from alpine to subtropical conditions in Italy.

The effects of climate change depend on the tree species [134]. Pretzsch et al. [135]
showed that spruce responds to drought by a more pronounced decrease in increment,
and significantly negative effects of high temperatures on spruce increment have also been
demonstrated [136]. In addition, beech can tolerate sporadic dry summers relatively well,
but once they repeat immediately, one after the other, its growth decreases significantly
as well [130]. From our results, this is especially evident in recent years (2017-2019),
which is in line with the results of Ols et al. [137]. In 1961-2010, the precipitation balance
in the individual decades was relatively balanced in our case. Contrary to this, in the
years 20102019, the average annual total precipitation decreased by 12%, but increased
during the vegetation period. At the same time, each decennium warmed by an average of
0.3-0.4 °C (for 1961-2019, it was a total of 1.8 °C).

In our study, the monthly climate factors in the previous year had a higher effect on
the radial growth in spruce and the current year in ash. Based upon long-term research,
Vitali et al. [138] confirmed a positive correlation of increment with summer precipitation at
lower altitudes. Conversely, their study does not present significant negative correlations
with summer temperatures at higher altitudes. At higher altitudes, on the other hand,
higher temperatures can have a positive effect on growth due to the earlier onset of cambial
activity and xylem cell differentiation [139,140]. It is generally accepted that the onset of
tree growth after winter rest is markedly sensitive to temperature [141,142]. Moreover,
severe frosts can cause a significant reduction in growth [131].

Individual species are affected differently by lack of precipitation, high temperatures,
or a combination of both, keeping in mind that they also have different growth reac-
tions [143]. In addition, growth reactions may be specific in site and species [144]. Based
on this, it is possible to explain the relatively significant differentiation of our results both
by the microhabitat conditions, the species composition, and the different types of root
systems. We observed the highest effect of climate factors in beech and spruce, while
relatively climate-resistant tree species were ash and sycamore. Tree species may also have
different growth responses in terms of their water management strategy, where isohydric
species such as spruce close their stomata immediately during drought to maintain a
consistent minimum water leaf potential—to prevent high water losses and disruption of
water balance in the plant [91]. However, this reaction can lead to reduced photosynthetic
activity and an overall reduction in growth [145,146]. On the other hand, anisohydric
species such as beech close their stomata slowly and thereby may be exposed to hydrologi-
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cal deficiency [147], although photosynthetic activity may continue [148]. In addition, at
higher temperatures, there are greater respiratory carbon losses, which lead to reduced
carbohydrate availability and may be the cause of reduced growth [149]. In general, trees
can handle high temperatures for some time if they have enough water resources to reduce
stress conditions [150].

Drought adaptation strategies of trees also differ by tree species [151]. It can lead
to better maintenance of osmoregulatory and hydrological functions [152]. Also, mixing
deciduous and non-deciduous tree species can lead to better growth, thanks to the diversi-
fication of environmental resources, which, eventually, can lead to reduced stress [153]. In
our case, for example, spruce can benefit from a greater transmission of light and water
through the crowns of other tree species in the spring and winter months, when deciduous
trees do not have leaves. Rotzer et al. [154] describe this profitable alliance between spruce
and beech. Last but not least, the different type of root system also contributes to increased
resource efficiency in stands [155]. Higher spring temperatures are also advantageous
for fir and beech due to the reduction in the occurrence of late frosts to which they are
sensitive [22,131] and the acceleration of cambial activity [156,157]. Mild winter conditions
can also contribute to improved growth [158]. Conversely, the correlation of growth and
precipitation at the middle and higher altitudes is usually not as significant as the correla-
tion of growth and temperature, especially in the vegetation period [133,159]. Generally,
the most significant months (relating to climatic factors) affecting the cambium formation
and growth of annual rings are June and July [160,161]. Similarly, we concluded that the
months of April and July were the most significant in our study.

In the radial growth, 12-year cycles were observed in Norway spruce. These 12-year
periods in radial growth may be caused by solar activity that repeats at 8 to 12-year
intervals [162]. These cyclical processes have been recorded in the eastern Krkonose
Mountains on European beech stands [7], and have also been confirmed for beech increment
in southern Italy [163]. Even Scots pine (Pinus sylvestris L.) in Russia has recorded these
11-year cycles in the annual growth [164,165].

Moreover, four to seven-year cycles were recorded for spruce, beech, and mountain
elm. We classify these cycles as the “Schwabe cycle”, which is the second harmonic
cycle of the sun [166]. These four to seven-year periods are associated with shorter-term
temperature and precipitation cycles [163], where, for example, eight-year cycles have been
recorded in Germany as most synchronous with vegetation phenology of beech [167].

Longer 20-year cycles were classified as the 22-year Hale cycle, which repeats through
meteorological indicators such as temperature and ozone concentration [168] or precipita-
tion [169]. This 22-year cycle has also been found in annual rings in eastern Russia [170]
or Slovakia [171]. Longer 60-year cycles in the spectral analysis of spruce and beech are
among the influences of the Gleissberg cycle, which is repeated from 70 to 100 years [168],
and this cycle is associated with global temperature changes [172].

5. Conclusions

The study of radial growth in mixed stands with dominant European beech, Norway
spruce, and admixed sycamore maple, European ash, and mountain elm on very stony
shallow soils in the Krkonose Mts. shows that individual tree species respond appropriately
to ongoing climate change (increase of temperature and fluctuation in precipitation). While
beech and spruce predominantly growing in more favorable habitat conditions (deeper soil
profile and less skeletal soils) have increased in the last two decades, the radial growth of
sycamore and ash growing in the most extreme soil conditions (very shallow and strongly
skeletal soils) decreased. This indicates that a more severe impaction of climate change on
forest stands in extreme habitats can be expected. Moreover, the occurrence of negative
pointer years with extremely low radial growth and growth variability has increased in the
last 20 years. On the other hand, the most vulnerable tree species to growth cyclicity, climate
factors, and air pollution load were spruce and beech compared to the resiliency in ash
and especially in sycamore. These durable tree species should be supported by silviculture
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practice on these endangered, specific habitats. Their significant stabilizing potential in the
most extreme soil conditions of shallow grounded rubble during global climate change is
very important. In these habitats and stand conditions, it is essential to fulfill the ecological
functions of the forest, especially the soil, climate, and water protection functions, which
are becoming more important due to climate change. These mixed scree forests should
be systematically maintained by adaptive forest management. These measures should
include the supporting of vital deep-rooted deciduous trees (beech, maple, and ash) during
sanitary silviculture interventions and the introduction of other native tree species (silver
fir, rowan, limes) to increase stand diversity, resilience and sustainability.
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5.3.3. Clének 5: Effects of environmental factors and management on dynamics of mixed
calcareous forests under climate change in Central European lowlands

Citace: Vandura, K., Simkova, M., Vacek Z., Vacek, S., Gallo, J., Sim@nek, V., Podrézsky, V.,
Stefantik, L., Héjek, V., Prokipkova A., Fuchs, Z., Kralicek, 1. (2022): Effects of environmental
factors and management on dynamics of mixed calcareous forests under climate change in

Central European lowlands. Dendrobiology, 87: 79—-100.

Abstrakt: Vyzkum chranénych uzemi poskytuje nezbytné poznatky o pfirozené struktuie,
dynamice a druhové diverzité lesnich ekosystému, které slouZzi jako klicova referencni baze pro
porozuméni dlouhodobym ekologickym procesiim v podminkach minimélniho antropogenniho
zasahu. Tyto poznatky jsou zasadni pro lesnickou praxi, protoZe umoziuji identifikovat postupy
podporujici stabilitu, odolnost a adaptabilni kapacitu lesd, a tim prispivaji k efektivnimu
planovani hospodatfeni v kontextu probihajici klimatické zmény. Tato prace se zabyva
komplexnim vyhodnocenim vlivu environmentalnich faktorG a historického lesnického
managementu na vyvoj smiSenych porostit v nizSich nadmotskych vyskach (300-380 m) v
Narodni piirodni pamatce Mednik v Ceské republice v pribshu dvacetiletého monitoringu
(1998-2018). NPR Mednik je vyznamna diky vyskytu vzacnych rostlinnych spoleCenstev,
pfirozenych lesnich porostii a kriticky ohroZzeného kandiku psiho zubu (Erythronium dens-
canis) v CR. Z ekologického hlediska slouzi jako kli¢ovy referenéni prostor pro studium
dlouhodobych zmén lesnich ekosystém, biodiverzity a klimatickych vlivii, ¢imz poskytuje
dilezité podklady pro ochranaisky management a vyzkum stability a adaptace nizinnych lesi.
Predmétem studia jsou tii trvalé vyzkumné plochy (TVP) o velikosti 50 x 50 m. Na jednotlivych
TVP se nachdzeji typologicky odli$né porosty — smiSené habrovo-dubové porosty, kvétnaté
buciny a ¢isté smréiny — jejichz vyvoj je sledovan z hlediska struktury, produk¢nich parametra,
dynamiky vyvoje a radialniho rastu dfevin. Cilem prace bylo nejen popsat zmény probihajici v
téchto porostech, ale také objasnit jejich pficiny a vazby na klimatické podminky, s dirazem na
interakce mezi teplotnimi extrémy, dostupnosti srazek a druhove specifické reakéni schopnosti
jednotlivych dievin. Vysledky ukazuji, ze hustota sledovanych porostii poklesla béhem
sledovaného obdobi o 8,5 % (na 120—1 364 stromti/ha). Kruhova zakladna vzrostla o 16 % (na
28,7 — 58,3 m*/ha), resp. zasoba porostu 0 28,0 % (na 244—767 m>/ha). Analyza radialniho riistu
prokézala vyrazné mezidruhové rozdily v citlivosti na klimatické faktory. Lipa velkolista (7ilia
platyphyllos Scop.) a smrk ztepily (Picea abies [L.] Karst.) vykazovaly vysokou variabilitu
reakce na klima, vCetn¢ zietelné citlivosti na obdobi sucha a teplotni extrémy. Naproti tomu

dub zimni (Quercus petraea [Matt.] Liebl.) a buk lesni (Fagus sylvatica L.) projevily vyssi
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stabilitu, rezistenci a nizkou amplitudu rastovych oscilaci. Statistické modely potvrdily, ze
zasadnimi mésici ovliviujicimi tloustkovy pfirtist jsou zejména duben, Cerven a Cervenec, tj.
obdobi kli¢ova pro kambidlni tvorbu a vyvoj asimilacniho aparatu i fotosyntézu. Za klicovy
limitujici faktor ristu v nizinnych podminkach se ukazala kombinace vyrazného srazkového
deficitu a vysokych teplot. Tento synergicky efekt se promitl do rostouci frekvence tzv.
negativn¢ vyznamnych let, charakterizovanych extrémné nizkym radidlnim piirtistem. Nartst
téchto let je signalem zhorSujicich se podminek pro rust stromti v kontextu probihajici
klimatické zmény. Z hlediska typologie vykazuji jednotlivé porosty odlisné ekologické a
produkéni charakteristiky: habrodubové porosty se vyznacuji komplexni strukturou, vysokou
hustotou a relativné nizsi produkei; kvétnaté buciny piedstavuji produktivni porosty s vysokou
strukturalni diverzitou; zatimco smrkové porosty maji vysokou produkci, avSak nizkou
ekologickou stabilitu a zvySenou citlivost vii¢i klimatickym extrémlm. Studie poskytuje cenné
podklady pro adaptivni management smiSenych nizinnych lesii, pficemz podtrhuje nutnost
promény hospodarskych postupti smérem k posileni druhové diverzity, prostorové heterogenity
a celkové resilience porostl. Vysledky mohou byt vyuzity jak v ochranafském managementu
chranénych tzemi, tak v $ir§im kontextu lesnického pldnovani a ve strategickych dokumentech
zamé&fenych na adaptaci lest na klimatickou zménu.

Kli¢ova slova: habrové doubravy; buciny; porostni struktura; diverzita; radidlni pfirtst;

Mednik
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Abstract: Mixed lowland forests reserved for natural succession are sparse in the Czech Republic. However,
their development provides essential insights into the natural processes of these forests and recommenda-
tions for forest management in a changing climate. The research describes the dynamics, productivity, struc-
ture, diversity, dead wood, and radial growth of hornbeam-oak groves and calcareous beech-dominated forests
in the Karlstejn National Nature Reserve (Czechia) based on inventory in 2002, 2008, 2014 and 2020. The
objective was to evaluate changes in differently managed stands (high forest, coppice with standards, and cop-
pice) after leaving the stands to spontaneous development in 2004. The tree density increased by 2-10% from
2002 to 2014 and decreased by 6-18% in 2020. In the high forest, an increase in the stand volume was ob-
served during the whole period, while in the coppice with standards and coppice, only until 2014. The stand
volume ranged from 190 (coppice) to 630 (high forest) m? ha™! in 2020 and increased by an average of 28%
over 18 years. Overall diversity of tree layer showed an uneven structure in the high forest and a substantially
diverse structure in the other variants. The deadwood volume has been steadily increasing (18-35 m?3 ha™!
in 2020), accumulating an average of 1 m? ha~! yr~!. A lack of precipitation and high temperatures from June
to August were the main limiting factors of the radial growth of tree species, while the number of negative
pointer years has increased in the last decade. European beech (Fagus sylvatica L.) was the most sensitive tree
species to climate compared to the resilient European ash (Fraxinus excelsior L.). The lowest fluctuations in
the diameter increment were recorded in Norway maple (Acer platanoides L.) and the highest in beech in the
temperature cycles of 7-15 years. Over the last 20 years, sessile oak [Quercus petraea (Matt.) Liebl.] showed an
increase in radial growth by 7%, while other tree species reported a decrease with a maximum in beech (by
—38%). The forest stands managed as high forest, characterized by a higher production potential and lower
diversity, had slower dynamics when compared to coppice with standards and coppice.

Keywords: hornbeam-oak groves, beech forests, stand structure, diversity, radial growth, Czech Republic
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Introduction

Over recent decades, forest management in Eu-
rope has increasingly moved towards the emulation
of the structure and dynamics of natural forests
(Heiri et al., 2009; Kuuluvainen et al., 2021). Low-
land forests reserved for natural succession can be
an important source of information for understand-
ing the natural processes that drive the successional
dynamics (Saniga et al., 2014; Vacek et al., 2019a).
A partial substitute for primary forests, which are
scarce and highly fragmented in Europe (Sabatini et
al., 2018), lowland forests have not been sufficiently
studied. Lowland forests of Central Europe are main-
ly composed of oak, lime, hornbeam, and chestnut
species. These forests are predominantly located in
the warmest and driest parts of the region, while
higher altitudes are covered by beech, spruce and
fir (Bohn & Neuhdiusl, 2000; Bertrand et al., 2011).
Their development reflects the local microclimatic
and edaphic conditions (Heiri et al., 2009; Vacek et
al., 2019b). Due to the long history of human set-
tlement in the region and an intense use of forest
resources, the forests in the area have been heavily
altered by firewood logging (Suchomel et al., 2012;
Pyttel et al., 2013), cattle grazing, or litter gathering
as routine practices throughout the whole of Europe
(Unrau et al., 2018). Being easily accessible, forests
in the Czech Republic were also intensively affected
in the past (Pr@isa, 1985; Vacek et al., 2019a).

Countless anthropogenic and natural events his-
torically influenced the structure of lowland forests.
Traditional coppice management methods managed
the thermophilic and hornbeam-oak groves in Cen-
tral Europe for a long time, by which a disintegrated
canopy closure of stands was maintained (Bradshaw
et al., 2003; Birks, 2005). Fires contributed to re-
ducing the canopy closure of oak stands (Kalis et al.,
2003). Although small in area — due to the historical
land use, forest management and competition from

https://orcid.org/0000-0002-8622-1482, e-mail: ivo.kralicek@uhk.cz

agriculture - the remaining unmanaged lowland for-
ests are part of protected areas where conservation is
often insufficient (Sabatini et al., 2018). Currently,
we observe an increasing interest in them (Rohner
et al., 2012; Svdtek & Matula, 2015), especially in
the context of the anticipated climatic changes (Kol-
strom et al., 2011; Thom et al., 2017).

Throughout history, the forest management ap-
proach has also changed tree species composition
and mixing (Heiri et al., 2009; Vacek et al., 2019b).
Mixed forests have been in the spotlight since the
early 1990s, when the fight against biodiversity
reduction gained importance (Bieng et al., 2013;
Suding et al., 2015). Compared to monocultures,
mixed stands are far more advantageous regarding
their ecological stability and resilience in the face of
global climate change (Steckel et al., 2020; Jourdan
et al., 2021). For example, mixing tree species gen-
erally reduces insect damage (Jactel & Brockerhoff,
2007). It has a positive impact on the provision of
ecosystem services (Gamfeldt et al., 2013). Moreo-
ver, the mixed stands can mitigate the effects of fu-
ture climate change on forest ecosystems (Bruckman
et al., 2011; Bieng et al., 2013; Vacek et al., 2021a),
explaining why the diversity of tree species and their
representation in forest stands are used as biodiver-
sity indicators (MCPFE, 2003).

Biodiversity can also be considerably affected by
the type of forest management, as the coppice man-
agement, assuming high heterogeneity of resources,
allows for plant species with different strategies of
coexistence (light-demanding and shade-tolerant
species), while plant species that prefer open habitats
absent in high forests (Miillerovd et al., 2014; Vacek
et al., 2019b). As the traditional forest management
methods are being abandoned, the canopy closure of
previously open forests gradually increases, leading
to taxonomic depletion and homogenization of forest
ecosystems (Hobi et al., 2015). Management can also
affect the occurrence of dead wood, of which quantity
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represents between 2% in managed forests and 30%
in unmanaged forests (Fridman & Walheim, 2000).
The deadwood has an extensive ecological role in for-
ests such as sustaining biodiversity (von Oheimb et
al.,, 2007), regulation of nutrient cycles (Kuehne et
al., 2008), providing a wide range of habitats for sap-
roxylic and fungi organisms (Lassauce et al., 2011;
Blaser et al., 2013), establishing of natural tree re-
generation (Sticha et al., 2010) or carbon sequestra-
tion (Tavankar et al., 2022).

The significant impacts of forest management
practices on forest ecosystems (Dieler et al., 2017)
are particularly substantial in relation to global cli-
mate change (Thuiller et al., 2008; Allen et al., 2010).
A decrease in precipitation results in more frequent
and severe droughts, that will increase the risk for
tree growth, ecological stability, and vitality of forest
ecosystems during global climate change (Kolstrom
et al., 2011; Alfaro-Sanchez et al., 2020; Gallo et
al.,, 2020). In many places, both research and silvi-
culture practice are currently focused on converting
even-aged pure stands into uneven-aged mixed ones
(Pretzsch & Schiitze, 2009). The growth of trees can
be positively affected by the mixing of species (Cha-
magne et al., 2017; Jactel et al., 2018; Pretzsch et al.,
2020), although it does not always apply (Vitali et
al.,, 2017). Similarly, climate change may not only
negatively affect forest stands but can also contrib-
ute to increased forest stands production (Koérner &
Basier, 2010; Pretzsch et al., 2018).

This paper aims to evaluate the dynamics, struc-
ture, tree species biodiversity, dead wood, and radi-
al growth of selected lowland forests (high forest,
14°E

12°E 16° E

coppice with standards, and coppice; location Dout-

nac in the Bohemian Karst Protected Landscape Area,

Czechia) which have been intentionally reserved for

natural succession since 2004 to allow research-

ers study natural processes. The studied location is
unique in Czechia to pursue the following scientific
issues:

— What changes have occurred in the stand struc-
ture (vertical, horizontal), tree species biodi-
versity, and deadwood occurrence over 18 years
(2002-2020)?

— What are the stand production and biodiversity
differences among individual forest types (high
forest, coppice with standards, and coppice)?

— How does the radial growth (1960-2020) of the
particular tree species differ regarding the effect
of growth cycles, environmental factors, and cli-
mate change?

Material and Methods

Study area

The studied Doutna¢ forest complex (the area of
67.64 ha), with six permanent research plots (PRPs),
is located in Central Bohemia, in the KarlStejn Na-
tional Nature Reserve (NNR), which is part of the
Bohemian Karst Protected Landscape Area (PLA) —
(Fig. 1). The first written data on forest management
in the vicinity of the Karlstejn Castle comes from
the first half of the 15 century (Cerny, 1949). Un-
til the mid-20" century, the studied Doutnd¢ forest
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Table 1. Overview of basic stand and site characteristics of permanent research plots 1-6 in the Doutna¢ location (based
on the Forest Management Plan, 2018; the age was updated for the year 2022)

Forest . Age Height DBH Stand volume Altitude Slope  Forest
PRP WGS 84 management Tree species (ygr )y« rrff) (cm) (m*ha ) (m) Exposure (05 site type

1 N 49°57'45" High forest  Fagus sylvatica 90 27 32 167 412 NE 6 3w
2 E 14°09'17" Quercus petraea 21 23 30

Carpinus betulus 16 16 18

Tilia cordata 23 26 29

Betula pendula 23 29 3

Sorbus torminalis 18 22 2

Total 21 25 249
3 N 49°57'32" Coppice with Quercus petraea 108 17 22 58 433 NE 2 2A
4 E 14°09'11"  standards  Tilia cordata 17 21 57

Carpinus betulus 15 16 18

Fagus sylvatica 20 24 22

Larix decidua 21 29 15

Betula pendula 19 23 2

Populus tremula 23 27 3

Total 19 23 175
5 N 49°5723"  Coppice  Tilia cordata 87 18 19 58 415 SE 17 2W
6 E 14°09'15" Carpinus betulus 16 15 42

Quercus petraea 17 19 37

Acer platanoides 18 18 5

Fraxinus excelsior 18 18 3

Total 17 18 145

Notes: 3W - limestone-calcareous oak-beech stand (Querceto-Fagetum calcarium), 2W - limestone-calcareous beech-oak stand (Fage-
to-Quercetum calcarium), 2A — stony-colluvial maple-beech-oak stand — (Aceri-Fageto-Quercetum lapidosum; Viewegh et al., 2003).

complex had been managed as coppice with stand-
ards with high intensity of logging in the stand, litter
raking, and cattle grazing. This intensive use finished
before World War II (Prsa, 1985). After the procla-
mation of the Karl$tejn National Nature Reserve in
1955, forest management was gradually reduced to
support the natural spatial, species, and age compo-
sition of the forest (Lozek et al., 2005). Current local
forests are mostly overmatured coppices, i.e., false
high forests with isolated standards of seed origin
(mostly oaks; Janik et al., 2008). The entire Doutna¢
forest complex was officially reserved for natural suc-
cession in 2004. However, no forest management has
been performed in the studied localities since 1986.
Doutné¢ is an elongated, north-south oriented
ridge, where the highest peak lies at an altitude of
433 m above sea level (Janik et al., 2008). The study
territory has typically warm, dry summers and cool,
dry winters with a narrow annual temperature range
(climate type Cfb) according to Képpen climate clas-
sification (Tolasz, 2007). The mean annual tempera-
ture of the location has been 8.6 °C (14.6 °C in the
growing season). The annual amount of precipitation
has varied around 540 mm (360 mm in the grow-
ing season) in the period of 1960-2020 (Neumétely
meteorological station). Maximum temperatures are
reached in July (18.2 °C) and precipitation in June
(75.3 mm), while the lowest in January (-1.0 °C) and
in February (26.3 mm; Fig. 1). The average duration
of the growing season is 165 days. In the climate
change context, the average annual temperature has
increased by 2.2 °C over the last 60 years (1960-
2020), and the annual amount of precipitation has

decreased by 16 mm, while fluctuations (standard
deviation) of monthly climatic data during the year
increased in both variables during the observed
period.

The geological bedrock is predominantly formed
by grey to red limestones. Predominating soils in-
clude the rendzinas, brown forest soils, and cambi-
sols (Samonil, 2007). It is a group of oak groves in
the oak to oak-beech vegetation zone (Janik et al.,
2008). In the lower altitudes, there are maple for-
ests (Tilio-Acerion forests) with sycamore maple (Acer
pseudoplatanus L.) and field maple (Acer campestre L.).
Along the southern slope, the western and eastern
slopes, they gradually change into mixed European
hornbeam (Carpinus betulus L.) and sessile oak [Quer-
cus petraea (Matt.) Liebl.] forests (Melampyro Nemoro-
si-Carpinetum). Towards the north, the representation
of European beech (Fagus sylvatica L.) is increasing,
and the calcareous beech forests (Cephalanthero-fa-
getum) dominate in the north. The forest-steppe on
the southern slope is bordered by a downy oak for-
est (Lathyro versicoloris-quercetum pubescentis) — (Prtsa,
1985; Janik et al., 2008). An overview of primary
data of PRPs 1-6 on the Doutndc location is present-
ed in Table 1.

Data collection

In 2002, six PRPs were established in size
50 x 50 m (0.25 ha) — two PRPs for each type of
forest management: high forest (PRPs 1-2), coppice
with standards (PRPs 3-4), and coppice (PRPs 5-6).
The structure of the tree layer was measured using
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a theodolite in 2002 and the FieldMap technology
(IFER, CR) in 2008, 2014, and 2020. All measure-
ments of the tree layer included the following param-
eters: the diameter at breast height (dbh) with an
accuracy of 1 mm, the position of all individuals with
dbh > 4 cm measured by a Mapstar compass and la-
ser range-finger ForestPro (Laser Technology), total
height and the live crown base height using a Vertex
laser hypsometer (Haglof, Sweden) with an accuracy
of 0.1 m, and tree-crown projection area at least in
4 cardinal directions. Deadwood (diameter > 7 cm,
length > 1 m) was determined by position, parame-
ters, tree species, and degree of decomposition [five
degrees scale according to Spetich et al. (2002); 1 -
stem undisturbed by decomposition, 5 — final disin-
tegration phase]. For logs, the length and diameter of
the butt, the small end and the middle section were
measured, whereas dbh and the height for snags and
the height and the diameter for stumps were meas-
ured. Only deadwood originating from the PRPs was
evaluated (Vacek et al., 2015).

For a dendrochronological analysis of the sam-
ples, cores were taken using a Pressler auger (Haglof
Sweden) perpendicularly to the axis of the trunk at
the height of 1.3 m above the ground. One core sam-
ple was taken from each selected tree in direction
up-down the slope in November 2020. Healthy pre-
dominant and dominant trees were randomly (RNG
function, Excel) chosen on PRPs as the significant
growth response to environmental factors and man-
agement (compared to intermediate and suppressed
trees; Remes et al., 2015). Thirty core samples were
extracted from the following five major tree species
in all PRPs: European beech, sessile oak, small-
leaved lime (Tilia cordata Mill.), Norway maple, and
European ash (Fraxinus excelsior L.). Only up to 15
core samples were taken from admixed European
hornbeam, European larch (Larix decidua Mill.), and
wild service tree [Sorbus torminalis (L.) Grantz] due
to insufficient numbers of trees. The increment cores
were measured using an Olympus microscope with
a LINTAB measuring table (Rinntech, Heidelberg,
Germany). The measurement was performed with an

accuracy of 0.01 mm. TSAP-Win software (Rinntech,
Heidelberg, Germany) was employed to record the
increment cores.

Data analysis

The stand volume was calculated according to
Petrd$ & Pajtik (1991). Deadwood volume was esti-
mated according to the methodology of Harmon et al.
(1986). Newton’s formula was used for logs, whereas
for dead standing trees, volume tables of Lesprojekt
Ltd. where the volume of snags and stumps is cal-
culated from the dbh or diameter and height (Vacek
et al., 2015). The relative stand density index (SDI;
Reineke, 1933), the crown closure (CC; Crookston &
Stage, 1999), and the crown projection area (CPA)
were assessed for each plot.

Species diversity was evaluated by species rich-
ness (Margalef, 1958), species heterogeneity (Shan-
non, 1948) and species evenness (Pielou, 1975). In
terms of structure, horizontal structure (Clark & Ev-
ans, 1954), vertical structure (Pretzsch, 2006) and
diameter and height differentiation were calculated
(Fiildner, 1995). Moreover, total stand diversity was
determined based on tree species diversity, vertical
structure, spatial tree distribution, and crown dif-
ferentiation (Jaehne & Dohrenbusch, 1997). De-
tailed information about the used indices is listed in
Table 2.

Dendrochronological data were analyzed in R
software (R Core Team, USA) using the packages
“dplR” (Zang et al., 2020) and “pointRes” (van der
Maaten-Theunissen et al., 2021). Age detrending of
each measured sample was carried out by negative
exponential detrending with a spline of 1/3 of the
age of each tree using “dplR” instructions. The ex-
pressed population signal (EPS) was calculated for
the detrended data series. The comparison limit for
using the dendrochronological data series related
to the climatic data was a significant EPS thresh-
old to be EPS > 0.85. The signal to noise ratio
(SNR), the inter-series correlations (R-bar) and the
first-order autocorrelation (Arl) were calculated for

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

Criterion Quantifiers Label Reference Evaluation

Species diversity Richness D (Mi)  Margalef (1958) minimum D = 0, higher D = higher values
Heterogeneity H’ (Si) Shannon (1948) minimum H” = 0, higher H” = higher values
Evenness E (Pii) Pielou (1975) range 0-1; minimum E = 0, maximum E = 1

Horizontal structure Aggregation R (C&Ei) Clark & Evans  mean value R = 1; aggregation R < 1; regularity R > 1
index (1954)

Vertical structure Arten-profile A (Pri) Pretzsch (2006) range 0-1; balanced vertical structure A < 0.3; selection
index forest A > 0.9

Structure differen-  Diameter dif. TM, (Fi)  Fiildner (1995) range 0-1; low TM < 0.3; very high differentiation TM > 0.7

tiation Height dif. ™, (Fi)

Complex diversity ~ Stand diversity

B (J&Di) Jaehne & Dohren-
busch (1997)

monotonous structure B < 4; uneven structure B = 6-38;
very diverse structure B > 9
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dendrochronological data series (Fritts, 1976). The
EPS, SNR, R-bar, Arl were calculated by the instruc-
tions to “dplR” based on standard dendrochronolog-
ical models (Fritts, 1976).

The analysis of pointer years through relative
growth change was carried out (Schweingruber et al.,
1990) to determine changes in tree-rings. A pointer
year is created by normalizing the tree-ring series in
a moving window with each year placed as a central
point. Pointer years reflect the number of standard
deviations from the local mean of the average ring
width of the previous four years. Pointer years iden-
tify event years where a pointer year > 0.75 standard
deviations of the previous four years. The threshold
on the percentage of trees in a negative or positive
event year was used for better clarity (Neuwirth et
al., 2007).

Spectral analyses for the detrended radial incre-
ment of each studied tree species were performed
with Statistica 13 software (TIBCO, USA). The
calculation was performed with the “Single Furier
(Spectral) Analysis” function, using the output “Per-
iodogram plot by Period”. In this software, dendro-
chronological data series of individual tree species
were correlated with monthly precipitation and air
temperature data from April of the previous year to
September of the current year. The average tree-ring
series for main tree species were correlated with cli-
matic data (monthly precipitation, temperatures in
1960-2020) from the nearby Czech Hydrometeoro-
logical Institute Neumétely station (322 m a.s.l., GPS
49°51'14"N, 14°2'15"E).

Unconstrained principal component analysis
(PCA) in Canoco 5 (Smilauer & Leps, 2014) was
used to analyse the relationships between dynamics,
structure, production, diversity and management of
studied forest stands. Data were log-transformed,

centred and standardized before the analysis. The
situation map was created in ArcGIS 10.8 software
(Esri, USA).

Results

Stand structure, production, and
dynamics

We observed the highest values for mean diame-
ter in the high-forest plots (32.6-37.7 cm; Table 3).
With 14.0-16.7 cm in coppice and 19.1-21.5 cm in
coppice with standards, these values were consider-
ably lower in the other stands. We noted a similar
trend for mean height. The lowest number of trees
was on the PRPs 1-2 (high forest), while it was 4.8
times higher on the PRPs 5-6 (coppice). The number
of living trees increased from 360-1992 trees ha=! in
2002 to 368-2160 trees ha™! (by 2-10.3%) in 2014,
and subsequently, tree numbers decreased to 348-
1672 trees ha™! (by 5.5-17.9%) in 2020 on individual
PRPs (not variants). Similar dynamics were recorded
in the case of the density indices (SDI, CPA, and CC).
The stand density index ranged from 0.54 to 0.78 in
2002. It showed an increase (0.61-0.97) until 2014
to be followed by a decrease (0.68-0.95), except for
the high forest (PRPs 1 and 2).

The average stand basal area in the observed peri-
od increased on all plots. In contrast, it was the high-
est in the high forest (41.4 m? ha-!) and the lowest
in the coppice with standards in 2020 (33.5 m*ha™;
Table 3). During the 12-year study, the stand volume
changed from 456 to 590 m® ha~! (+ 29%), from 218
to 258 m?® ha™! (+18%), from 153 to 210 m? ha™!
(+37%) in the high forest (PRPs 1-2), the coppice
with standards (PRPs 3-4) and the coppice (PRPs

Table 3. Overview of stand characteristics in high forest (PRPs 1-2), coppice with standards (PRPs 3-4), and coppice
(PRPs 5-6) in the Doutnd¢ location in 2002, 2008, 2014, and 2020; the table shows the average values for the two
plots; an increase in the values during dynamics is highlighted in grey

A h h h BA MAI PA

PRP Year (y%‘; (c};;) @ 0 @) (e ha) (m3\},1a4) (treei\lha”) HDR (3 a1 yry (hf hay CC SDI

12 2002 84 326 27.1 326 1160 327 456 304 831 5.47 255 092 057
2008 90 33.6 272 328 1255 351 500 398 811 5.60 280 093 0.61
2014 95 350 275 33.6 1385 387 558 404 785 5.88 317 096 0.66
2020 99 377 27.9 356 1585  41.4 590 372 742 5.96 313 096 0.68

34 2002 86 19.1 148 220 0230  27.8 218 990  77.8 2.53 330 096 0.59
2008 92 195 147 230 0240 300 239 1,027 758 2.60 3.74 097 0.64
2014 97 201 147 240 0265 337 276 1,082 734 2.84 434 098 0.71
2020 100 215 138 22.4 0280 335 258 930  63.0 2.58 426 099 0.69

56 2002 71 140 116 160 0080  28.7 153 1,870 828 2.15 407 097 0.73
2008 77 147 11.6 165 0090  32.8 175 1,944 792 2.27 461 097 081
2014 81 156 117 170 0.110  38.4 217 2024 754 2.68 529 098 0.92
2020 89 167 112 179 0.115 356 210 1,766 66.7 236 593 099 0.89

Notes: Age — average stand age, dbh — mean quadratic diameter at breast height, h — mean height, h95 - top 95% height, v — average tree
volume, BA —basal area, V — stand volume, N — number of trees per hectare, HDR - slenderness ratio, MAI - mean annual increment,
CPA - crown projection area, CC — canopy closure, SDI - stand density index.
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Fig. 2. Histogram of the diameter structure of the tree layer in high forest (PRPs 1-2), coppice with standards (PRPs 3-4),
and coppice (PRPs 5-6) in the Doutnéc location differentiated by the main tree species in 2002 (left) and 2020 (right);
only tree species with share > 5% are shown
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5-6), respectively. While an overall increase of the
stand volume occurred in the high forest over the
entire period, it increased in the coppice with stand-
ards and coppice until 2014, and then it decreased.
On PRP 1-2, 95% of the volume represented beech.
On PRPs 3-4, small-leaved lime (29-31%) and ses-
sile oak (26-30%) were the dominant tree species.
Similarly, sessile oak (42-44%) and small-leaved
lime (34-37%) reached the largest volumes on PRPs
4-5. The mean annual increment (MAI) reached
5.96 m® ha"! yr! in 2020 in the high forest, while
MAI was lower by 56% and 60% in the coppice with
standards and coppice, respectively.

The diameter frequencies of the tree layer in 2002
and 2020 showed different structures and dynamics
(Fig. 2). On PRPs 1-2, two layers were distinguished,
in these beech dominated with the most frequency
diameter classes from 28 to 36 cm in 2002, while
the diameter structure was right-sided in 2020. On
PRPs 3-4, the stands had the overall character of the
selection structure. At the same time, hornbeam was
the dominant tree species in the lower storey and
lime with oak in the upper storey of the coppice with
standards plots. PRPs 5-6 also showed features of
the selection structure based on diameter structure.
However, lime was the dominant tree species in the
coppice. During the monitored 18 years, the num-
ber of trees in the thinnest diameter class (4-8 cm)
decreased by 20, 56-84, and 236-364 trees ha ' on
PRPs 1-2, PRPs 3-4, and PRP 5-6, respectively.

Stand biodiversity

In terms of species diversity, the species richness
of the tree layer was medium from 2002 to 2020 in
the high forest (PRPs 1-2), high in the coppice (PRPs

5-6) and very high in the coppice with standards
(PRPs 3-4; Table 4). Until 2020, there was a slight
increase in species richness on all PRPs except for
high forest. The species heterogeneity of the tree lay-
er and species evenness were low in 2002-2020 on
PRPs 1-2, medium on PRPs 5-6, high on PRPs 3-4.
The diversity was relatively stable in all the variants
during the observed period.

On the one hand, the horizontal structure was
random with a tendency to regular distribution in the
case of high forest during the monitored years. On
the other hand, the spatial pattern of trees was sig-
nificantly aggregated on other PRPs, especially in the
coppice. The vertical structure within the PRPs (not
variants) was relatively variable (A=0.189-0.700),
ranging from a low (PRPs 1-2 in 2002) to medi-
um (in 2020) to fairly diversified vertical diversity,
which consists of several (3-4) storeys on PRPs 3-6.
It slightly increased on all plots except the coppice
during the monitored years, where it decreased more
significantly between 2014 and 2020.

The height and diameter differentiation of stands
was predominantly medium except for the low differ-
entiation in the case of the coppice. At the end of the
study period, the diameter differentiation increased
in the coppice with standards and decreased in the
high forest. Height differentiation increased on all
PRPs. In terms of total diversity, an uneven struc-
ture (B = 6.545-6.742) was observed on PRPs 1-2
and a very diverse structure (B=9.228-10.623) on
PRPs 3-6. Stand variability slightly increased during
the study period on all PRPs except PRP 2, where a
slight decrease in the second half of the study period
occurred (Table 4).

Table 4. Indices describing the diversity of the tree layer in high forest (PRPs 1-2), coppice with standards (PRPs 3-4),
and coppice (PRPs 5-6) in the Doutndc¢ location in 2002, 2008, 2014, and 2020; the table shows the average values for
the two plots; an increase in the values during dynamics is highlighted in grey

PRP  Year Species Species . Species  Horizontal Vertical ‘ Diame.tef . Height . .Tota}
richness  heterogeneity ~ evenness  structure structure differentiation  differentiation  diversity
2002 0.503 0.105 0.175 1.137 0.209 0.424 0.254 6.628
12 2008 0.502 0.105 0.176 1.134 0.214 0.417 0.263 6.738
2014 0.501 0.106 0.177 1.132 0.223 0.407 0.275 6.755
2020 0.340 0.091 0.194 1.052 0.444 0.347 0.274 6.652
2002 1.162 0.737 0.772 0.960 0.676 0.393 0.281 10.186
34 2008 1.153 0.737 0.772 0.922* 0.674 0.396 0.304 10.285
2014 1.147 0.738 0.773 0.894* 0.670 0.403 0.331 10.403
2020 1.318 0.734 0.734 0.881* 0.692 0.417 0.357 10.463
2002 0.864 0.577 0.660 0.716* 0.649 0.323 0.233 9.465
2008 0.860 0.580 0.664 0.716* 0.658 0.321 0.253 9.393
> 2014 0.855 0.585 0.669 0.720* 0.670 0.318 0.277 9.310
2020 0.937 0.588 0.651 0.736* 0.557 0.320 0.288 9.729

Notes: Species richness — Margalef D index, Species heterogeneity — Shannon H’ index, Species evenness — Pielou E index, Horizontal
structure — Clark-Evans aggregation R index, Vertical structure — Arten-profile A index, — Diameter differentiation — Fiildner TMd
index, Height differentiation — Fiildner TMh index, Total diversity — Jaehne-Dohrenbusch B index; * statistically significant (p < 0.05)
aggregated horizontal structure.
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Structure and dynamics of deadwood

The deadwood volume ranged from 1.7 (PRP 1)
to 16.2 m* ha~! (PRP 6) and reached 0.2-9.8% of the
total stand volume in 2002. The proportion of lying
deadwood prevailed over the standing by 22% at the
beginning of the monitoring (Table 5). Until 2014,
the proportion of deadwood increased only imper-
ceptibly. A significant increase in deadwood occurred
only between 2014 and 2020. In 2020, the propor-
tion of deadwood in the total stand volume ranged
from 4.1% (high forest) to 14.3% (coppice). Specif-
ically, the lowest deadwood proportion was on PRP
4 (18.3 m? ha™') in 2020, i.e., 6.2% of the stand vol-
ume compared to the highest proportion on PRP 6
(35.4 m3 ha™'), i.e., 15.6% of stand volume. In 2020,
the proportion of standing deadwood prevailed by
40% over logs.

Regarding the representation of tree species
in standing dead wood, dominating oak (43.4%)
is followed by spruce (15.3%), lime (13.4%), and

hornbeam (10.3%). In terms of the degree of decom-
position of standing deadwood, the 1%t and 2 degree
(55.5 and 29.4%) were the most represented, less the
3 degree (17.6%) and the least was the 4" degree
(2.4%; Table 5). In terms of the degree of decomposi-
tion of lying deadwood, the 3 and 2™ degrees (60.0
and 20.0%) were the most occurred, the 4™ degree
was less represented (10.9%), and the least belonged
to the 1% degree (9.1%). The horizontal structure of
standing and lying deadwood was mainly random,
and it was clustered only for lime in 2014 and 2020.

Radial growth and climate effect

Beech (1.98 mm) and larch (1.98 mm) showed
the highest mean radial growth compared to the low-
est, rowan (0.92 mm) and ash (1.00 mm; Table 6).
Autocorrelation AR1 showed similarity of all tree
species (0.45-0.66). Results of EPS were significant
(EPS > 0.85) in the case of beech (EPS=0.95), oak
(EPS=0.96), Norway maple (EPS=0.88), and ash

Table 5. The volume of standing, lying, and total deadwood based on the degrees of decomposition in high forest (PRPs
1-2), coppice with standards (PRPs 3-4), and coppice (PRPs 5-6) in the Doutnd¢ location in 2002, 2008, 2014, and
2020; the table shows the average values for the two plots; an increase in the values during dynamics is highlighted

in grey
Dead wood (m?ha!)
PRP  Year Standing (stumps) _ Lying (logs) Total Proportion in the total
Decomposition degree (m?ha!) stand volume (%)
1. 2. 3. 4. (%) 1. 3. 4. (%)
2002 0.5 0.5 0.0 0.0 40.5 0.2 1.1 0.0 0.0 59.5 2.2 0.4
12 2008 0.2 1.7 0.0 0.0 51.0 0.1 1.1 0.2 0.0 49.0 32 0.7
2014 0.1 2.8 0.0 0.0 87.0 0.0 0.9 0.0 0.0 13.0 3.8 0.7
2020 17.0 5.0 0.5 0.0 93.5 0.6 0.5 0.4 0.1 6.5 23.9 4.1
2002 0.7 1.4 0.6 0.0 29.5 1.3 1.8 1.8 0.1 70.5 7.6 3.7
34 2008 1.2 24 1.2 0.0 36.5 0.9 0.9 3.9 0.6 63.5 12.9 5.4
2014 1.6 3.2 1.7 0.0 45.0 0.6 0.3 6.3 0.8 55.0 14.6 5.4
2020 11.7 3.9 LA 0.1 73.5 1.0 0.6 4.5 1.2 26.5 22.8 9.2
2002 2.2 1.8 2.0 0.3 47.0 1.0 2.8 2.8 0.2 53.0 13.1 8.5
56 2008 1.8 2.2 3.5 0.5 49.5 0.5 1.4 5.5 0.5 50.5 15.7 8.8
2014 1.3 2.7 4.5 0.7 47.5 0.0 0.4 8.0 0.7 52.5 18.2 8.3
2020 14.0 3.1 3.1 0.4 68.0 0.3 0.9 5.8 2.7 32.0 30.1 14.3
Table 6. Characteristics of standardized tree-ring chronologies of tree species in 1960-2020
Species No. cores (pcs) Mean RW (mm) Min-max RW (mm) Min-maxage (yr) SD AR1 R-bar ESP SNR
Fagus sylvatica 30 1.98 1.27-3.33 55-107 0.87 0.61 042 095 20.68
Quercus petrea 30 1.13 0.77-1.94 57-171 0.53 0.61 035 096 21.77
Carpinus betulus 14 1.24 0.91-1.83 50-111 0.58 0.41 0.04 0.35 0.55
Tilia cordata 28 1.32 0.68-2.00 56-111 0.71 049 0.07 0.68 2.14
Acer platanoides 30 1.20 0.47-3.60 52-115 0.67 045 0.17 0.88 10.08
Larix decidua 5 1.98 1.24-2.97 89-98 1.27 0.66 030 0.68 2.13
Sorbus torminalis 2 0.92 0.70-1.15 65-88 044 0.53 0.19 0.07 0.08
Fraxinus excelsior 27 1.00 0.58-1.92 74-118 0.48 0.56 0.34 0.94 14.37

Notes: No. cores — number of cores used for analyses, RW - tree ring width, SD - standard deviation, AR1 - first-order autocorrelation,
R-bar - inter-series correlation, EPS — expressed population signal (significant numbers EPS > 0.85 are in bold), SNR - signal-to-

noise ratio.
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(EPS=0.94). The values of EPS in hornbeam, lime,
larch, and wild service tree were < 0.85, and they
were not included for other climate analyses. Values
of SNR were the highest in oak (SNR=21.77), fol-
lowed by beech (SNR=20.68). Over the last 20 years
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(compared to the preceding 20 years), the radial
growth has increased in oak by 7.0%, while the high-
est decrease was observed in beech (-37.9%).

In the case of comparable sampling depth (beech,
oak, lime, maple and ash), the highest mean growth

Fig. 3. Standardized ring width chronologies of European beech (a), sessile oak (b), Norway maple (c), and European ash

(d) in 1960-2020; RWI - ring width index
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variability was observed in beech (SD=0.87), while
a relatively stable growth was confirmed in ash
(SD=0.48; Table 6, Fig. 3). In beech and maple, their
reduced increment in 1990 was negatively affected by
an extreme lack of precipitation (394 mm, with the
mean of 544 mm in 1960-2020). In 2007 and 2011,
low radial growth in beech was caused by a late frost
and European oak leafroller (Tortrix viridana) feeding
in 2007. In 2016-2019, a significant growth depres-
sion was elicited by extremely high temperatures and
long-term drought, evenly for other tree species. The
reduced increment of sessile oak was caused by tra-
cheomycosis in the 1995-2000 period and European
oak leafroller feeding in 2007, as in the case of maple.
On the other hand, the radial growth increased after
thinning in 1970 and 1981. In maple, growth depres-
sions were caused by a high occurrence of tar spot
(Rhytisma acerinum) in 1990 and 2004. In the case of
ash, the growth depression was elicited by a late frost
in 1964 (temperature in March was -2.1 °C, the mean
is 3.7 °C), such as in 2007. Conversely, a growth in-
crease noted in 2002 was positively affected by the
synergism of a high annual sum of precipitation (713
mm, mean 544 mm) and an above-average tempera-
ture (9.4 °C, mean 8.6 °C).

A negative pointer year was observed only for
beech in the second part of the studied period, name-
ly 2011, 2018, and 2019 (Fig. 4). The year 2018 was
the historically warmest year (10.5 °C, mean 8.6 °C).
Similarly, a hot growing season was typical of 2019,
primarily June (21.5 °C, mean 16.3 °C). On the other
hand, no positive pointer year was observed in oak,
maple, and ash. The lowest mean annual growth de-
viation and the possibility of pointer years were con-
firmed in the case of maple.

The monthly climatic characteristics (tempera-
tures and precipitation sum) had a significant effect
(p < 0.05) on the radial growth of the four tree spe-
cies studied (Fig. 5). The radial growth was affected
by climate primarily in the growing season, especial-
ly in July of the current year. The temperature (13
significant months) was the key driving factor for
the growth compared to the low effect of precipita-
tion (7 months). Generally, the precipitation had a
positive and the temperature negative effect on the
diameter increment in the studied lowland area. Ac-
cording to tree species, beech was the most sensitive
tree species to climate factors (7 months), followed
by maple. In comparison, ash (3 months) and oak (4
months) were the most resistant.

Precipitation
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Fig. 5. Coefficients of correlation in the regional residual index tree-ring chronology of European beech, sessile oak, Nor-
way maple, and European ash with the sum of precipitation (P) and monthly average air temperature (T) from May of
the previous year (uppercase letters) to September of the current year (lowercase letters) in 1960-2020; statistically
significant (p < 0.05) values are marked with a circle
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Fig. 6. Single spectral analysis of the indexed ring-width chronology of European beech (a), sessile oak (b), Norway maple
(c), and European ash (d) in the Doutnd¢ location for the 1960-2020 period

Based on cyclic fluctuations in the radial growth
of the RWI of the studied tree species using spec-
tral analysis, the most considerable fluctuations in
the radial growth were recorded in beech, which is
reflected in the highest values periodogram values
(Fig. 6). Conversely, the lowest cyclical fluctuations
were recorded for maple. Beech and maple recorded
4 to 7 and 15-year cycles in radial growth. Ash re-
corded 15 and 30-year cycles and oak 12 and 20-year
cycles. Overall, the most frequently recorded radial
growth cycles were 2 to 7 years and 15 years.

Interaction among stand dynamics,
structure, production, diversity, and
management

The results of PCA are presented in an ordination
diagram showing relationships among forest dynam-
ics, stand structure, biodiversity, timber production,
and management (Fig. 7). The first ordination axis
explains 64.8% of the data variability, the first two
axes together demonstrate 82.2%, and the first four
axes even 96.9%. The x-axis illustrates the tree vol-
ume height and MAI and the y-axis represents di-
ameter differentiation and HDR. The basal area was
the lowest explanatory variable in the ordination
diagram. Stand and tree volume, height, dbh, and
MAI were positively correlated to each other while
negatively correlated to the stand density, canopy,
vertical, and total diversity. Diameter differentiation

was increasing with the stand age. Height differenti-
ation was negatively correlated with HDR. The high
forest was characterized by increased production
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Fig. 7. Ordination diagram showing results of the princi-
pal component analysis of relationships between stand
structure (stand density, canopy - crown closure, di-
ameter at breast height, height, tree volume, stand vol-
ume, age of the stand, SDI - stand density index, HDR
- slenderness ratio, MAI — mean annual increment),
diversity (D - species richness, H’ — species heteroge-
neity, E — species evenness, R — horizontal structure,
A - vertical structure, TM, — diameter differentiation,
TM, - height differentiation, B - total diversity), man-
agement (high forest, coppice with standards, coppice)
and time (2002, 2008, 2014, 2020); m indicate years of
investigation, A signify a type of forest and e are plots
with years
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parameters, the coppice by high SDI, canopy, and
stand density, while the coppice with standards by
high diversity parameters, particularly height differ-
entiation. The highest forest dynamic was observed
in the last period (2014-2020). Over the monitored
period, the lowest dynamics was noted in the high
forest.

Discussion

Stand structure, production, and
dynamics

In 2002-2014, the production parameters in-
creased on all PRPs, and they decreased in the 2014-
2020 period due to increased tree mortality, except
the high forest. In this management variant, the vol-
ume increment replaced the loss caused by mortality.
The tree mortality ranged from 7% in the high forest
to 14 % in the coppice with standards. The higher
mortality in the coppice was caused by substantially
greater number of younger individuals, higher tree
density and faster dynamics of sprouts compared to
the high forest. The most considerable changes in
the stand structure occurred in the coppice and cop-
pice with standards, concurring with previous stud-
ies (Pailett et al., 2010; Miillerovd et al., 2015).

The increase in the stand density from 394-1870
to 404-2024 trees per ha in 2002-2014 affected
the stand characteristics. In particular, the crown
closure was above 92% in our study, whereas it
ranges between 64-83% and 85-87% in pure and
mixed stands, respectively, in average forest habitats
(Pretzsch, 2013). However, the crown projection area
is several times larger than the stand area in the case
of a combination of light-demanding and shade-tol-
erant tree species (Pretzsch, 2013). It was identical
in our case for the crown projection area, reaching
almost six times the stand area in the coppice plot.
At the same time, the crown shape changes and the
crown efficiency increases due to asymmetric compe-
tition (Grams & Andersen, 2007; Stefancik, 2017).
High-density stands tend to adapt to the effective
trunk and crown ratio, reducing the crown projection
area and increasing radiation use efficiency, mainly
in mountainous regions with lower mean air tem-
peratures (Bulusek et al., 2016; Cerny et al., 2020).
In 2014-2020, the number of trees decreased from
404-2024 to 372-1766 per ha, being the highest in
the coppice forest.

The stand volume reached the highest values
in the coppice and coppice with standards in 2014
(217-276 m? ha!), while the maximum in the high
forest was attained in 2020 (590 m?® ha™!), again indi-
cating a considerable variability of plots, similarly to
the study of Szymura et al. (2014). These results are

comparable with studies evaluating close-to-nature
oak-beech forests in Romania at a similar altitude
(350-620 m), where the average stand volume was
577 m? ha ! and 675 m® ha™! in mixed oak forests
and pure beech stands, respectively. Even a higher
stand volume (635-875 m? ha™!) was documented in
the oak-dominated forests in the same Runcu Grosi
Natural Reserve in Romania (Petritan et al., 2014).
Contrarily, similar results to our research occurred
in Polish forests (Szymura et al., 2014), with a stand
volume of 65-370 m® ha~!. In our case, the high stand
volume is primarily related to the previous manage-
ment because these plots have been transformed into
a high forest in the last 50 years. Nevertheless, some
authors state that such transformation and impact
of the original management may last more than 100
years (Paillet et al., 2010; Miillerovd et al., 2015).

For individual management variants, the mean an-
nual increment ranged between 2.15-5.47 m? ha~! (in
2002) and 2.36-5.96 m*® ha~! (in 2020), favouring the
high forest. However, it was the highest in 2014 in
the coppice and coppice with standards. These results
show a more pronounced dynamics of changes after
allowing spontaneous development in a former cop-
pice than in the stands converted to a high forest. Sim-
ilarly, the highest MAI was documented in herb-rich
beech high forest (4.7 m?® ha™!) compared to a scree
coppice (3.9 m® ha™!) and coppice with standards (3.7
m? ha™!) in Broumovsko in eastern Czechia (Vacek et
al., 2014). The volume stabilization was supposed to
occur in the high forest at the age of 70 (Bruckman et
al., 2011). However, the volume may still increase at
this age in the case of coppices because the share of
the trunk in the stand biomass is different in the high
and coppice forests (Suchomel et al., 2012).

In relation to profitability, economic efficiency of
dominant oak coppice could be greater compared to
high forest or over-mature coppice in study area of
central Bohemia (Bfezina et al., 2020). Moreover,
young coppices seem as one of the promising ad-
aptable forest management alternatives, with a bet-
ter adaptive strategy on extreme sites under water
limiting conditions compared to stands established
from seeds (Stojanovi¢ et al., 2016). On the other
hand, this advantage of coppice gradually decreas-
es as coppice sprouts transpire significantly higher
(Stojanovi¢ et al., 2017). This can be reflected in the
overall demand for water in soil, which may be scarce
in times of climate change and increasing drought
periods (Anderegg et al., 2020).

Stand biodiversity

The results of our study indicate that only minor
changes in the stand diversity in the Doutnd¢ for-
est complex occurred during the observed 18-year
period. In Bialowieza National Park forests, most
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structural attributes revealed also high stability over
last 80 years, but noticeable changes in the tree
species composition took place related to declining
occurrence of many tree species (Brzeziecki et al.,
2018). In our case, more pronounced changes in for-
est diversity dynamics were only observed in the last
period (2014-2020). This trend is probably caused
by the short research period, during which the dy-
namics of the tree layer was not sufficiently reflected,
as according to Kucbel et al. (2012). In addition, as
reported by Dieler et al. (2017), the knowledge on
the impact of management on biodiversity, in gener-
al, is often partial, while the key aspects are not fully
understood yet. Biber et al. (2015) state that a higher
diversity at the forest landscape level is not necessar-
ily associated with less intensive management.

The species composition in our case indicates that
mixed stands (hornbeam-oaks) with dominating oak
and lime, complementing each other, show a higher
tree species diversity than beech-dominated high for-
ests. Compared to the original tree species composi-
tion, oak-hornbeam forests naturally occur in low-
land habitats. In contrast, acidophilous oak forests
typify mid-altitudes and beech forests for submon-
tane and montane areas of Czechia (Chytry, 2012).
Similarly, the highest total diversity was observed in
the coppice with standards and coppice compared to
low diversity in the high forest. From a long-term
point of view, oak absents in the younger classes.
On the contrary, it is more significantly replaced by
a hornbeam. Similarly, oak together with other tree
species (aspen, birch, ash, maple) exhibited large de-
creases in density, while a hornbeam and lime have
increased in importance across a wide range of ini-
tial compositional types in Bialowieza National Park
(Brzeziecki et al., 2016, 2020). We witness a similar
situation when coppicing is abandoned, followed by
a gradual increase in the canopy cover (Plue et al.,
2013; Miillerova et al., 2015). It can be achieved by
increasing the proportion of beech and hornbeam,
usually leading to more significant shading of the soil
surface and worsening the conditions for the herb
layer and natural regeneration (Plue et al., 2013).

A loss of diversity in deciduous forests was ob-
served in the previous studies (Bartha et al., 2006;
Hédl et al., 2010). A decrease in the abundance of
downy oak (Quercus pubescens Willd.) and wild service
tree has been recorded in Doutnd¢ since the 1950s,
as it was the case with the light-demanding species
of the herb layer (Prisa, 1985). In the evaluated
years 2002-2020, the trend of increasing the overall
diversity of the tree layer prevailed. However, it sub-
sided after 2014, followed by stagnation and finally
by a slight decrease due to increased mortality. As
in Doutnd¢, Hédl et al. (2010) reported analogous
phases of stand development of similar forests in
Milovice in Central Bohemia. After abandoning the

traditional management, this trend was also demon-
strated in oak forests in Denmark (Strandberg et al.,
2005) and the Netherlands (Haveman & Schaminée,
2005). However, Heiri et al. (2009) suggest that en-
vironmental factors determine the tree species com-
position at larger scales compared to historical man-
agement strategies that are obviously adapted well to
the species autecological requirements.

In terms of spatial pattern, the difference between
the high forest (with dominant beech and a reason-
ably regular tree distribution) and the aggregated
horizontal structure in mixed hornbeam-oak groves
is evident. For these areas, the previous coppice with
standards and coppice management led to a more
significantly aggregated horizontal structure of the
tree layer. Forest management and silvicultural treat-
ments significantly affect the spatial pattern of trees
(Vacek et al., 2018; Hdjek et al., 2020). In the upper
storey, the distribution is rather random (Petritan et
al., 2014), while a tendency of increasing clumping
with decreasing storeys, or the formation of groups
from light-demanding tree species, is evident (Such-
omel et al., 2012; Bulu$ek et al., 2016). In fact, this
also applies to our study because individuals on all
PRPs were clustered in the lower storey. Generally,
close-to-nature management of mixed stands with
the high tree species diversity, uneven-aged and spa-
tially irregular forests are the best options to pre-
pare for future uncertainty in time of global climate
change (Roliger et al., 2019; Vacek et al., 2020b).

Structure and dynamics of deadwood

In forest development, the mortality of individual
trees is crucial, as it causes changes in diversity (De-
beljak, 2006; Burrascano et al., 2008). In addition,
the volume and density of deadwood are considered a
useful structural indicator of both the diversity of for-
est ecosystems and naturalness (Bartha et al., 2006;
Bo6loni et al., 2017). In our case, deadwood volume
was lower (on average 14 m3 ha~!) than 241 m? ha!
in close-to-nature beech-oak forests in Romania (Pe-
tritan et al., 2014), not exceeding 35 m? ha~! during
our study period. Comparable results were presented
by Burrascano et al. (2008), who reported 12 m? ha!
and 45 m? ha~! in managed and primaeval forests, re-
spectively, in Italy. A higher deadwood volume (me-
dian 53 m3 ha™!) is also documented in beech-dom-
inated and oak lowland forests in North-Western
and Central Europe with an annual accumulation
rate from 0.1 to 19 m® ha™! yr~! (Vandekerkhove et
al., 2009). In our case, the mean annual deadwood
accumulation was accelerated during the observed
period, reaching 1 m® ha™! yr~!. Similar accumu-
lation rates were observed in 545 research plots in
beech-dominated forests in North-Western Germany
(Meyer & Schmidt, 2011).
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The shares of standing and lying deadwood on the
plots were variable. The standing deadwood volume
on the plots was 55.7% on average. This proportion
was significantly higher on the plots with dominat-
ed beech in the tree layer (68:32), corresponding to
stands in the optimum stage (Debeljak, 2006). The
balanced share of the standing to lying deadwood re-
flects the fact that these stands are relatively young
(approximately one hundred years), where competi-
tion between individuals still plays a role, and there
is no breakdown of the tree layer within the natural
development cycle. Higher amount of deadwood and
its highest share simultaneously due to the stand
volume can be found on the plots with an aggregated
structure, higher species variability, and higher com-
petition between trees (Vacek et al., 2015).

The standing deadwood volume was dominated
by oak, which may be substantiated by an increased
canopy, followed by spruce and lime. In the lying
deadwood, oak, hornbeam, beech, and lime were
abundant. In terms of decomposition degrees, the 1
and 2™ degrees were the most represented in stand-
ing deadwood and the 2" and 3™ degrees in lying
one, indicating the short time since the plots were
reserved for natural succession (Debeljak, 2006).
Since leaving the forest for natural development, the
deadwood volume has shown only a slight increase.
Changes in the tree species composition are related
to oak (+5%), spruce (+2%), lime (—3.2%), and
hornbeam (—2%). The horizontal deadwood distri-
bution is primarily random, corresponding to the re-
sults of other authors (Krdl et al., 2015; Vacek et al.,
2015).

In relation to climate change, dead wood plays an
important role in carbon flux (Tavankar et al., 2022).
Warmer climates indicate faster decomposition and
carbon release compared to cooler climates (Russell
etal., 2015). In addition, with higher volume of dead
wood and richer stand structure (coppice), there is a
higher risk of fires. Especially in Mediterranean coun-
tries, the consequences of climate change on the fire
regime have direct and significant impact on forest
ecosystems, due to likely increases in area burnt and
in fire intensity and severity (Moriondo et al., 2006).

Radial growth and the climate effect

The individual tree species radial growth in the
studied locality showed higher differentiation in
beech and lime than oak and ash with lower growth
variability. In addition, climatic sensitivity of beech
was confirmed by the most increased occurrence of
negative pointer years in the last 10 years during on-
going climate change. In the previous 20 years, the
radial growth has increased by 7.0% in oak, while
it decreased in all of the other studied tree spe-
cies, particularly in beech (—37.9%). However, that

differentiation of radial growth closely correlates
with habitat, altitude, and stand conditions (Rozas et
al., 2015; Simtinek et al., 2021). To a large extent, ra-
dial growth, and the associated production potential,
are influenced by the tree species mixing (Pretzsch
et al., 2020, 2021; Vacek et al., 2021a), air pollution
load (Krél et al., 2015; Putalovd et al., 2019), drought
(Steckel et al., 2020), game damage (Cukor et al.,
2019a, 2019b; Vacek et al., 2020a), fertilization (Cu-
kor et al., 2017; Gallo et al., 2021) or historical land
use (Cukor et al., 2020; Vacek et al., 2021b).

Climatic and growth conditions are generally con-
sidered to be principal factors affecting radial growth
(Schweingruber et al., 1990; Siméinek et al., 2019).
The radial growth of tree species in the Doutna¢ lo-
cation was negatively affected by the temperature
and positively by precipitation, particularly from July
to August. The work of Alfaro-Sdnchez et al. (2020)
found a negative effect on oak growth in connection
with the water deficit in the soil from June to July
of the current year. Besides that, Andersson et al.
(2011) showed that precipitation had a higher effect
on oak growth than temperature.

Anyway, the current impact of climate change on
growth may not always be well understood, as the
growth is influenced by several different factors that
play many different roles (Urli et al., 2015). In addi-
tion, global warming accelerates the onset of springs,
extending the growing season length (Menzel et al.,
2006), leading to changes in the growth-climate rela-
tionship (Rozas et al., 2015; Netsvetov, 2017). In our
case, tracheomycosis in oak and Rhytisma acerinum in
maple can also be held responsible for harming the
growth. The Tortrix viridana feeding also negatively
affected radial growth. Strong late frosts also reduced
radial growth, especially in beech, maple and ash
(Gallo et al., 2017; Simtinek et al., 2019). However,
increased competition, which could be eliminated by
silvicultural treatments, is also one of the crucial fac-
tors influencing growth (Scharnweber et al., 2011).

Beech showed the most considerable fluctuations
in radial growth. Generally, beech is more vulnerable
than oak to drought and high temperatures in low-
lands (Vacek et al., 2019). It can be expected that the
beech stands will gradually spread to upper altitude
areas and to the north while declining in the south
and lower altitudes in relation to climate change
(Kramer et al., 2010; Dulamsuren et al., 2017), such
as other three species. Contrastingly, the under-rep-
resented Norway maple showed the lowest fluctua-
tions in radial growth. It was confirmed by a study
from the Krkonose Mountains, where closely related
sycamore maple (Acer pseudoplatanus L.) also achieved
the lowest cyclic fluctuations in RWI (Hdjek et al.,
2021). Cyclically, the most pronounced factor influ-
encing the radial growth of all tree species is air tem-
perature, of which 7-year cycles were recorded in the
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Czech Republic (Simfinek et al., 2020, 2021). There
are variations of 7 and 15-year periods in our results,
which we attribute to the influence of temperatures.
Oak showed 12 and 20-year cycles in radial growth,
markedly similar to the solar cycles recorded for beech
in the Czech Republic (Simfinek et al., 2020, 2021).

Conclusion

The study provides significant evidence and ex-
amples of how the differently managed forest ecosys-
tems altered their successional dynamics after being
reserved for natural succession without human in-
terventions since 2004. The data gathered and eval-
uated within this research will help us better under-
stand natural processes in the studied forest stands.
It brings valuable knowledge for future forest man-
agement practice, considering climate change and
its impact on forests. The limiting factor of radial
growth was the lack of precipitation and high tem-
perature in the growing season in terms of climate.
The most climate-sensitive tree species was beech,
which belongs to submontane regions by native area
of distribution, compared to the resilience of ash and
a positive growth increase in oak. For the landscape
mosaic, it is recommended to use various silvicultur-
al systems for hornbeam-oak groves and calcareous
beech forests: under the current climatic conditions,
silviculture utilizing coppice with standards and the
backup of admixed tree species to support forest di-
versity and faster dynamics, and contrarily, the high
forest system for the highest production potential.
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5.3.4. Clanek 6: Growth response of mixed beech forests to climate change, various management
and game pressure in Central Europe

Citace: Vacek, S., Proktipkova, A., Vacek, Z., Bulusek, D., Simtnek, V., Krali¢ek, 1., Prausova,
R., Hgjek, V. (2019): Growth response of mixed beech forests to climate change, various

management and game pressure in Central Europe. Journal of Forest Science, 65: 9: 331-345.

Abstrakt: SmiSen¢ lesy stiedni Evropy pfedstavuji z hlediska stability, biodiverzity a adaptacni
schopnosti na klimatickou zménu kli¢ovy typ lesnich ekosystémil, jejichz struktura a vyvoj jsou
vyrazné ovliviiovany historickym hospodafenim a zejména soucasnym naristajicim tlakem
zvéte. V tomto kontextu byla hodnocena ristova dynamika, porostni struktura a produkéni
charakteristiky smiSenych porostii s dominanci buku lesniho (Fagus sylvatica L.) v Chranéné
krajinné oblasti Broumovsko, na Evropské vyznamné lokalité¢ Kozinek. Vyzkum byl realizovan
na péti trvalych vyzkumnych plochach situovanych v nadmoiské vysce 420—440 m, zafazenych
do souborti lesnich typt 3J a 3A, na strmych svazich se sklonem 28-45°. Hlavnim cilem prace
bylo zhodnotit strukturu porostli, druhovou diverzitu, produkéni potencidl a dynamiku lesnich
ekosystéml v zavislosti na rozdilnych historickych péstebnich systémech, se zvlaStnim
diirazem na vliv probihajicich klimatickych zmén a poskozeni porosti sparkatou zvéfi.
Vysledky prokazaly vyrazné rozdily mezi jednotlivymi tvary lesi, které tizce souvisely s jejich
historickym hospodafenim. Sut'ové lesy obhospodafované v minulosti jako lesy nizké nebo lesy
sdruzené se vyznacovaly vysokou druhovou diverzitou a vyraznou strukturalni diferenciaci.
Naproti tomu kvétnaté buciny tvaru lesa vysokého vysoké vykazovaly jednodussi prostorovou
strukturu, avSak dosahovaly vyrazné vyssi produkce. Zasoba porostl se pohybovala v rozmezi
od 340 m*-ha™" u pafeziny s dominantnim zastoupenim javoru klenu (4Acer pseudoplatanus L.)
az po 699 m*-ha™! u lesa vysokého s prevahou buku lesniho. Ze sledovanych dievin vykazoval
smrk ztepily (Picea abies [L.] Karst.) nejvyssi citlivost na klimatické extrémy a variabilitu
rustu, zatimco buk lesni se vyznacoval relativné stabilnim radidlnim rtistem. Klimatické faktory
mély nejvyrazngjsi vliv na radidlni rast v letnim obdobi, zejména v mésicich Cerven azZ srpen
soucasného roku. Pfirozena obnova vykazovala velmi vysoky potencial hustoty (13 880—186
462 jedincii-ha™), predevsim diky expanzi obou javort, jasanu ztepilého (Fraxinus excelsior
L.) a buku lesniho. Naproti tomu smrk ztepily se na sledovanych plochach pfirozené prakticky
nezmlazoval, a to i pfes své zastoupeni v horni stromové etazi. Zasadnim limitujicim faktorem
vyvoje pfirozené obnovy bylo poskozeni zpiisobené sparkatou zvéii, které vyznamné snizovalo
piezivani 1 dalsi rast mladych jedincti. Okus terminalnich vyhonti byl na vSech vyzkumnych

plochach velmi intenzivni a postihoval 17,9-51,5 % jedinct, pficemz primérnéd mira poskozeni
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Cinila pfiblizn€ 30 %. Nejvyssi ztraty byly zaznamenény u jedle bélokoré (4bies alba Mill.; 53
%), jilmu horského (Ulmus glabra Huds.; 51 %), jefabu ptaciho (Sorbus aucuparia L.; 50 %) a
javoru mléce (Acer platanoides L.; 41 %), nésledovaly javor klen (34 %), habr obecny
(Carpinus betulus L.; 26 %), smrk ztepily (25 %), buk lesni (23 %) a jasan ztepily (23 %).
Nejnizsi Skody byly zjiStény u dubu zimniho (Quercus petraea [Matt.] Liebl.; 8 %) a lipy
malolisté (Tilia cordata Mill.; 20 %). Nejvice poskozovani byli jedinci presahujici vysku 15
cm, coz poukazuje na kritické omezeni ptfechodu obnovy do vyssich vyskovych a vyvojovych
tfid. Soucasné se ukazalo, Ze s klesajicim zastoupenim jednotlivych dfevin vyrazné roste jejich
atraktivita z hlediska okusu. V poslednich letech hraje pfirozena obnova v kontextu adaptace
na klimatickou zménu kli¢ovou roli ve vyvoji porostil na téchto extrémnich stanovistich. Jeji
dalsi dynamika je vSak vyrazné omezovana dlouhodobym tlakem nartistaji pocetnosti sparkaté
zvéte. Efektivni ochrana proto vyzaduje cilenou podporu vtrousenych a ptimiSenych listnatych
dfevin, vhodnou kombinaci péstebnich opatfeni a lepsi provazani lesnického a mysliveckého
managementu. Takovy pfistup je nezbytny pro zachovani druhové pestrych, strukturalné
diferencovanych a dlouhodobé¢ stabilnich smiSenych lesti v naroénych podminkéach sutovych a

ekologicky citlivych stanovist’.

Klic¢ova slova: porostni struktura, dynamika lesa, radidlni rlst, péstovani lesa, Skody zvéii
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Abstract: The growth, structure and production of mixed beech (Fagus sylvatica L.) forests were analysed in the
Broumovsko Protected Landscape Area, Czech Republic. The objective of the paper was to evaluate stand structure,
timber production and dynamics of forests with historically different silvicultural practices in relation to climate
conditions, management and game damage. The results indicate that scree forests (coppices and coppices with stand-
ards) were stands with high-rich species diversity and structure compared to herb-rich beech forests (high forests)
with higher timber production. The Norway spruce (Picea abies [L.] Karst.) was the most sensitive tree species
compared to low growth variability in European beech. The climate factors had the highest effect on radial growth
from June to August. Natural regeneration showed great density potential (13,880—186,462 recruits-ha™?), especially
in expansion of maples and European ash (Fraxinus excelsior L.). However, recruits were seriously limiting by dam-
age caused by hoofed game, especially in silver fir (Abies alba Mill.; 53% browsing damage), wych elm (Ulmus glabra
Hudson; 51%) and rowan (Sorbus aucuparia L.; 50%).

Keywords: stand structure; forest dynamics; radial growth; silviculture; game damage

European forest ecosystems play a very im-
portant role as providers of ecosystem functions
(STENGER et al. 2009; CONTE et al. 2018) when
global changes pose a threat to forest ecosystems
and their functions (ANDEREGG et al. 2016; SICARD
et al. 2016). This is the reason why the knowledge
of dynamics and structure of close-to-nature for-
ests with regard to global changes is of great im-
portance for their protection and management
(LEUSCHNER, ELLENBERG 2017). In this context,
the objectives of many papers have been structural
and growth parameters (BOLTE et al. 2010; VACEK

et al. 2016; DULAMSUREN et al. 2017). The growth
of forests has been well documented in many stud-
ies in the last decades as an increasing parameter
(CoLE et al. 2010; PRETZSCH et al. 2014a). Howev-
er, there are many studies that documented trends
of growth decrease in several areas by several fac-
tors (BONTEMPS et al. 2010; RABASA et al. 2013).
Basic effects include particularly climate changes
(BoSErA et al. 2016; Kunz et al. 2018), increased
CO, concentration in the atmosphere (COLE et
al. 2010), increased nitrogen depositions (BRAUN
et al. 2010; LANDUYT et al. 2018), increased con-
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centrations of tropospheric ozone (MATYSSEK et
al. 2010) and light availability that is also impor-
tant for the stand dynamics (LAMBERS et al. 2008;
PrRETZSCH, SCHUTZE 2009). Subsequent physi-
ological responses of tree species to these abiotic
effects determine their survival, distribution and
growth (ANNIGHOFER 2018).

It is well-known that various species can show
different growth responses in relation to the avail-
ability of resources (PETRITAN et al. 2009; POORT-
ER et al. 2012). It is to note that responses within
one species can also be variable (RUKERS et al.
2000). The effect of climate factors on the vitality of
particular species of trees is usually more demon-
strative at the edge of their geographic or ecologi-
cal range (HaMPE, PETIT 2005). Ultimate conse-
quences of climate changes can lead to variations in
ecological and geographic ranges of various species
of trees, species composition (BOLTE et al. 2010;
RIGLING et al. 2013), stand structure (WANG et al.
2012), mutual competition between tree species
(TyLiaNAKIs et al. 2008) or forest stand stability
(Ives, CARPENTER 2007; LLORET et al. 2012).

In case of European beech (Fagus sylvatica L.) an
initial decrease in productivity was observed at the
edge localities using production indicators (Jump
et al. 2006; PENUELAS et al. 2008). Ongoing chang-
es can be expected in future when the weights and
frequency of hot and dry years continue increas-
ing (BINDOFF et al. 2013), which can have relatively
serious consequences for beech forests of Central
Europe (GESSLER et al. 2007; DULAMSUREN et al.
2017), such as in mixed beech forests with oak,
lime, maple and hornbeam the increment (CAvIN
et al. 2013; ZIMMERMANN et al. 2015). Recurrent
droughts have a still more negative impact on tree
vitality (LEVESQUE et al. 2016).

Taking into account the above-mentioned
facts, with regard to the higher resistance of stands
to climate changes, mixed forest stands should be
supported that are considered as more resistant
to disturbances as well as to extreme events (e.g.
droughts, frosts, windstorms, air pollution load) in
comparison with unmixed stands (PRETZSCH et al.
2013a; YURTSEVEN et al. 2018; VACEK et al. 2019).
Moreover, mixed forest can provide better ecosys-
tem functions (BRASSARD et al. 2013) and higher
productivity due to the more comprehensive use of
the site (MORIN et al. 2011; FORRESTER, ALBRECHT
2014). Therefore, some studies have suggested that
in future forest production will probably depend
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on forest composition and structure (COOMES
et al. 2014; VACEK et al. 2014a). In line with this
trend, at many localities in Europe spruce mono-
cultures are transformed to more stable mixed
uneven-aged stands with a high proportion of
beech (KNOKE et al. 2008; PRETZSCH et al. 2014a),
which currently provides a high reproductive and
productive potential in Central European areas af-
fected by spruce decline, with relatively wide eco-
logical valence (AMMER et al. 2008; KOLAR et al.
2017). On the other hand, mixed forests are more
endangered by game damage, especially attractive
tree species (AMMER 1996; VACEK 2014b). Increas-
ing ungulate population nowadays reached the
highest densities and significantly negatively influ-
ences growth of natural regeneration by browsing
loses (KoNOPKA et al. 2015; VACEK 2017).

In this study due to mentioned reasons, we
would like to increase the knowledge of mixed
forests with dominant European beech in relation
to changing environmental conditions in protect-
ed areas on long-term research plots as the most
valuable objects for monitoring in forest ecosys-
tems (BAKKER et al. 1996; VACEK et al. 2017). One
of the urgent challenges of current forestry under
pressure of a probable decrease in the representa-
tion of the most important commercial tree spe-
cies (HANEWINKEL et al. 2013) is to find suitable
ecological and economic sustainable methods of
management (FURST et al. 2007; BOLTE et al. 2009;
ViTALI et al. 2017). Such strategies should support
the adaptive capacity of forests to climate changes
(LINDER et al. 2000; DE Dios et al. 2007) and to
create more resistant forest ecosystems (B1GGs et
al. 2012), that will show higher resistance to exter-
nal influences in combination with a faster return
to the original pre-disturbance state (RAMMER, SE-
iDL 2015).

The objective of the paper was to evaluate struc-
ture and production of scree forests and herb-rich
beech forests influenced by global changes (warm-
ing, climatic extreme events, high population of
game, insect disturbances, etc.), where differ-
ent management methods were used in the past
(high forest, coppice with standards and coppice)
in Broumovsko Protected Landscape Area (PLA).
The aims were to (1) determine and compare pro-
duction and structure of study mixed high forest,
coppice with standards and coppice forest stands,
(2) evaluate dynamics of radial growth and de-
scribe the effect of climate, silviculture and ex-
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treme events on individual tree species and (3)
quantify the influence of ungulates on growth of
natural regeneration differentiated by tree species.

MATERIAL AND METHOD
Study site

The area of interest Kozinek Site of Community
Importance (SCI; CZ 0520507) is one type of pro-
tected areas within the NATURA 2000 network in
Broumovsko PLA, Czech Republic. It was estab-
lished in 2004 for the protection of sites of Com-
munity importance and species of Community
interest on an area of 84.08 ha (AOPK 2004). The lo-
cality is interesting for a frequent occurrence of the
priority biotope of scree and slope forests (biotope
code L4) along with biotopes of calcareous rocky
slopes (S1.1) and for a large area of herb-rich beech
forests (L5.1; GUTH, KUuCERA 2005). The altitude
of the locality is 378-504 m a.s.l. The bedrock is
composed of Cretaceous sediments of middle and
lower Turonian or upper Cenomanian, and fluvial
and fluvio-deluvial Quaternary sediments are also
represented. Prevailing soil types are Pararendzi-

nas and Cambisols. Climatically the Kozinek lo-
cality belongs to humid continental climate char-
acterized by hot and humid summers and cold to
severely cold winters (region Cfb; KOPPEN 1936)
according to Koppen climate classification, respec-
tively by detailed region Quitt distribution to mod-
erately warm region (region MT7; QuitT 1971).
The average annual air temperature was 7.2°C and
annual sum of precipitation reached 742 mm (with
maximum in July — 17.1°C and 82 mm; TOLASZ et
al. 2007). The length of the growing season ranged
from 140 to 155 days with mean sum of precipita-
tion 390 mm and air temperature around 13.5°C.
The length of snowing period was 60 days with
maximum average snow height between 20-30 cm.

Scree forests consist of the plant associations
Aceri-Carpinetum, Mercuriali-Fraxinetum and
of Lunario-Aceretum to a lesser extent, herb-rich
beech forests are composed of Aceri-Fagetum,
Asperulo-Fagetum and Dentario enneaphylli-Fag-
etum and of the association Tilio cordatae-Fage-
tum, which is a transition between beech forests
and scree forests. The prevailing part of forests in
the area of interest was historically established as
coppice forests. On PRP 2 and 3 the forest stands
have been converted to high forest; on PRP 1 and 4
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Table 1. Overview of the basic characteristics of permanent research plots 1-5 (stand parameters according to Forest

Management Plan)

e Mean Mean Stand Altitude Expo- Gradient Site
ID GPS (g) height DBH  volume (m) supre © tvpe Forest type Soil type
Y (m)  (em) (m*ha) i

50°30'05"N coppice with leptosols

1 16°11'58"E 14019 32 540 425 SE 45 3 standards modal
50°30'11"N . cambisols

2 16°12'23"E 158 22 39 550 435 S 29 3A high forest leptosolic
50°29'57"N . cambisols

3 16°12'17"E 104 24 30 520 420 NE 36 3A high forest leptosolic
50°30'50"N coppice with .

4 16°12'49"E 142 18 32 560 440 W 40 3] standards rendzic leptosols
50°30'10"N . .

5 16°12'45"E 61 17 23 280 430 A% 28 3] coppice rendzic leptosols

DBH - quadratic mean diameter; 3] — lime-maple forest (7ilio-Aceretum saxatile), 3A — stony-colluvial lime-oak-beech

forest (Tilii-Querceto-Fagetum acerosum lapidosum)

the stands have been converted to coppice with
standards (20% and 8% of trees are from sprouts);
on PRP 5 the stands were left as a coppice with
prolonged period. Although forest management
practices were completely terminated in 2004,
forest management was extensive even before.
The last officially executed management practice
(moderate qualitative selection) was carried out
on all PRP in 1963, 1974, 1985 and 1994 (except
PRP 5 in 1963). Thinning was focused on support-
ing original tree species composition, quality trees
originated from seeds and to remove sprouts on
PRP 1-4 and support high-quality stump sprouts
on PRP 5. The first research activities on PRP 1-5
focused on phytocoenological relevés were record-
ed in 1961. The localization of PRP 1-5 is repre-
sented in Fig. 1 and basic characteristics of PRP are
shown in Table. 1.

Data collection

To determine the tree layer structure of for-
est stands on 5 PRP of 50x50 m in size (0.25 ha)
the FieldMap technology (IFER-Monitoring and
Mapping Solutions Ltd.) was used in 2014. This
technology was used to localize the position of all
tree layer individuals of diameter at breast height
(DBH) > 4 cm and the tree-crown projection area
was measured minimally at 4 directions perpendic-
ular to each other. In the tree layer tree heights and
heights to the live crown base were measured with
a Vertex laser hypsometer (accuracy 0.1 m; Haglof)
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and DBH were measured with a Mantax Blue metal
calliper (accuracy 1 mm; Haglof).

Natural regeneration on particular PRP was
measured on transects 10 x 50 m in size that were
representative of regeneration. These characteris-
tics were measured: position of all recruits, height,
height to the live crown base, crown width with a
height pole (accuracy 1 cm) and damage by game
browsing (terminal shoot).

As for 10 dominant trees for European beech,
Norway spruce (Picea abies [L.] Karst.), Sycamore
maple (Acer pseudoplatanus L.), wych elm (Ulmus
glabra Hudson), sessile oak (Quercus petraea L.)
and small-leaved lime (Tilia cordata Mill.) on each
PRP (in the case of occurrence) increment cores
were taken at breast height (130 cm) with the
Pressler borer perpendicularly to the trunk axis
up- and downslope in 2016. Annual ring widths
were measured with an accuracy of 0.01 mm by
an Olympus binocular microscope on the LINT-
AB measuring table (Rinntech) and recorded with
TsapWin software (Registograph).

Data analysis

Stand volume was calculated using volume equa-
tions published by PETRAS and PajTik (1991). Stand
density index (SDI), crown closure (CC) and crown
projection area (CPA) were derived. Situational map
was created in the ArcGIS program (ESRI).

Tree-ring increment series were individually
crossdated (removal of errors caused by missing tree
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rings) using statistical tests in the PAST application
(Kn1BBE 2007) and subsequently subjected to vi-
sual inspection according to YAMAGUCHI (1991). If
a missing tree ring was revealed, a tree ring of 0.01
mm in width was inserted in its place. Particular
curves from PRP were age detrended in a standard
way and an average tree-ring series was created in
the ARSTAN program (Tree-Ring Laboratory). The
analysis of negative pointer years was done accord-
ing to SCHWEINGRUBER (1990). For each tree the
pointer year was tested as an extremely narrow tree
ring that does not reach 40% of the average of in-
crements from preceding 4 years. The negative year
was proved if such a strong increment reduction oc-
curred at least in 20% of trees on the plot. Average
tree-ring series from PRP in the SCI Kozinek were
correlated with climate data (air temperatures, pre-
cipitation) according to particular years provided by
the Meteorological station Upice — Czech Hydro-
meteorological Institute (413 m a.s.l.). To simulate
diameter increment in relation to climate charac-
teristics the DendroClim 2002 software was used
(BronD1, WAIKUL 2004). In this program, residual
chronology was correlated with monthly average air
temperatures and sum of precipitation, from it was
found out when the statistically significant correla-
tions occurred (a = 0.05).

RESULTS
Tree layer structure

The number of living trees ranged from 240
(high forest) to 720 (coppice) trees-ha™! with SDI
0.55-0.79 (Table 2). The average basal area was
in range 36.7-47.0 m%*ha~!. The stand volume
reached between 340 (coppice) and 699 (high for-
est) m3-ha~L. The highest stand volume in European
beech was on PRP 1 (45%), on PRP 2 (98%), on PRP
3 (60%) and PRP 4 (83%). On PRP 5 the highest vol-
ume was revealed in sycamore maple (42%). Crown
closure was the highest on PRP 1 (coppice with
standards), while the lowest canopy was observed
on PRP 2 (high forest).

In relation to diameter frequencies, on PRP 1
the tree layer was created by three storeys where
beech was dominant (24%; Fig. 2). Diameter struc-
ture was relatively even distribution of diameter
classes. In the upper storey only beech, sycamore
and elm were present. On PRP 2 in the three-sto-

reyed stand beech was a clearly dominant tree spe-
cies (77%). Distribution of diameter classes in the
tree layer was relatively pronounced right-skewed.
On PRP 3 there were also three storeys in the tree
layer where beech was also dominant (49%). Distri-
bution of diameter classes was relatively uneven of
the Gaussian curve type. In the lower and middle
storeys all tree species were represented and in the
upper storey only beech, lime and sycamore were
present. On PRP 4 the tree layer consisted of three
storeys. The tree layer was dominated by beech
(64%), such as in the upper layer. Due to the cumu-
lative tree class 60+ cm diameter class distribution
was the U-shaped type. On PRP 5 there were also
three storeys in the tree layer in which sycamore
was dominant (40%). Overall, it was a relatively un-
even distribution of diameter classes of the Gauss-
ian curve type.

Tree-ring analyses

The regional standardized ring-width chronol-
ogy of European beech on PRP 1-5 in 1955-2015
indicated a relatively uneven radial increment (RW1I
+ 0.14 SD; Fig. 3). According to individual PRP, the
lowest variability was on PRP 5 with the lowest share
of beech in tree species composition. Depressions of
radial growth in 1980, 1996, 1997, 2006 and particu-
larly in 2011 were caused by severe late frost damage
to the assimilating organs while in 1985 it was caused
by a heavy attack of the beech scale insect (Crypto-
coccus fagi). In 2014 and 2015 a decrease in radial in-
crement was due to drought. Years 1958, 1980, 1985,
1994, 2011 and 2015 were negative pointer years
with low radial increment of European beech. This
tree species had a minimum average annual radial
increment of beech on PRP 2, while maximum value
was reached by beech on PRP 4.

The regional standardized ring-width chronol-
ogy of sycamore maple on PRP 1, 4 and 5 showed
a relatively uneven radial increment (RWI + 0.14
SD; Fig. 3). The minimum value of diameter incre-
ment was determined on PRP 4, maximum value on
PRP 5. Highly decreased radial increment in 1967,
1973, 1979, 1997 was caused by the pathogen Rhyt-
isma acerinum in combination with drought. Years
1957, 1964, 1973, 1984, 1985, 1996, 1997, 2008 were
the negative pointer years. In term of small-leaved
lime (RWI + 0.17 SD), the negative pointer years
were 1957, 1959, 1974, 1980, 1992, 1995, 1996, 1998,
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Table 2. Stand characteristics on permanent research plots 1-5 according to main tree species

PRP Species DBH h v N ‘ BA i \% i CcC CPA, SDI
(cm) (m) (m®  (trees ha!) (m%*ha!) (m3ha!) (%) (ha-ha™!)

beech 47.9 26.2 2.630 104 18.6 274 71.4 1.25 0.28

s. maple 55.0 27.8 3.379 32 7.5 108 29.0 0.34 0.11

hornbeam 33.3 20.6 0.907 88 7.6 80 56.5 0.83 0.13

N. maple 28.4 20.6 0.763 56 3.5 43 27.2 0.32 0.07

1 elm 28.5 17.8 0.603 68 4.3 41 31.4 0.38 0.09

ash 31.7 23.3 0.789 36 2.8 28 15.8 0.17 0.05

spruce 41.7 31.8 1.696 8 1.1 14 3.0 0.03 0.01

lime 16.4 14.6 0.167 36 0.7 6 14.0 0.15 0.02

total 37.1 22.0 1.386 428 46.1 593 96.9 3.48 0.76

beech 49.5 28.91 3.164 184 35.4 582 87.3 2.06 0.52

hornbeam 30.9 15.8 0.534 8 0.6 4 5.9 0.06 0.01

2 lime 30.9 18.5 0.640 4 0.3 3 3.8 0.04 0.01

s. maple 13.0 9.1 0.065 24 0.3 2 6.0 0.06 0.01

total 44.2 24.6 2.463 240 36.7 591 89.9 2.28 0.55

beech 38.1 28.7 1.738 240 27.3 417 85.8 1.95 0.45

lime 34.8 27.4 1.399 176 16.7 246 62.9 0.99 0.28

3 s. maple 27.8 23.7 0.759 36 2.1 27 13.2 0.14 0.04

N. maple 18.0 15.3 0.237 24 0.6 6 9.6 0.10 0.01

spruce 23.5 27.0 0.510 4 0.2 2 0.8 0.01 0.00

total 35.0 26.8 1.432 488 47.0 699 96.0 3.21 0.79

beech 38.0 16.8 1.684 300 33.9 505 90.7 2.38 0.56

spruce 43.2 27.4 1.567 44 6.4 69 16.8 0.18 0.09

fir 47.9 31.3 2.360 12 2.1 28 6.2 0.06 0.03

4 s. maple 12.9 11.5 0.080 72 0.9 6 16.7 0.18 0.02

lime 12.6 10.4 0.091 28 0.3 3 7.2 0.08 0.01

total 34.5 16.8 1.296 472 43.9 612 94.7 2.93 0.71

s. maple 25.7 18.7 0.493 288 14.9 142 56.3 0.83 0.29

beech 32.4 18.1 0.828 64 5.2 53 36.0 0.45 0.09

oak 32.0 19.2 0.712 64 5.1 46 26.6 0.31 0.10

birch 23.2 17.5 0.302 88 3.7 27 19.6 0.22 0.07

5 fir 31.7 22.1 0.849 20 1.5 17 6.4 0.07 0.03

ash 32.9 21.9 0.764 20 1.7 15 11.4 0.12 0.03

lime 44.9 21.3 1.601 8 1.3 13 7.7 0.08 0.02

hornbeam 27.0 17.3 0.490 24 14 12 19.4 0.22 0.03

aspen 20.6 17.2 0.215 40 1.3 9 9.9 0.10 0.03

spruce 16.7 13.3 0.132 44 1.0 6 8.0 0.08 0.02

total 25.8 17.5 0.472 720 37.6 340 92.8 2.63 0.71

DBH - mean diameter at breast height, # — mean height, v — average tree volume, N — number of trees, BA — basal area,

V — stand volume, CC — canopy closure, CPA — crown projection area, SDI — stand density index

2004, 2009. The regional standardized ring-width stantially increased radial increment. Years 1975,
chronology of wych elm on PRP 1 revealed an un- 1988, 1989, 1990, 1992 and 2015 were the negative
even diameter increment (RWI + 0.30 SD). After pointer years. The standardized ring-width chronol-
thinnings in 1963 and 1992 released trees had a sub-  ogy of sessile oak showed a relatively steady radial
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increment (RWI + 0.23 SD). An extraordinary de-
pression of radial increment in negative years 2014
and 2015 was conditioned by drought. An extremely
unsteady radial increment was observed in Norway
spruce (RWI + 0.35 SD). The tree-ring curve had a
downward trend by 1985 and since that year an un-
steadily upward trend. In 1980-1988 the decreased
radial increment of spruce was caused by SO, air
pollution load. The radial growth considerably in-
creased there after a silvicultural treatment in 1994.
A depression of radial growth in 2015 was mainly
due to drought. Years 1964, 1965, 1966, 1971, 1972,
1979, 1980, 1981, 1982, 1984, 1985, 1992, 2005 were
negative pointer years (Fig. 3).

Correlations of diameter increment of main
tree species with average monthly air temperatures

showed some statistically significant values (Fig. 4.).
Beech diameter increment showed a significant
(P < 0.05) positive correlation with air temperature
in three months, while negative effect of precipi-
tation on radial growth was prevailing. Sycamore
radial growth showed only positive correlations
with climatic factors, especially in the growing sea-
son of the current year. Air temperature had sig-
nificant prevailing effect on radial growth of lime,
while increment of elm was influenced mainly by
precipitation. The lowest effect of climatic factors
was determined in oak. On the other hand, spruce
was the most climate sensitive tree species with
nine significant months. Main limiting factor of
spruce growth was low precipitation and high air
temperature.
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(a = 0.05) are displayed
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Table 3. Numbers of recruits and browsing damage caused by game according to main tree species on permanent

research plots 1-5

PRP 1 PRP 2 PRP 3 PRP 4 PRP 5

Species density damage density damage density damage density damage density damage

(pesha) (%)  (pesha) (%)  (pesha) (%)  (pesha) (%) (peshal) (%)
beech 4,440 18.0 72,414 10.4 46,960 8.0 5,000 8.0 1,640 56.0
oak 0 - 1,134 6.8 40 0.0 40 0.0 800 25.0
hornbeam 440 27.3 12,798 14.5 1,560 0.0 160 0.0 2,320 74.1
elm 360 55.6 0 - 400 0.0 160 0.0 2,480 96.8
ash 24,440 16.5 7,290 18.4 160 13.3 600 13.3 20,520 20.0
N. maple 9,040 42.9 20,736 32.5 26,440 5.7 2,800 5.7 400 50.0
s. maple 3,600 17.8 69,660 28.8 6,160 12.9 3,720 12.9 280 57.1
fir 0 - 0 - 40 3.8 1,040 3.8 360 55.6
rowan 0 - 162 36.5 160 100.0 40 100.0 1,800 62.2
lime 0 - 648 42.6 3,960 0.0 0 - 240 -
spruce 0 - 0 - 80 0.0 0 - 80 50.0
Total 42,640 27.6 186,462 20.4 85,960 17.9 13,880 17.9 31,240 51.5

Natural regeneration structure
and game damage

On PRP 1-5 the numbers of natural regenera-
tion ranged from 13,880 (PRP 4) to 186,462 (PRP 2)
recruits-ha=! (Table 3). High structure of natu-
ral regeneration on PRP 1-5 was relatively little
grown-up while individuals of maximally 30 cm in
height prevail. On the overall average on PRP 1-5
European beech accounts for 36.2%, sycamore ma-
ple for 23.3%, Norway maple (Acer platanoides L.)
for 16.4%, European ash (Fraxinus excelsior L.) for
14.7%, European hornbeam (Carpinus betulus L.)
for 4.8% and the other tree species are only scarce-
ly interspersed (maximally 1.5%). Maples and Eu-
ropean ash showed significant increase in share of
tree species composition of natural regeneration
compared to tree layer. Crown closure of natural
regeneration reached 0.16—0.62 and crown projec-
tion area was 0.18-1.69.

Table 3 shows the proportion of recruits with
terminal shoots damaged by browsing on PRP 1-5
separately according to tree species. In general,
the damage to terminal shoots of natural regenera-
tion on PRP was great (17.9-51.5 %), on average
amounting to around 30%. The highest losses were
observed in silver fir (Abies alba Mill.; 53%) fol-
lowed by wych elm (Ulmus glabra Hudson; 51%),
rowan (Sorbus aucuparia L.; 50%), Norway maple
(41%), sycamore maple (34%), European hornbeam

(26%), Norway spruce (25%), European beech and
European ash (23%), small-leaved lime (20%) and
sessile oak (8%). Individuals from a height of 15 cm
were damaged to the highest extent.

DISCUSSION

Results of the basic stand characteristics in de-
tail document structural and production differenc-
es between high forest, coppice with standards and
coppice forests on the studied locality where beech
was a dominant tree species except on PRP 5. In this
context BOSErA et al. (2016) suggested that beech
would have a crucial role in European forest eco-
systems also in future while the knowledge of the
impact of climate change is not quite definite and
unambiguous yet. As for production, the stand vol-
ume was 340-699 m*ha~!, when the highest stand-
ing volume was on PRP 3 and the lowest on PRP 5.
In our study, although stand volume was influenced
by a number of factors (age, microsite, tree species
composition, management), such a large range was
given by different types of forest because there was
a coppice on PRP 5. The other plots (high forest,
coppice with standards) had much higher stand
volume than the latter plot. In connection with
stand volume and climate change some authors
supported an assumption that mixed multi-species
stands can provide higher production (DEL Rio et
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al. 2013) and they can also be even more resistant
to severe droughts (PRETZSCH et al. 2013b) which
have however had negative impacts in the last years
in spite of the relatively high species diversity of
the studied localities. This trend was confirmed
in Europe by many studies (e.g. BONTEMPS et al.
2010; RaBASA et al. 2013). For example, comparing
production of high forests in our study, the higher
stand volume (699 m®ha') was observed on mixed
PRP 3 with beech share of 72% compared to PRP 2
(beech share 98%, volume 591 m3-ha~!). Moreover,
the lowest variability in growth of beech in relation
to environmental factors was observed on PRP 5
where beech was only admixed tree species (16%).
A comparison of stand characteristics with similar
localities in Central Europe basically reveals very
similar production characteristics from many dif-
ferent sites (BULUSEK et al. 2016; KRALICEK et al.
2017). The timber production can be influenced
not only by the mix of forest but also by the type of
mix (NGo BEING et al. 2013).

The structure of diameter class distribution was
very much differentiated on PRP, which can be ex-
plained by different silvicultural practices (type of
thinning, transformation of coppice to coppice with
standards and high forest) in the past. Heterogene-
ity of results can also be related with the size of the
studied plots (PALUCH 2007). At the studied locali-
ties Gaussian distribution, relatively even distribu-
tion and clearly left-skewed as well as right-skewed
distribution can be found. According to KRAL et al.
(2010) the Gaussian distribution is typical of the
stage of the optimum on a larger spatial scale. Left-
skewed distribution is typical of old-growth close-
to-nature beech stands (KORPEL 1995; SCHUTZ et
al. 2001) that usually reflect the regime of small-
plot disturbances (ZE1B1G et al. 2005) and are at the
growing-up stage or at the initial stage of disinte-
gration (PopLASKI 2006; ZENNER et al. 2015).

In the framework of a wider study of diameter of
individual trees on PRP we focused on a long-term
radial growth in the period 1955-2015. In connec-
tion with the relative diversity of species structure
the studied diameter increment was influenced by
a number of various factors (drought, late frosts,
pests, etc.) while in beech as a dominant tree spe-
cies at all localities except PRP 5 an increment re-
duction has been observed in the last years particu-
larly due to drought similarly like in spruce on PRP
4, in the other tree species this trend has not been
so obvious. A comparison of this situation with
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some European localities showed that the beech
mainly at the southern edge of its natural range suf-
fers from an increment reduction (Jump et al. 2006;
BoNTEMPS et al. 2010) even though regional differ-
ences may be large (TEGEL et al. 2014). SZYMURA
et al. (2013) stated that an amount of available wa-
ter is a key factor for beech distribution because
at water deficit the beech is less competitive than
other tree species occurring at these localities, e.g.
oak. An increment reduction at European localities
was also reported by DITTMAR et al. (2003). On
the contrary, other studies from Europe confirmed
an increment increase in beech between 1950 and
1980 (HLASNY et al. 2011; PRETZSCH et al. 2014b).
BoSEra et al. (2018) suggested a positive effect of
increasing summer air temperatures at higher lati-
tudes or altitudes above sea level and at the same
time they predicted an increase in beech increment
at the northern edge of its range. Comparing other
tree species, Norway spruce was the most sensitive
to negative years with extreme low radial growth,
such as in other studies (VACEK et al. 2019), while
growth of European beech, sycamore maple, ses-
sile oak, and small-leaved lime was relative stable.
Moreover, higher diameter increment and resis-
tance are reached in mixed forests compared to
monocultures (PRETZSCH et al. 2014a). The future
development of increment will basically depend on
regional climate and locality productivity to a great
extent (AERTSEN et al. 2014). These local factors
largely influence the generalization of results for a
wider spectrum of forest stands and underlie dif-
ferent results of many studies.

Natural regeneration is an important compo-
nent of close-to-nature forests (PETRITAN et al.
2007; VACEK et al. 2017). Our study showed the
relatively high population density (13,880-186,462
recruits-ha™!) and increasing proportion in maples
and ash. In comparison with other locality in PLA
Broumovsko, lower density of regeneration was ob-
served in range of 1,472-44,888 recruits-ha™! (VA-
CEK et al. 2015). Beech was a dominant tree spe-
cies in natural regeneration although its proportion
far from its representation in BiLEK et al. (2014) in
the Vodéradské buciny National Nature Reserve
or from the highly dominant proportion of beech
in Nature Reserve Broumovské stény reported by
VACEK et al. (2015). At the studied localities there
was much higher diversity of species composition
that appears unique by its richness in comparison
with other studies from Central Europe (e.g. vON
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OHEIMB et al. 2005; KRALICEK et al. 2017) when
the papers presenting so rich natural regeneration
were very scarce. Even though natural regeneration
consisted of a high number of recruits and species,
it did not avoid the considerable pressure of wild-
life that caused great losses of recruits by browsing
of terminal shoots. The individuals of fir, elm and
rowan suffered the greatest damage, but almost all
tree species in natural regeneration were more or
less damaged. In the Czech Republic a great pres-
sure of wildlife was reported from many localities
(VACEK 2017; CUKOR et al. 2019a, b), when some
authors confirmed increasing food attractiveness
with a decreasing proportion of tree species in
natural regeneration (AMMER 1996; CERMAK et al.
2009). In this context VACEK et al. (2015) stated that
it is practically impossible to grow some tree spe-
cies without fencing at some localities because the
wildlife causes losses not only by browsing but also
by fraying and bark stripping. Bark stripping done
mainly by red deer can threaten also older stands
that have grown up enough to avoid browsing (Va-
CEK et al. 2012). If we want to conserve rich species
composition in the studied stands also in future, it
will be necessary to reducing of still increasing un-
gulate population densities to an environmentally
acceptable limit and protect threatened tree spe-
cies by individual or group fencing.

CONCLUSION

The structure of scree forests and herb-rich
beech forests at the Kozinek Site of Community
Importance was influenced by a number of fac-
tors. The main factor influencing the specific site
and stand conditions of scree forests and herb-
rich beech forests was a change in silvicultural
practices, specifically the transformation of cop-
pice to high forest while small-scale management
methods were maintained. Studied coppice stands
confirmed higher structural differentiation and di-
versity, while higher stand volume was observed
in high forests. Moreover, global climate change
also had an impact on these stands. It was evident
mainly from the trends of radial increment of main
tree species. European beech and sycamore maple
showed the lowest variability in radial growth,
while the lowest significant effect of climatic fac-
tors was observed in sessile oak. On the contrary,
the most endangered tree species from the point of

climate change was sensitive Norway spruce. Par-
ticularly the pronounced growth minima caused
by both abiotic and biotic factors documented the
high vulnerability of these ecosystems, especially
of shallow-rooted tree species in scree forests. De-
velopment of natural regeneration has played an
important role in the last years. It is to note that
damage caused by hoofed game to natural regener-
ation was great, considerably constraining its fur-
ther dynamics. The obtained results will be used for
the definition of close-to-nature management with
emphasis on original tree species composition,
spatial and age differentiation in similar site con-
ditions, where it is necessary to realize the trans-
formation of forest stands to stands with a higher
degree of naturalness.
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6. Diskuse

6.1. Tematicky okruh 1: Diverzita a struktura smiSenych lesnich ekosystému
v kontextu klimatické zmeény

6.1.1. Changes in diversity of protected scree and herb-rich beech forest ecosystems over
55 years
Dlouhodoby vyvoj biodiverzity lesnich ekosystémii je vysledkem spoluptisobeni spontanni

dynamiky ekosystémt a hospodatskych zasaht, které méni prostorovou strukturu porostu,
svételné poméry, kvalitu opadu i pidni prostiedi (Vacek et al. 2019a). Strukturalni diverzita
(vertikalni i horizontalni) je obecné povazovana za klicovy ramec pro vznik mikrostanovist’ a
ekologickych nik v porostu, a tim i pro udrzeni druhové rozmanitosti; soucasné¢ mize
ovliviiovat 1 produkéni funkce lesa (napf. prostfednictvim rozdilného vyuziti zdroji
jednotlivymi slozkami spoleCenstva). Je tifeba zdiaraznit, Ze porosty obhospodafované
maloplo$nymi zplisoby (dfive pievazné pareziny, pozde€ji prevadéné na sdruzeny a vysoky les,
obhospodatované podrostné a skupinovym vybérem) si po celé sledované obdobi zachovaly
vysokou druhovou diverzitu. Sutové lesy pfitom vykazovaly vyrazné vyssi biodiverzitu nez
kvétnaté buciny (Vacek et al. 2019b). Ze srovnani TVP 5 (pafezina) a TVP 3 (les vysoky)
vyplyva, Ze na sutovych stanovistich si pafezina udrzuje vyssi biodiverzitu nez les vysoky;
analogické srovnani pro kvétnaté buciny neni k dispozici, protoze ty byly obnovovany vzdy
generativné jako les vysoky. Srovnatelné zavéry pro pateziny po prevodu na vysoky les uvadéji
Corney et al. (2008), Rogers et al. (2008) a Verheyen et al. (2012). NaSe zjiSténi zaroven
podporuji interpretace zmén vegetace publikované v praci Molder et al. (2008). Vockenhuber
etal. (2011) uvadéji, ze vyssi diverzita patezin souvisi s vy$s§im poctem druhti v bylinném patfe,
a to pravdépodobné diky rozdilnym narokiim na zdroje a odliSnym reakcim druhti na ekologické
gradienty (Tinya et al. 2009). Druhy stromového patra ovliviiuji bylinné patro zménami
dostupnosti zdroji a podminek v nizSich patrech lesa (Barbier et al. 2008; Vacek et al. 2017),
zejména prostiednictvim svételnych pomért (propustnost korun) a zmén piidni struktury i
kyselosti v disledku opadu a jeho rozlozitelnosti (Molder et al. 2014). Vyrazné biologicky
divergentni pafeziny ovSem vykazuji vyrazné€ niz§i akumulaci biomasy. Zasoba porostu v roce
2016 se podle naSich zjisténi pohybovala od 340 m? ha™ na TVP 5 (pafezina) po 699 m? ha™
na TVP 3 (vysoky les). Shodn¢ Vacek et al. (2019b) uvadéji nejvyssi produkcei diivi ve vysokém
patra bylo velmi proménlivé: TVP 1 vykazovala shlukovité rozmisténi, TVP 2 pravidelné a

TVP 3-5 nahodné az pravidelné rozmisténi. Tento obraz odpovidd praci Szwagrzyka,
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Czerwczaka (1993) z pralesi v CR a v Polsku, kde autofi popisuji pfevahu nahodného aZ
pravidelného rozmisténi. Obdobné tomu je v pracich Szwagrzyk et al. (1997) pro stromy s DBH
> 35 cm v ptirod¢€ blizkém lese, von Oheim et al. (2007) pro dospélé jedince horni etaze pfi
vyzkumu na 8 ha v severovychodnim Némecku a také Vacek et al. (2014a, 2015¢), Bulusek et
al. (2016) pro bukové porosty v Sudetech (CR, Polsko), Krali¢ek et al. (2017) a Slanaf et al.
(2017) pro smrkobukové porosty v Orlickych horach a v Jizerskych horach. Nejvyssi celkova
diverzita byla zjisténa v patezin¢ (TVP 5) a nejnizsi ve vysokém lese (TVP 2). Podobné byla
celkova diverzita v pafezing s vystavky (Vacek et al. 2019b). Rozdily v prostorové struktuie
(shlukovité vs. pravidelné vs. ndhodné rozmisténi) obvykle méni mikrostanovistni svételné a
teplotné-vlhkostni gradienty v podrostu a urcuji rozlozeni ptirozené obnovy i bylinného patra
(Vacek et al. 2015, 2017). Metodiky popisu porostni struktury proto Casto kombinuji vice
proménnych (napt. rozmérovou diferenciaci, prostorové statistiky a popis korunového zapoje),
protoze jednotlivé indikatory mohou byt siln€ zavislé na prostorovém métitku a vyvojové fazi
lesa. Ve stromovém patie (stejn¢ jako v bylinném patie) byl v roce 2016 nejvyssi pocet druhti
na TVP 5, tj. v sutovém lese klasifikovaném jako piestarla pafezina, kde 58 % stromu
pochazelo z vymladkl. PfestoZze §lo o nejmladSi porost, tak vykazoval velmi vysokou
biodiverzitu; obdobny, av§ak méné vyrazny trend se projevil i na dalSich sutovych plochach,
zejména na TVP 1 (20 % jedinct vegetativniho ptivodu) a TVP 4 (8 %). Naproti tomu v
kvétnaté bucin€ na TVP 2 (vysoky les) byl pozorovan opaény trend. Na TVP 14 ziistal pocet
druhti ve stromovém patfe beze zmény; vyrazny posun nastal pouze na TVP 5, kde se pocet
druhti témét zdvojnasobil v disledku snimkovani kratce po obnovni tézbe, kdy ¢ast dfevin jeste
nedosahla stromového patra. V prubéhu 55 let obecné vzrostla druhova bohatost stromového
patra, zatimco druhova vyrovnanost klesla. Srovnatelny vyvoj byl popsén i u nizinnych porosta
béhem 15 let (Vacek et al. 2019b). Nejvétsi zména se projevila v pafeziné na TVP 5 (narist
diverzity o 17 %), zatimco studie z Danska (Strandberg et al. 2005) a Italie (Ciancio et al. 2006)
uvadéji u pafezin naopak klesajici biodiverzitni trend, coz je znacné ovliviiovdno jejich
hustotou.

Druhova bohatost pfirozen¢ obnovy se na TVP 2—4 zvysila o 57-86 %, na TVP 5 se nezménila
ana TVP 1 klesla o 11 %; nejvyrazngjsi ndrast byl zaznamenan v kvétnaté bucing. Na vSech
plochach krom¢ TVP 5 narostly pocetnosti jedinct jednotlivych druhi obnovy
nekolikanasobné. Zesileni obnovy buku v poslednich dvou dekadach dokladaji 1 prace ze Sudet
(Vacek et al. 2015a; Slanaft et al. 2017). Expanzi buku lze spojovat s poklesem imisni zatéze

(vysoké koncentrace SOz v 80.-90. letech) (Kralicek et al. 2017; Vacek et al. 2017a; Simtinek
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et al. 2019) i s posuny lesnich vegetacnich stupniii a arealit dfevin v diisledku klimatické zmény
(Kramer et al. 2010; Hanewinkel et al. 2023; Dulamsuren et al. 2017; Machar et al. 2017; Vacek
et al. 2023). Nejvyssi diverzita ptirozené obnovy byla zaznamenéna v pafezing s vystavky (TVP
eutrofizace vegetace (Hédl et al. 2010). Mezi béznymi semenacky se noveé objevuji Fraxinus
excelsior, Ulmus glabra a Acer sp., které svym opadem eutrofizaci dale posiluji (Hofmeister et
al. 2004). Trend zvySovani zivin podporuje jak srovnani Ellenbergovych indika¢nich hodnot
(EIV) pro ziviny, tak ptidni analyzy. Eutrofiza¢ni vyvoj je typicky pro nizinné lesy (Van Calster
et al. 2007; Keith et al. 2009) a souvisi se dvéma soucasné pisobicimi, obtizn¢ odd¢litelnymi
faktory: (I) zdvojnasobenim atmosférické depozice dusiku od poloviny 20. stoleti (Falkengren-
Grerup 1995; Dentener et al. 2006; Hinova et al. 2017) a (II) zménou hospodareni (Rackham
organicka hmota nyni v porostech ponechavd a kumuluje (Dzwonko, Gawronski 2002).
Eutrofizaci zaroveil podporuje i vyssi zastoupeni zivinové naroénych dievin (Hofmeister et al.
2004). V evropském méfitku dlouhodoba (chronickd) depozice dusiku predstavuje dobie
popsany tlak na biodiverzitu lesniho podrostu, protoZze podporuje eutrofizaci a posuny
druhového sloZeni. Rozsahlé monitorovaci analyzy napii¢ Evropou potvrzuji trend zmén
pokryvnosti a diverzity bylinného patra ve vztahu k N-depozici (Holguin et al. 2024). V obnové
se obecné nove prosazovaly druhy tolerantni k zastinéni. V souvislosti s klimatickou zménou
byl zaznamenén nartst Acer platanoides a Carpinus betulus a ubytek Abies alba a Picea abies,
coz miiZze uzce souviset s rustem teploty v dané oblasti. Pokles Picea abies ve stfednich
polohéch a soucasny narast nizinnych listnaca v disledku zmén klimatu popisuji i dalsi studie
(Falk, Hempelmann 2013; Sedmakova et al. 2019). Ustup Abies alba za ménicich se podminek
prostiedi uvadéji Mrkva (1994), Vacek et al. (2015), Mikulenka et al. (2020) a Bledy et al.
(2025). Casto zmitiovany vliv jelena evropského na vegetaci (silny okus a loupéani kiiry; Corney
et al. 2008; Rogers et al. 2008; Hédl et al. 2010; Vacek et al. 2015b; Cukor et al. 2019) se v
naSem piipadé nepotvrdil. Hodnoceni dopadli zmény klimatu v Evropé konsistentné uvadi
rostouci vyznam teplotnich a srazkovych extrému (napt. epizod sucha a vin veder) pro stabilitu
a produkci lesnich ekosystémi a ocekava se pokracujici tlak na druhy a porosty citlivé na vodni
deficit Ci teplotni stres; to vytvaii podminky pro posuny ve sloZeni porostll i isp€Snosti obnovy
(Baldrian et al. 2023). Relativni druhova bohatost bylinného patra vzrostla na v§ech plochach s
vyjimkou TVP 5; druhova heterogenita na TVP 2—4 mirn¢€ narostla, zatimco na TVP 1 a 5 mirn¢
az sttedné poklesla. V EVL Kozinek je vyssi druhova bohatost bylinného patra obvykle spojena

s vys$i diverzitou stromového patra, coz potvrdili i Vockenhuber et al. (2011). Zatimco nékteré
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prace nachazeji pozitivni vztah mezi diverzitou stromového a bylinného patra (Ingerpuu et al.
2003; Molder et al. 2008; Vacek et al. 2017), jiné zddnou vyznamnou vazbu neprokazuji
(Borchsenius et al. 2004; Houle 2007). Pozitivni vztah byl dolozen naptf. i v NP Hainich
(Molder et al. 2014). Obecné se vyssi biodiverzita uvadi v listnatych lesich ve srovnani s lesy
jehli¢natymi (Berger, Puettman 2000; Hart, Chen 2008; Vacek et al. 2017). Ve srovnani s rokem
1961 je bylinné patro na studovanych plochach (kromé TVP 5) vice stinné a trofnéj$i v disledku
siln€j$i generativni obnovy. Pocet druht v bylinném patie na TVP 1-5 vzrostl o 15-64 %,
zatimco na TVP 5 o 2 % klesl; nariist je pfipisovan zejména vysokému mnozstvi semenackl
riznych dievin. Pfesto se celkovy pocet druhli ve vSech ptipadech na TVP 1-5 v zasad¢
nezménil. V obdobnych vyzkumech byvd uvaddén mirny narGst poctu druhli ve snimku
(Thimonier et al. 1994; Wild et al. 2004; Van Calster et al. 2007; Samonil, Vrska 2008; Vacek
et al. 2017), avSak Castéji mirny az vyrazny pokles (Hédl 2004; Rogers et al. 2008; Naaf, Wulf
2010; Kopecky et al. 2013) nebo stabilita (Taverna et al. 2005; Keith et al. 2009), coz je v
souladu 1 s nasimi vysledky. Zmény trofnosti a svételnych podminek byvaji v dlouhodobém
monitoringu Casto interpretovany i pomoci prumérnych Ellenbergovych indika¢nich hodnot
(EIV), které ptedstavuji standardizovany ekologicky ,,otisk* druhového slozeni a jsou Siroce
vyuzivany v aplikované vegetacni ekologii. Sutové lesy byly v nami studované lokalité
druhové bohatsi nez kvétnaté buciny, zaroven vSak vykazovaly znacnou variabilitu v zavislosti
na vyvojové fazi lesa. V sutovych lesich byl pocet druhti v bylinném patte primarné tizen
dostupnosti svétla (se zvySujicim se zastinénim diverzita klesala), zatimco u kvétnatych bucin
se efekt snizené intenzity svétla neprojevil a dilezita byla zména vlhkosti. Mezi ubyvajicimi
dominovaly svétlomilné druhy (napt. Veronica chamaedrys agg.), zatimco noveé se objevujici
byly pfevazné stinné (napt. Athyrium filix-femina, Geum urbanum, Viola reichenbachiana) a
vétSina z nich soucasné vyzaduje vyssi pidni vlhkost. U novych druhti se zvysilo zastoupeni
druhti typickych pro Zivinoveé bohatd stanovisté (napt. Gallium odoratum) (Hofmeister et al.
2004; Vacek et al. 2017). S postupujici obnovou ustupovaly také travy, zeyména Melica nutans
a Poa nemoralis. V navaznosti na globalni klimatickou zménu byl zaznamenan naruast Hepatica
nobilis a Isopyrum thalictroides a pokles Actaea spicata a Campanula trachelium. V disledku
zvyseného zépoje korun (Casto spojené¢ho s pokrocilou obnovou) se v lesni vegetaci dafilo
druhtim adaptovanym na stin a na specifické podminky dané opadem listnatych dfevin (napf.
Hepatica nobilis). Adaptace na omezeny pristup svétla spo¢iva v posunu fenologie do raného
jara pied olisténim stromi, coz umoziuje ziskat vice slunecni radiace 1 pti zastinéni (Dahlgren
et al. 2006; Kopecky et al. 2013). Brewer (1980) uvadi narast druhti jarniho aspektu, zatimco

von Oheim, Brunet (2007) naopak jejich pokles. Primérné EIV neprokazaly zménu vlhkostnich
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pomert, nicméné jiné studie naznacuji, ze omezeni svétla a radiace snizuje evapotranspiraci
podrostu a prostiedi se stava vihéim (Decocq et al. 2005; Hédl et al. 2010), zatimco po otevieni
zapoje vlhkost klesa (Hédl 2004). Rozdil v EIV pro piidni reakci zjistén nebyl, a proto
usuzujeme, ze acidifikace se v EVL Kozinek béhem poslednich 55 let vyrazné neprojevila.
Vzhledem k tomu, Ze pudni reakce zadsadné ovliviiuje diverzitu (Brunet et al. 1997; Hofmeister
et al. 2009; Vacek et al. 2017a), je okyselovani povazovano za vyznamny faktor zmén lesni
vegetace (Falkengren-Grerup 1995). Pravdépodobné zde plsobi zasadity vapnity slinovcovy
podklad (Mikeska et al. 2000), avSak v jinych regionech byly zmény zplisobené acidifikaci
zaznamenany (Hédl 2004; Van Calster et al. 2007, Vacek et al. 2017). Mezi dilezité
mechanismy patii atmosférické depozice a lesni sukcese s akumulaci dusiku, kterd acidifikaci
podporuje (De Schrijver et al. 2006; Hinova et al. 2017).

Nase vysledky jsou &asto v souladu s obdobnymi studiemi z Ceské republiky i ze zahrani¢i
(Heédl 2004; Van Calster et al. 2007; Rogers et al. 2008; Rooney 2008; Baeten et al. 2009; Keith
et al. 2009; Bunn et al. 2010; Hédl et al. 2010; Verheyen et al. 2012; Kopecky et al. 2013; Vacek
et al. 2017). V EVL Kozinek se zmény tykaji predev§sim postupné transformace hospodateni
(ptevod pateziny na les vysoky), ktera upravila lesni prostiedi; to odpovida i praci Duraka
(2012), jenZ povazuje zplsob hospodateni za jeden z klicovych faktorl utvarejicich stanovistni
a porostni podminky. Podobn¢ je to rozebirano i v praci Vacek et al (2020). Souhrnné 1ze
interpretovat, ze dlouhodobé zmény ve stromovém patie (druhova bohatost vs. vyrovnanost,
prostorové uspotfadani) se na této lokalité promitly do dynamiky obnovy a pfetvareni bylinného
patra zejména skrze svételné a trofické poméry. V tomto smyslu pfedstavuje mozaikovité

(maloplosné) hospodateni dilezity mechanismus udrzovani heterogenity stanovist'.

6.1.2. Mixed forests as a strategy for climate change adaptation: the future of silviculture
management in the Ore Mountains

Z hlediska produkéniho potencidlu, porovnani smiSenych a jednodruhovych porostii buku
lesniho a smrku ztepilého v KruSnych hordch se potvrdil vyznamny vliv smiSeni na jejich
produkci. Nejvyssi zdsoba byla zjisténa u varianty SM 50:50 BK (614 m? ha™) a nésledn¢ SM
monokultury smrku (371 m? ha™). V autochtonnich porostech ve vyssich nadmotskych vyskach
v KrkonoS$ich byla nejvys$si zdsoba naopak u SM 75:25 BK (656 m?® ha™) a nasledné¢ u SM
50:50 BK (512 m? ha™; Vacek et al. 2021a); kde se produkce se zvySujicim se podilem buku
snizovala, obdobn¢ jako ve studii ze Slovenska (Sharma et al. 2019). Nizs§i zasoby

smrkobukovych porostii uvadéji i dalsi prace z Krkonos a Orlickych hor (napt. Vacek et al.
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2015; Kralicek et al. 2017), zatimco bukosmrkojedlové porosty v Orlickych horach vykazovaly
podobnou produkci (538 m? ha™; Vacek 2017) jako v nasi studii. Srovnéavaci studie z Krkono$
ukazuji, Ze jednodruhové bukové (198 m® ha™'; Simiinek et al. 2020) i smrkové porosty (322
m? ha™'; Putalova et al. 2019) dosahuji nizSich objeml nez porosty smiSené. Pozitivni efekt
piimési je dolozen i u jinych kombinaci devin (napt. dub v borovych porostech; Spulék et al.
2018).

Stabilita porostl vyjadiena Stihlostnim kvocientem se v nasi studii zvySovala s vy$§im podilem
buku (BK75 HDR = 64,4; BK50 HDR = 70,8; BK25 HDR = 75,7), tj. klesajici hodnoty
naznacuji vyS$i statickou stabilitu. Tento trend odpovida vysledkiim dalSich autori (napf.
Stefan¢ik 2015; Sharma et al. 2016, 2019; Vacek et al. 2021a). Primérny objem kmene byl ve
smiSenych porostech o 21,4 % vyssi u buku a 0 19,9 % vyssi u smrku nez v monokulturach. V
Krkonosich byly rozdily nizsi (0 9,7 % u buku a o 7,7 % u smrku; Vacek et al. 2021a), pficemz
obecné se uvadi, ze smési produkuji ptiblizné o 11-30 % vyssi objem kmenii (Pretzsch 2016).
Na evropské tirovni byl pozitivni vliv smési potvrzen i u jinych druhovych kombinaci; u smési
dubu a borovice se rlst borovice zvySoval vlivem smiSeni a strukturni diverzity, zatimco u dubu
byl efekt slabsi (Vospernik et al. 2023). Kromé produkce mulze smiSeni ovliviiovat 1 pocet
stroml, z4poj a index hustoty (napt. Amoroso, Turnblom 2006; Pretzsch, Biber 2016). V nasi
studii byl pocet stroml ve smiSenych porostech o 32,5 % vyS$§i nez v monokulturach (u SM
75:25 BK az 0 50 %), coz je vy$$i nez uvadi Vacek et al. (2021c) pro Krkonose (o 15,5 %, resp.
27,2 % u 75:25). Vyssi produktivita a sekvestrace uhliku ve smésich byva spojena s vyssi
hustotou, vétsi plochou korunovych projekci a strukturdlni rozmanitosti (Pretzsch et al. 2014).
Jednodruhové porosty mivaji jednodussi korunovou vystavbu a nizsi strukturalni variabilitu
(Forrester, Albrecht 2014; Pretzsch 2014), zatimco ve smé&sich mize dochazet k efektivnéjSimu
vyuziti zdrojii diky rozdilnym ekologickym narokiim dfevin (Knoke et al. 2008; Richards et al.
2010; Sharma et al. 2016, 2017). V nasem ptipad¢ jiz ptimés do 25 % zvysila objem porostu az
0 46,5 % oproti monokultute (cf. Vacek et al. 2021a: +26,7 %). Produk¢ni potencidl mize dale
posilovat piimes jedle bélokoré ¢i javoru klenu (Vacek et al. 2018; Bledy et al. 2024). Vyssi
produkce smiSenych lest mize pfinaSet ekonomické vyhody (Agemstam et al. 2006; Felton et
al. 2010), soucasné vSak muze rist riziko Skod zvéfi, zejména okusem (Brabec et al. 2024).

Z hlediska druhové diverzity stromového patra byly v nasi studii druhova bohatost (D 0,14),
heterogenita (H 0,07) a vyrovnanost (E 0,31) vyznamné niZ8i v monokulturach nez ve vSech
variantach smési (D 0,24; H 0,30; E 0,79). Podobné Vacek et al. (2021c¢) uvadéji vyrazné nizsi
hodnoty v monokulturach (D 0,01; H 0,02; E 0,03) oproti smiSenym smrkobukovym porostim
(D 0,18; H 0,25; E 0,82). Srovnatelné hodnoty diverzity byly zjistény i v Jizerskych horach
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(Vacek et al. 2019), zatimco vyssi bohatost a heterogenita v Orlickych horach souvisela s
primési dalSich dievin (Vacek 2017). Nejvétsi rozdily mezi variantami smiseni se v nasi studii
projevily u vyrovnanosti a heterogenity: nejvyssi (u H a E statisticky vyznamn¢) byly u SM
50:50 BK, zatimco nejvyssi bohatost byla u SM 75:25 BK; nejnizsi diverzita byla ve smrkové
monokultufe. Pfestoze mnoho studii vysvétluje vztah diverzita—produktivita primarné
druhovou bohatosti (Morin et al. 2011; Gillman et al. 2015), metaanalyza 54 studii ukazala jako
nejlepsi prediktor vyrovnanost (34 % vysvétlené variability) oproti bohatosti (13 %; Zhang et
al. 2012). NaSe vysledky tento zavér podporuji: rovnhomérné zastoupeni smrku a buku (SM
50:50 BK) souviselo s vyssi produktivitou, podobné jako v analyzach horskych smisenych lest
v sedmi evropskych zemich (Torresan et al. 2020). SmiSeni neprokdzalo vyznamny vliv na
prostorové rozmisténi stromi, avSak monokultury mély tendenci k agregovanosti, zatimco
smiSené porosty vykazovaly ndhodné aZ mirn€ pravidelné rozmisténi s efektivngj$im vyuzitim
prostoru, coz odpovida i jinym studiim (napt. Vacek et al. 2021a; Kralicek et al. 2017; Slanat
et al. 2017). Obecné¢ plati, ze horizontalni struktura pfirozenych a ptirod¢ blizkych lesti byva
prevazné nahodnd, ale s rostoucim vékem a konkurenci se miize ménit od agregované pies
nahodnou az k pravidelné (napt. von Oheimb et al. 2005; Wijdeven 2003). Piimés dievin méla
jen omezeny vliv na tloustkovou a vyskovou diferenciaci, presto byly smiSené porosty mirné
diferencovan¢j$i (TMd 0,34; TMh 0,22) neZ monokultury (TMd 0,31; TMh 0,19), obdobn¢ jako
u prace Vacek et al. (2021a). SmiSené porosty vykazovaly také vyssi vertikalni diverzitu a vyssi
diferenciaci korun, zatimco nejnizSich hodnot dosahovala smrkovd monokultura. Vyssi
vertikalni diverzita a diferenciace korun umoZiluje rychlejsi uzavirdni korunovych mezer,
zvySuje hustotu a podporuje rist i produkci (Pretzsch, Forrester 2017). Viceetazova struktura
navic mize snizovat transpiracni stres mensich stromt a zmirfiovat dopady sucha (Pretzsch et
al. 2022). Celkové hodnoceni efektivity smiSeni by mélo zahrnovat druhové sloZeni, vertikalni
strukturu, prostorové rozlozeni i diferenciaci korun (Jachne, Dohrenbusch 1997). V souladu s
tim byla celkova diverzita v na$i studii vy$§i ve smiSenych porostech (B 5,3) nez v

monokulturach (B 3,9), coz odpovida i vysledkiim z Krkono$ (Vacek et al. 2021a).
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6.2. Tematicky okruh 2: Vliv klimatické zmény a managementu na rdst,
stabilitu a adaptacni potencial smiSenych les(

6.2.1. Dynamics of mixed lowland forests in Central Bohemia over a 20-year period
Hustota stromt se na sledovanych TVP v obdobi 1998-2018 snizila o 8,5 % na 120 az 1 364

stromi-ha™'. NejvyS$i hustota byla zjisténa v habrodubovych porostech. Tyto pafeziny
vykazovaly zejména nartst zakmenéni, obdobné jako na jinych lokalitach se srovnatelnymi
podminkami (Paillet et al. 2010; Miillerova et al. 2015; Vacek et al. 2019). Vycetni kruhova
zakladna se béhem 20 let vyrazné zvysila, v pruméru o 5,8 m?-ha™'. Zapoj dosahujici 99 % na
sledovanych TVP je obvykle vyssi nez 85-87 % uvadénych pro primérné lesni stanovisté
(Paillet et al. 2010; Pretzsch, Schiitze 2014) a byva zvySeny zejména ve smiSenych porostech.
Objem porostl vzrostl za 20 let na 244-699 m?*-ha™'. Niz§i objemy uvadéji Vacek et al. (2018)
v Ceském krasu (145-183 m*-ha™') a Szymura et al. (2014) v polskych pafezinach (65-370
m?3-ha™). Rozdily jsou ovlivnény minulym hospodafenim, jehoZz dopady mohou pfetrvavat i
vice nez 100 let (Paillet et al. 2010; Miillerova et al. 2015). V kvétnatych bucindch byla hustota
stromll nejnizsi na vSech TVP (146 stroml-ha™), coz souvisi se specifickym cilem lokality
podporovat maximalni velikost populace Erythronium dens-canis na nejsevernéjSim okraji
evropského aredlu (Sadlo 2009). Druh E. dens-canis vyZaduje pro uspésny vyvoj dostatek svétla
(Guitian et al. 2002). Vacek et al. (2014) uvadgji ve vychodnich Cechach vyssi hustoty v
bucinach (188-656 stromti-ha™). Z hlediska konkurence je zde dominantni buk, coz odpovida
jeho ekologickym charakteristikam (BoSela et al. 2016). Vycetni kruhovéa zakladna mirné
poklesla na 28,7-31,3 m?-ha™!, tedy na hodnoty o néco niZsi, nez jsou uvadény v praci Vacek
et al. (2014) (30,1-44,8 m?-ha™") z Broumovska. Objem porostu se zvysil ze 419-545 m?-ha™
na 498-569 m?*-ha™, coz je v souladu s vysledky z obdobnych stanovist’ (491-601 m3-ha™)
(Vacek et al. 2014). V sekundarnich smrcinach se pocet stromt béhem 20 let snizil 0 4,6 % na
458 stroml-ha™, zatimco zasoba porostu i zapoj vzrostly az o 41 %. V mnoha ¢astech Evropy
jsou v8ak smrkové porosty vysoce zranitelné vii¢i zméné klimatu, zejména vlivem rastu teplot
a CastéjSimu suchu (Lévesque et al. 2013; Zang et al. 2014; D’Andrea et al. 2022; 2023),
naslednych kalamit kiirovce (Hlasny, Turc¢ani 2013; Kolb et al. 2016) a zvySené citlivosti k
dal§im biotickym faktoriim (Marini et al. 2017; Mezei et al. 2017). Sledované porosty zatim
nebyly vyznamné zasaZeny, a to pravdépodobné diky specifickému mikroklimatu a dostupnosti
vody. Podobné vysledky uvadeji Vacek et al. (2014, 2015a, 2015b) a Kolaf et al. (2015) z
vybranych lokalit v Sudetech. Z hlediska prostorového usporadani vykazovalo stromové patro

habrodubovych porostd agregované¢ az nahodné rozmisténi. V kvétnatych bucindch
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pievazovala nahodna horizontalni struktura, zatimco ve smrcinach ptevladalo ndhodné
rozmisténi s tendenci k pravidelnému. Obecné je ndhodné rozmisténi typické pro vysoky les ve
stadiu optima (Zahradnik et al. 2010; Ambroz et al. 2015), zatimco agregovana horizontalni
struktura je charakteristickd pro porosty na extrémnich lokalitaich (Bulusek et al. 2016) nebo
pro pareziny (Vacek et al. 2018).

Rist stromi je ovliviiovan fadou environmentdlnich faktorti, zejména péstebnimi zasahy
(Remes et al. 2015; Svec et al. 2015; Bilek et al. 2018; Stefancik et al. 2018), hnojenim (Vacek
et al. 2006; Cukor et al. 2017a, b; Vacek et al. 2019d) a klimatem (Krej¢i et al. 2013; Vacek et
al. 2016; 2017c¢). Lipa velkolista vykazala ve srovnani s dubem zimnim nejvyssi citlivost na
klimatické faktory, obdobn¢ byl popsan efekt klimatu v sutovych lesich Broumovska (Vacek
et al. 2019b). Lipa byla negativn¢ ovlivnéna predevs§im suchem a vysokou teplotou vzduchu,
zatimco u dubu byl pozorovan negativni vliv tracheomykézy. Pro optimdlni radidlni pfirtst
dubu ve sttedni Evropé je pfiznivé chladnéjsi a vlhéi pocasi na zacatku vegetacniho obdobi.
Kern et al. (2013), Cufar et al. (2014) a Urli et al. (2015) zaroveii uvadgji, ze zmény srazek a
narust teplot mohou byt hybnou silou zmén rozsifeni dubu. U buku byly v poslednich letech
zaznamenany rustové deprese zpusobené Cryptococcus fagi, pozdnimi mrazy a suchem.
Kraligek et al. (2017) a Simiinek et al. (2019) prokazali vyznamny negativni vliv poskozeni
korun namrazou a C. fagi. V sekundarnich smr¢inach byl rovnéz prokdzan vyznamny negativni
vliv sucha a vysokych teplot, nicméné ekotyp ,,smrk sdzavsky* si udrzuje dobrou produkci a
relativni odolnost vii¢i suchym létiim ve srovnani s alochtonnimi populacemi smrku ztepilého.
Nejvyssi klimatickd zranitelnost smrku byla zjiSténa na lokalité¢ Kozinek (430 m n. m.) (Vacek
et al. 2019b). Vyrazny negativni dopad sucha na radialni riist smrku potvrdili Bolte et al. (2010)
a Cukor et al. (2020) v Orlickych horach. Mikinen et al. (2001) dolozili pokles ristu smrku v
souvislosti s negativni korelaci letnich teplot. Negativni efekt teploty se s rostouci nadmotskou
vySkou snizuje, zatimco vliv sraZzek byva oslaben (Andreassen et al. 2006; Hauck et al. 2012).
Obecné mely srazky v hodnocené nizinné oblasti pozitivni vliv a teplota vzduchu negativni vliv
na rust. NejvyznamngjS§imi mésici pro klimatickou odezvu radidlniho ristu byly zejména
cervenec a zafi pifedchoziho roku a duben a ¢erven roku aktudlniho, podobné jako v jinych
studiich (Mékinen et al. 2001; Putalova et al. 2019). V poslednich letech je zfejmy vyrazny
negativni dopad sucha a oteplovani v souvislosti s probihajici zménou klimatu, ktera
predstavuje klicovy problém evropskych lesnich ekosystémii (Cater, Diaci 2017; Vitali et al.
2018; Vacek et al. 2023).
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6.2.2. Effect of Climate Change on the Growth of Endangered Scree Forests in KrkonoSe
National Park (Czech Republic)

Ve studovanych smiSenych porostech ve v€ku 105151 let se zasoba porostu pohybovala mezi
597-814 m? ha'; priméru byla 730 m*® ha™ v bezzasahovych porostech a 599 m*® ha v
obhospodatovanych porostech (—17,9 %). Nizsi objemy byly zjiStény ve smiSenych sutovych
lesich ve vychodni (591-699 m? ha™'; vk 104—158 let) a centralni ¢asti CR (145-195 m® ha*;
vek 83-107 let) (Vacek et al. 2018; Vacek et al. 2019). Rada autort predpoklada, Ze smigené
porosty dosahuji vyssi produkce dieva a vyssi odolnosti vici nardstajicim obdobim sucha (del
Rio et al. 2014; Vacek et al. 2021), pficemz deficit srazek se projevil i v nami studované oblasti.
Celkova diverzita se mezi bezzasahovymi (B = 6,555) a obhospodatovanymi lesy (B = 6,469)
prakticky nelisila (1,3 %). Na srovnatelné lokalit¢ v CHKO Broumovsko vSak Hajek et al.
(2020) uvadeji vyznamné vyssi celkovou diverzitu (B = 7,088—11,277). Druhova bohatost a
heterogenita stromového patra byly nizké az stfedni, avSak vyrovnanost byla od stfedni po
velmi vysokou; na TVP se vyskytovalo 3—5 druhti dievin. H4jek et al. (2020) zaznamenali ve
smiSenych sut'ovych lesich v niz§ich polohach 5-13 druhti dievin. Horizontélni struktura byla
na dvou TVP vyznamné agregovand; jinde byla ndhodna s mirnym trendem k agregaci. V
ptirozenych lesich jsou stromy zpravidla rozmistény ndhodné ¢i ve shlucich (Vacek et al. 2014;
Ghalandarayeshi et al. 2017; Zhang et al. 2022), zatimco v hospodaiskych lesich je to
pravidelnéji (Bilek et al. 2014, Vacek et al. 2014). Shlukovani mize souviset s nerovnomérnou
dostupnosti zdroju (hloubka pudy, skeletovitost, svétlo), mezidruhovou konkurenci, Sifenim
semen a historii hospodareni ¢i disturbanci (Kang et al. 2017; Kralicek et al. 2017; Slanaft et al.
2017; Gongalves, Fonseca 2023). I po ukonceni hospodateni mohou porosty dlouhodobé nést
interakce mezi stromy 1 strukturu porostu (Altman et al. 2013; Trouvé et al. 2015). V sutovych
a roklinovych lesich byla popséana jak ndhodnd, tak agregovana struktura (Vacek et al. 2019;
Baran et al. 2019). Shlukovité rozmisténi je Casté zejména v extrémnich mélkych a silné
skeletovitych piidach (Vacek et al. 2003; Baran et al. 2020), jako tomu je v naSem piipade¢.
Vyznamnym faktorem je svahova eroze na nestabilnich sutovych akumulacich (Vacek et al.
2003, 2006; Podrazsky et al. 2010), proto jsou mnohé sutové lesy v KRNAP ponechavany
samovolnému vyvoji nebo obhospodafovany Setrnymi piirodé blizkymi postupy (Vacek et al.
2010; 2012). V obhospodatovanych porostech byl pocet stromt vyssi o 25,7 % (372 stromil
ha™") oproti porostlim ponechanym samovolnému vyvoji (296 stroma ha'). Heiri et al. (2009)
dolozili, Ze po ukonc¢eni hospodaieni roste pocet velkych stromi, zatimco celkovy pocet stromt

klesa. Burrascano et al. (2013) uvadéji pro pfirozené lesy vyssi hustotu velkych zivych stromi

180



a niz8i celkovou hustotu oproti dosp€lym hospodarskym lestim, obdobn¢ jako v nasem pripade¢.
Hustota stromtl v sutovych lesich byva obecné nizsi nez v okolnich porostech dané¢ho lesniho
vegetacniho stupné (Bodziarczyk et al. 1995; Vacek et al. 2010). Nedostatek velkych stromi v
hospodaiskych lesich je Casto kompenzovan vyssi hustotou porostu (Burton et al. 2009; Wesely
et al. 2018), avSak ne vzdy (Commarmot et al. 2005; Dieler et al. 2017).

V evropském méfitku je od 70. let minulého stoleti patrny zvySeny pfirtst, Casto spojovany s
oteplovanim, vyssi depozici dusiku a rostouci koncentraci CO: (Mikulenka et al. 2020;
Vannoppen et al. 2019; Vacek et al. 2023), avSak nékteré prace naopak uvadéji pokles
radidlniho rastu (Tognetti et al. 2019; Bosela et al. 2018). V nami sledovanych porostech se za
poslednich 20 let projevil nartst radialniho ristu u smrku ztepilého (46,1 %) a buku lesniho
(20,6 %), nikoli vSak u jilmu horského (0,1 %), javoru klenu (—12,5 %) a jasanu ztepilého
(—14.,9 %), které rostly ptevazné v nejextrémnéjsich podminkach mélkych sutovych pid. V CR
byl pfitom pftirdst porostii v tomto obdobi limitovdn vice negativnimi faktory (Vacek et al.
2019; Putalova et al. 2019), v¢etné dlouhodobého sucha (Bosela et al. 2020; UNECE. FAO
2011), coz je v nasich vysledcich zietelné. Buk je v CR negativné ovliviiovan &ervcem
bukovym, napf. ve vychodnich Krkonosich (Simtnek et al. 2019) & v Orlickych horach
(Kralicek et al. 2017). Smrk byva zatiZzen ¢etnymi Sktidci (zejména lykoZroutem smrkovym a
obaleCem modiinovym), sparkatou zvéii a houbovymi patogeny (Krej¢i et al. 2013, Vacek et
al. 2007, 2015). V nasi studii se u smrku navic projevily vyznamné negativni ucinky
koncentraci SO2, NOx a AOT40F a smrk se ukdzal jako nejzranitelnéjs$i druh. U klenu jsme
dolozili pouze Rhytisma acerinum, obdobné jako v broumovskych sutovych lesich (Vacek et
al. 2019); klen u nas soucasn¢ vykazal nejvyssi stabilitu radidlniho ristu a odolnost vuci
nepiiznivym faktorim. U jasanu byla situace srovnatelna s vychodnimi Krkonosemi, kde byly
potvrzeny houbové patogeny (Vacek et al. 2017). U jilmu byla doloZena Ophiostoma ulmi, a to
s nejvetsim poSkozenim v letech 1985-1997 a odpovidajicim poklesem radialniho ristu.
Podobny vyvoj je hlaSen z raznych ¢asti Evropy (O’Callaghan et al. 1984; Gibbs et al. 1994).
Mina et al. (2018) uvadéji vyssi rist dievin ve smésich nez v monokulturach. SmiSené porosty
byvaji povazovany za stabilngj$i, protoze riziko naruSeni je rozloZzeno mezi §irSi spektrum
druhové specifickych vlastnosti (Seidl et al. 2017, Jandl et al. 2020; Vacek, Vacek 2022).
Pozitivni efekt smési na rlst potvrzuji i Toigo et al. (2015), zatimco Nothdurft a Engel (2020)
tyto zaveéry pii pohledu na troven jednotlivych stromii nesdileji. Vannoppen et al. (2019)
uvadéji pozitivni efekt smesi buku a dubu na riist buku, a naopak negativni efekt na dub, coz
vysvétluji rozdily v jejich ekologickych nérocich. Forrester et al. (2013) pfisuzuji vyssi ptirtst

ve smeésich efektivnéjSimu vyuziti podzemnich zdroji. Pfispivat k tomu mulze i rychlejsi
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rozklad opadu a kolob¢h zivin (Block 1997, Augusto 2002; Podrazsky et al. 2010). Pozitivni
efekty smési posiluje rozdilnost kofenovych systému (Forrester et al. 2014) (v nasem piipade
od povrchovych ptes srdCité az po kllové). Variabilita radidlniho ristu odpovidala typu
kofenového systému a charakteru stanovisté; obdobné v monospecifickych porostech
variabilita prirtstu vyrazné kolisa dle stanovisStnich a porostnich pomérti (Putalova et al. 2019).
Efekt smé&si vSak siln€ potvrzuje zavislost na klimatu a stanovisti (Huber et al. 2014).

Klimatické faktory béhem sledované¢ho obdobi vyznamné kolisaly: zpoc¢atku dominoval vliv
chladu a mrazti, ke konci vliv vyssich teplot a deficitu srazek. Begovic¢ et al. (2020) uvadé;ji
obdobné pozitivni vztah k letnim srdzkam a negativni vliv letni teploty. Podobné zavéry
pfinaseji i dalsi prace (Hanewinkel et al. 2013; Kondpkova et al. 2018). Zimmermann et al.
(2015) identifikovali jako hlavni limit riistu kombinaci vysokych letnich teplot a nizkych letnich
srazek. U nas se projevil 1 vyrazny vliv zimnich teplot, pfestoZe jiné studie casto uvadéji
pozitivni vztah mezi zimni teplotou a pfiristem (Lebourgeois et al. 2010; Cavlovic et al. 2014).
Carrer et al. (2012) popsali snizujici efekt maximalnich zimnich teplot na radidlni rist v
gradientu od alpinskych po subtropické podminky v Italii. Dopady zmény klimatu jsou druhové
specifické (Rotzer et al. 2017). Pretzsch et al. (2013) ukazali vyraznéjsi pokles ptirtistu smrku
kvili suchu a negativni vliv vysokych teplot na pfiriist smrku byl rovnéz dolozen v praci
Spinoni et al. (2015). Buk snasi ojedin€la sucha relativné dobte, avSak pii opakovani v kratkém
sledu jeho rist vyrazné klesa (Zimmermann et al. 2015), coz je u nés patrné zejména v letech
2017-2019, coz odpovida praci Ols et al. (2019). V obdobi 1961-2010 byla sraZkova bilance
po dekadach relativn€ vyrovnand; v letech 2010-2019 klesl primérny ro¢ni thrn srazek o 12
%, zatimco ve vegetatnim obdobi vzrostl. Soucasné se kazda dekada oteplila praimérné o 0,3—
0,4 °C (1961-2019 celkem o 1,8 °C). U smrku mély vétsi vyznam klimatické faktory
pfedchoziho roku, u jasanu faktory roku aktudlniho. Vitali et al. (2018) potvrdili pozitivni
korelaci ptirastu s letnimi sraZzkami v niz§ich polohach. Ve vyssich polohdch mize mit naopak
al. 2009, Swidrak et al. 2011). Nastup riistu po vegetacnim klidu je citlivy na teplotu (Hanninen
et al. 2011; Oberhuber et al. 2014) a silné mrazy mohou rust vyrazné omezit (Lebourgeois et
al. 2010). Druhy se 1i8i reakci na sucho, vysoké teploty i kombinaci téchto faktort (Ciceu et al.
2020) a reakce mohou byt zaroven druhové i stanovistné specifické (Versace et al. 2020).
Diferenciaci naSich vysledkl tak lze vysvétlit mikrostanovisti, druhovym sloZenim 1 typy
kotfenovych systémt na sutich s rtiznou hloubkou ptdy. Nejvyssi klimatickou citlivost vykazaly
buk a smrk, zatimco relativné odolnéj$i byly jasan a klen. Rozdily se poji i se strategii

hospodateni s vodou: izohydrické druhy jako smrk rychle uzaviraji priduchy béhem sucha (del
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Rio et al. 2014), coz omezuje fotosyntézu a rust (Klein et al. 2014; Roman et al. 2015), zatimco
anizohydrické druhy jako buk uzaviraji praduchy pomaleji (McDowell et al. 2015), mohou déle
fotosyntetizovat (Kolb et al. 2000), ale riskuji vodni deficit. Vyssi teploty zvySuji respiracni
ztraty uhliku a mohou snizit dostupnost sacharidl, a tim 1 rist (Barbeta et al. 2013). Stromy
mohou vysoké teploty urcitou dobu snasSet, maji-li dostatek vody ke snizeni stresu (Teskey et
al. 2015). Adaptace na sucho se mezi druhy li§i (Hoffmann et al. 2018) a muze zlepSovat
osmoregulacni i hydrologické funkce (O’Brien et al. 2014). Miseni listnatych a jehli¢natych
druhtt mtze podpoftit prirtst diverzifikaci zdrojii a snizenim stresu (Pretzsch et al. 2014); napi.
smrk mtiZe profitovat z vyssiho priiniku svétla a vody ptes koruny listnacii v bezlistém obdobi.
Rotzer et al. (2017) popisuji tuto vyhodnou vazbu mezi smrkem a bukem. Odlisné kotfenové
systémy rovnéz zvySuji efektivitu vyuziti zdroji (Danescu et al. 2016). Vyssi jarni teploty
mohou byt vyhodné pro jedli a buk diky nizSimu vyskytu pozdnich mrazl (Lebourgeois et al.
2010; Mikulenka et al. 2020) a urychleni kambialni aktivity (Gricar et al. 2008; Swidrak et al.
2014). Mirné zimy mohou rist rovnéz zlepsit (Harrington et al. 2010). Ve stiednich a vyssich
polohach byva korelace rlstu se srazkami zpravidla slabsi nez s teplotou, zejména ve
vegetacnim obdobi (Rolland et al. 1999; Carrer et al. 2012). Za klicové mésice pro tvorbu
kambia a letokruhti byvaji povaZzovany ¢erven a cervenec (Mékinen et al. 2003; van der Maaten
et al. 2012). I u nas vySly jako nejvyznamnéjs$i mésice duben a cervenec. U smrku byly
pozorovany 12leté cykly radialniho ristu, které mohou souviset se slune¢ni aktivitou s periodou
8-12 let (Hathaway 2015). Tyto cykly byly zaznamenany ve vychodnich KrkonoSich u buku
(Simtnek et al. 2020) a potvrzeny i v jizni Italii (Simtnek et al. 2021). 11leté cykly byly
popsany 1 u borovice lesni v Rusku (Matveev et al. 2017; Kasatkina et al. 2019). Déle jsme u
smrku, buku a jilmu zaznamenali cykly 4-7 let, které fadime ke ,,Schwabeho cyklu* (druhy
harmonicky slunecni cyklus) (McCracken et al. 2002). Tato obdobi se davaji do souvislosti s
krat§imi cykly teploty a srazek (Simfinek et al. 2021). Napiiklad v Némecku byly popsany
osmileté cykly synchronni s fenologii buku (Carl et al. 2013). Delsi cykly byly interpretovany
jako 22lety Haletv cyklus, projevujici se naptiklad ptes teplotu a ozon (Tsiropoula 2003) ¢i
srazky (Laurenz et al. 2019). Byly nalezeny i v letokruzich ve vychodnim Rusku (Shumilov et
al. 2011) nebo na Slovensku (Dorotovi€ et al. 2014). Delsi ~60leté cykly ve spektralni analyze
smrku a buku odpovidaji vlivim Gleissbergova cyklu (70-100 let) (Tsiropoula et al. 2003),

spojovaného s globalnimi zménami teplot (Nagovitsyn 2014).
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6.2.3. Effects of environmental factors and management on dynamics of mixed
calcareous forests under climate change in Central European lowlands

V letech 2002-2014 se produkéni parametry zvysily na vSech TVP, zatimco v obdobi 2014—
2020 (s vyjimkou vysokého lesa) poklesly vlivem zvySené mortality. Ve vysokém lese pfirtst
nahradil ztraty mortalitou. Mortalita dosahovala 7 % ve vysokém lese a 14 % ve vymladkovém
lese s vystavky. Vyssi mortalita vymladka souvisela s vétsim podilem mladych jedinct, vyssi
hustotou a rychlejsi dynamikou nizkého lesa. Hustota porostu vzrostla v letech 2002—2014 z
394-1870 na 404—2024 stroml ha™' a vyznamné ovlivnila zapoj. V nasi studii byl zapoj >92 %,
zatimco na béznych stanovistich u jednodruhovych porostt se uvadi 64—-83 % a u smisenych
porostll 85-87 % (Pretzsch 2013). Pfi kombinaci svétlomilnych a stin snasejicich druhi mize
plocha projekce korun vyrazné ptevySovat plochu porostu (Pretzsch, 2013); u nas dosahovala
témer Sestindsobku v nizkém lese. Asymetrickd konkurence méni tvar korun a zvySuje jejich
efektivitu (Grams, Andersen 2007; Stefanéik 2017). Velmi husté porosty mohou snizovat
projekéni plochu korun a zvySovat asimilacni efektivitu, zejména v chladnéjSich horskych
oblastech (Bulusek et al. 2016; Cerny et al. 2020). V obdobi 2014—2020 hustota klesla na 372—
1766 stromt ha™', nejvice v nizkém lese. Zasoba porostu kulminovala v nizkém a sdruzeném
lese v roce 2014 (217-276 m? ha™'), zatimco ve vysokém lese v roce 2020 (590 m?® ha™), coz
potvrzuje variabilitu ploch (Szymura et al. 2014). Hodnoty téchto porostli jsou srovnatelné s
ptirod¢ blizkymi dubobukovymi lesy v Rumunsku (350-620 m), kde byl primér 577 m? ha™
(smisené doubravy) a 675 m*® ha™! (Cisté buciny), pfi¢emz v rezervaci Runcu Grosi byly v
dubovych porostech zaznamenény 1 vysSi zasoby 635-875 m? ha™ (Petritan et al. 2014).
Naopak v Polsku byly uvadény hodnoty 65-370 m?® ha™! (Szymura et al. 2014). Vysoké zasoby
v nasem piipad¢ souviseji s historickym hospodafenim a pfeménou na les vysoky v poslednich
50 letech. Vliv ptivodniho hospodateni totiz mize pretrvavat i >100 let (Paillet et al. 2010;
Miillerova et al. 2015). Primérny rocni pfirtist se pohyboval mezi 2,15-5,47 m?® ha™! (2002) a
2,36-5,96 m* ha™' (2020), a to s celkovou ptevahou vysokého lesa. Maximum vSak vykazaly
les nizky a sdruzeny v roce 2014. To naznacuje vyrazng¢jsi dynamiku po ponechani byvalého
vymladkového lesa spontannimu vyvoji nez u porosti prevedenych na les vysoky. Obdobné
byl na Broumovsku nejvyssi v kvétnaté bucing, tj. ve vysokém lese (4,7 m*® ha™') oproti
sutovému lesu nizkému (3,9 m* ha™') a sdruzenému lesu (3,7 m® ha!) (Vacek et al. 2014).
Stabilizace zasoby ve vysokém lese se predpoklada kolem veku 70 let (Bruckman et al. 2011),
zatimco u vymladkid miZze zasoba dale rhst kvili odliSnému podilu kmeni na biomase
(Suchomel et al. 2012). Ekonomicky miize byt dubovy vymladkovy les efektivnéjsi nez les

vysoky ¢i predrzend pafezina (Bfezina et al. 2020). Mladé vymladky jsou uvadény jako slibna
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adaptabilni alternativa na extrémnich, vodou limitovanych stanovistich vac¢i obnové
generativniho ptivodu (Stojanovi¢ et al. 2016), avSak tato vyhoda klesa s vyssi transpiraci
vymladktl (Stojanovi¢ et al. 2017) a mize se promitat do vyssiho vodniho deficitu v pade v
podminkach klimatické zmény a sucha (Anderegg et al. 2020).

Béhem 18 let byly na Doutnaci zjistény jen malé zmény diverzity porostu. V Béloveézském
pralese vykazovaly strukturalni parametry stabilitu i za 80 let, avSak druhova skladba se ménila
poklesem tady druhii (Brzeziecki et al. 2018). U nas byly vyraznéjsi zmény patrné hlavné v
obdobi 20142020, pravdépodobn¢ i1 kvili relativné kratkému sledovani, které nemusi plné
zachytit dynamiku stromového patra (Kucbel et al. 2012). Vliv hospodateni na biodiverzitu je
Casto znam jen castecn¢ (Dieler et al. 2017) a vy$si diverzita na irovni krajiny nemusi znamenat
mén¢ intenzivni management (Biber et al. 2015). Smisené habrodubové porosty s dominujicim
dubem a lipou vykazovaly vyss§i druhovou diverzitu nez bukové lesy vysoké. Dubohabftiny jsou
ptirozené v nizinach, acidofilni doubravy ve stfednich polohach a buciny v submontannich az
montannich oblastech Ceska (Chytry 2012). Nejvyssi celkova diverzita byla v lese sdruzeném
a nizkém. Z dlouhodobého hlediska dub ustupuje z obnovy a je nahrazovan habrem. Podobn¢
v Bélovézském pralese klesaly hustoty dubu i dalSich dievin (osika, btiza, jasan, javor), zatimco
rostl vyznam habru a lipy (Brzeziecki et al. 2016, 2020). Po opusténi vymladkového
hospodateni obvykle roste zapoj (Plue et al. 2013; Miillerova et al. 2015), ¢asto zvySovanim
podilu buku a habru, coz zhorSuje podminky pro bylinné patro a pfirozenou obnovu (Plue et al.
2013). Pokles diverzity listnatych lesti byl v minulosti popisovan fadou autort (Bartha et al.
2006; Hédl et al. 2010). Na Doutnéci je od 50. let zaznamenan ubytek dubu pytitého (Quercus
pubescens Willd.) a jetabu bieku i svétlomilnych druht bylinného patra (Prisa 1985). V letech
2002-2020 ptevazoval trend nardstu diverzity stromového patra, po roce 2014 vsak zeslabl az
k mirnému poklesu kviili mortalité. Analogické faze vyvoje srovnatelnych porostl popsali Hédl
et al. (2010) pro Milovice. Po opusténi tradi¢niho hospodateni byl obdobny trend dolozen i v
Dénsku (Strandberg et al. 2005) a Nizozemsku (Haveman, Schaminée 2005). Heiri et al. (2009)
pfitom zdiraziuji vyznam environmentalnich faktort ve vétSich métitkach oproti historickym
strategiim. Prostorové distribu¢né se lisil les vysoky (dominantni buk, relativné pravidelné
vymladkové hospodateni (s vystavky) posililo shlukovani. Management a péstebni zésahy
vyrazné€ ovlivituji prostorové rozmisténi stromi (Vacek et al. 2018; Hajek et al. 2020). Horni
patro byva spiSe nahodné¢ rozlozeno (Petritan et al. 2014), zatimco v niz§ich patrech roste
shlukovitost a vznikaji skupiny svétlomilnych dfevin (Suchomel et al. 2012; Bulusek et al.

2016); v nasem piipad¢ bylo spodni patro uspofadano shlukovité na vSech TVP. Ptirod¢ blizké,
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druhové pestré, nestejnoveéké a prostorové nepravidelné porosty jsou uvadény jako vhodna
strategie pro nejistoty spojené s klimatickou zménou (RoBiger et al. 2019; Vacek et al. 2020b).
Mortalita stromii je klicova pro zmény diverzity (Debeljak 2006; Burrascano et al. 2008;
Wayman, Sorenson 2025) a pro objem i hustotu odumielého dieva, coz jsou indikatory
diverzity a stupiii piirozenosti (Bartha et al. 2006; B6loni et al. 2017). V naSem piipad¢ byl
objem odumielého dieva nizky (v priméru 14 m? ha™'; maximum <35 m? ha™) oproti 241 m?
ha™' v rumunskych pfirodé blizkych bukodubovych porostech (Petritan et al. 2014). Srovnatelné
Burrascano et al. (2008) uvadéji 12 m?® ha™ v hospodarskych lesich a 45 m?® ha™ v pralesovitych
lesich v Italii. Ve stfedni a severozdpadni Evropé¢ je dokumentovdn median 53 m?® ha™ s
akumulaci 0,1-19 m?® ha™' rok™' (Vandekerkhove et al. 2009). V nasem piipad¢ se akumulace
béhem sledovani zrychlila na ~1 m?* ha™ rok™'. Obdobné hodnoty byly zjistény v bukovych
lesich severozapadniho Némecka (Meyer, Schmidt 2011). Podil stojiciho odumielého dieva byl
v pruméru 55,7 % a byl vyssi na plochach s dominantnim bukem (68:32), coz odpovida stadiu
optima (Debeljak 2006). Vyrovnany pomér stojiciho a lezicitho odumielého dfeva naznacuje
relativné mlady vék porostii (~100 let) bez rozpadu stromového patra. Vice odumfielého dieva
se objevuje na plochéch s agregovanou strukturou, vyssi druhovou variabilitou a silnéjsi
konkurenci (Vacek et al. 2015). Stojici odumielé dievo bylo zastoupeno hlavné dubem, dale
smrkem a lipou; u leZiciho odumielého dieva pievazovaly dub, habr, buk a lipa. Pfevaha 1.-2.
stupné rozkladu u stojiciho odumielého dieva a stupné 2.-3. u leziciho odumftelého dieva
ukazuje na kratkou dobu od ponechani samovolnému vyvoji (Debeljak 2006). Druhové zmény
odumielého dfeva zahrnovaly dub (+5 %), smrk (+2 %), lipu (3,2 %) a habr (-2 %).
Horizontélni rozlozeni odumfielého dieva bylo pfevazné ndhodné. Podobné tomu je 1 v préci
Kral et al. (2015) a Vacek et al. (2015). Odumiel¢ dfevo je vyznamné pro uhlikové toky
(Tavankar et al. 2022), pficemz teplejsi klima urychluje rozklad a uvoliiovani uhliku (Russell
et al. 2015). Vys$si objem odumielého dieva a bohatsi jeho struktura mohou soucasné zvysSovat
poZarni riziko. Zejména pak ve Sttedomofti se o¢ekava dopad klimatické zmény na reZim pozara
veetné narustu plochy 1 intenzity a zavaznosti pozarti (Moriondo et al. 2006; Vacek et al. 2023;
Huang et al. 2025).

Radidlni riist byl vice diferencovany u buku a lipy nez u dubu a jasanu; u buku se v poslednich
10 letech zvysil vyskyt negativné vyznamnych let, pravdépodobné v souvislosti s klimatickou
zménou. Za poslednich 20 let se radialni ptirast zvysil u dubu o 7,0 %, zatimco u ostatnich
druhti poklesl, nejvice u buku (=37,9 %). Variabilita tizce souvisi se stanovistém, nadmoiskou
vyskou a porostnimi podminkami (Rozas et al. 2015; Simitinek et al. 2021) a je ovliviiovéna i

smési dievin (Pretzsch et al. 2020, 2021; Vacek et al. 2021a), imisni zatézi (Kral et al. 2015;
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Kralic¢ek et al. 2017; Putalova et al. 2019), suchem (Steckel et al. 2020), Skodami zvéii (Cukor
et al. 2019a, 2019b; Vacek et al. 2020a), hnojenim (Cukor et al. 2017; Gallo et al. 2021) a
historickym vyuzitim pady (Cukor et al. 2020; Vacek et al. 2021b). Klimatické podminky jsou
povazovany za hlavni determinanty radialniho ristu (Schweingruber et al. 1990; Simének et al.
2019). Na Doutnaci na radiélni rast ptusobila teplota negativné a srazky pozitivné, zejména v
cervenci az srpnu. Negativni efekt vodniho deficitu v pidé na riist dubu (Cerven—Cervenec)
uvadeji Andersson et al. (2011) a Alfaro-Séanchez et al. (2020) a ukazali silngj$i vliv srazek nez
teploty. Dopady klimatické zmény na rist jsou vSak komplexni (Urli et al. 2015): oteplovani
urychluje néstup jara a prodluzuje vegetacni obdobi (Menzel et al. 2006), coz mize ménit vztah
rust-klima (Rozas et al. 2015; Netsvetov 2017). V naSem ptipad¢ rust pravdépodobné
zhorSovala i tracheomykoéza dubu a Rhytisma acerinum u javoru, dale zir Tortrix viridana a
pozdni mrazy (zejména buk, javor, jasan). Podobné to uvadéji i Gallo et al. (2017) a Simiinek
et al. (2019). Vyznamna je i konkurence redukovatelna péstebnimi zdsahy (Scharnweber et al.
2011). Buk vykazoval nejvétsi fluktuace a je v nizinach citlivéjsi na sucho a vysoké teploty nez
dub (Vacek et al. 2019). Ocekéva se posun bucin do vyssich poloh a na sever a ustup v nizsich
polohach a v jiznich oblastech (Kramer et al. 2010; Dulamsuren et al. 2017; Machar et al. 2017).
Naopak javor mlé¢ vykazoval nejnizsi fluktuace, a to v souladu se zjisténimi z KrkonoS$ u javoru
klenu (H4jek et al. 2021). Cyklicky je pro radialni rist klicovym faktorem teplota vzduchu. V
Cesku byly ptevazné popsany 7leté cykly radialniho ristu (Simtnek et al. 2020, 2021). V nagich
vysledcich se objevily periody 7 a 15 let (v korelaci s teplotou) a u dubu 12 a 20 let, podobné
cykltim uvadénym pro buk (Simuinek et al. 2020, 2021).

6.2.4. Clanek 6: Growth response of mixed beech forests to climate change, various management
and game pressure in Central Europe

Vysledky zakladnich charakteristik porostli podrobné dokumentuji strukturdlni a produkéni
rozdily mezi vysokym lesem, stfednim a nizkym se standardy obnovy na studovanych
lokalitach, kde byl buk dominantnim druhem stromu, s vyjimkou TVP 5. V této souvislosti
BosSela et al. (2016) naznacili, Ze buk bude hrat klicovou roli v evropskych lesnich
ekosystémech 1 v budoucnu, zatimco znalosti o dopadu zmény klimatu zatim nejsou zcela
definitivni a jednoznacné. Pokud jde o produkci, objem porostu se pohyboval v rozmezi 340—
699 m*-ha™!, pii¢emz nejvyssi objem porostu byl na TVP 3 a nejniz$i na TVP 5. V nasi studii,
ackoli byl objem porostu ovlivnén fadou faktort (vék, mikrostanoviste, druhové slozeni stromti,
hospodateni), byl tak velky rozsah dan rtiznymi typy lesa, protoze na TVP 5 se nachdzel les

nizky. Ostatni plochy (vysoky les, stfedni) mély mnohem vysSi objem porostu nez druha
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zminéna plocha. V souvislosti s objemem porostii a zménou klimatu nékteti autoti podpofili
predpoklad, ze smiSené vicedruhové porosty mohou poskytovat vyssi produkcei (Del Rio et al.
2013; Vacek et al. 2021) a mohou byt také jesté odolnéjsi vici silnym suchim (Pretzsch et al.
2013b; Vacek et al. 2023), ktera vSak méla v poslednich letech negativni dopady i pies relativné
vysokou druhovou rozmanitost studovanych lokalit. Tento trend byl v Evropé potvrzen mnoha
studiemi (napf. Bontemps et al. 2010; Rabasa et al. 2013; Slanaf et al. 2017). Naptiklad pfi
porovnani produkce vysokych lesti v na§i studii byl vy$§i objem porostu (699 m3-ha™!)
pozorovan na smiSené TVP 3 s podilem buku 72 % ve srovnani s TVP 2 (podil buku 98 %,
pozorovana na TVP 5, kde byl buk pouze pfimiSenym druhem stromi (16 %). Porovnani
charakteristik porostli s podobnymi lokalitami ve stfedni Evropé v zasadé odhaluje velmi
podobné produkéni charakteristiky z mnoha riznych lokalit (Bulusek et al. 2016; Kralicek et
al. 2017; Vacek et al. 2021). Produkci dfeva miiZze ovlivnit nejen sloZeni lesa, ale také jeho typ
(Ngo Being et al. 2013) a zptisoby obhospodatrovani (Poleno et al. 2009; Vacek et al. 2020).

Struktura rozdé€leni tloustkovych tfid byla na TVP velmi diferencovand, coz lze vysvétlit
riznymi péstebnimi postupy (typ probirky, zpisob pievodii a pfemén) v minulosti.
Heterogenita vysledkli miize také souviset s velikosti studovanych ploch (Paluch 2007). Na
studovanych lokalitach Ize z hlediska tloustkovych tfid nalézt Gaussovo rozdéleni, relativné
rovnomerné rozdéleni a ztetelné levostranné a pravostranné rozd¢leni. Podle Krale et al. (2010)
je Gaussovo rozdéleni typické pro fazi optima ve vétSim prostorovém méftitku. Levostranné
rozdéleni je typické pro staré bukové porosty blizké piirodé (Korpel’ 1995; Schiitz et al. 2001;
Kralicek et al. 2017), které obvykle odrazeji rezim maloplosnych disturbanci (Zeibig et al.
2005) a nachazeji se ve fazi ristu nebo v pocatecni fazi rozpadu (Podlaski 2006; Zenner et al.
2015). V ramci $irs$i studie priméru jednotlivych strom na TVP jsme se zaméfili na
dlouhodoby radidlni rist v obdobi 1955-2015. V souvislosti s relativni rozmanitosti druhové
struktury byl studovany primérny radialni rist ovlivnén fadou raznych faktorii (sucho, pozdni
mrazy, Skidci atd.), zatimco u buku jako dominantniho druhu stromu na vSech lokalitach kromé
TVP 5 bylo v poslednich letech pozorovano snizeni pfirtistku zejména v disledku sucha,
podobné jako u smrku na TVP 4, u ostatnich druht stromi nebyl tento trend tak ziejmy.
Srovnani této situace s né€kterymi evropskymi lokalitami ukazalo, Ze buk lesni trpi snizenim
pfiriistu zejména na jiznim okraji svého pfirozené¢ho aredlu rozsifeni (Jump et al. 2006;
Bontemps et al. 2010), 1 kdyz regiondlni rozdily mohou byt velké (Tegel et al. 2014). Szymura
et al. (2013) uvedli, Ze mnozstvi dostupné vody je kliCovym faktorem pro rozsiteni buku,

protoze pii nedostatku vody je buk méné konkurenceschopny nez jiné druhy stromi vyskytujici
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se na téchto lokalitach, napt. dub. Snizeni jeho pfirtistu na evropskych lokalitach zaznamenali
také Dittmar et al. (2003). Naopak jiné studie z Evropy potvrdily nartst pfirastu buku mezi lety
1950 a 1980 (Hlasny et al. 2011; Pretzsch et al. 2014b; Stefan¢ik 2015; Bosela et al. 2016;
Vacek et al. 2021). Bosel'a et al. (2018) naznacili pozitivni vliv zvySovani letnich teplot
vzduchu ve vyssich zemépisnych Sitkach nebo ve vysSich nadmoiskych vyskach a zaroven
predpoveédéli narast ptirtstu buku na severnim okraji jeho arealu rozsifeni. Ve srovnani s jinymi
druhy stromt byl smrk ztepily nejcitlivéj$i na negativni roky s extrémné nizkym radidlnim
rustem, jak bylo zjisténo v jinych studiich (Vacek et al. 2019; Hajek et al. 2021), zatimco rust
buku lesniho, javoru klenu, dubu zimniho a lipy malolisté byl relativné stabilni. Navic ve
smisSenych lesich je dosazeno vyssiho primérového radialniho ristu a odolnosti ve srovnani s
monokulturami (Pretzsch et al. 2014a; Vacek et al. 2021). Budouci vyvoj radialniho rastu bude
v podstaté do znacné miry zdviset na regionalnim klimatu a produktivité lokality (Aertsen et al.
2014; Machar et al. 2017; Vacek et al. 2023). Tyto lokélni faktory do zna¢né miry ovliviiuji
zobecnéni vysledkil pro §irsi spektrum lesnich porostl a jsou zdkladem rozdilnych vysledki
mnoha studii.

Pfirozena obnova je dllezitou soucasti lest blizkych ptirodé¢ (Petritan et al. 2007; Vacek et al.
2014, 2015, 2017). Nase studie ukézala relativné vysokou hustotu jedinct pfirozené obnovy
(13 880-186 462 ks ha') a rostouci podil javorii a jasan{i. Ve srovnani s jinymi lokalitami v
CHKO Broumovsko byla pozorovéna niz§i hustota jedincti obnovy v rozmezi 1 472-44 888 ks
ha™! (Vacek et al. 2015). Buk byl dominantnim druhem stromu v piirozené obnové, ackoli jeho
podil se znacné lis§i od zastoupeni dle Bilka et al. (2014) v Narodni pfirodni rezervaci
Vodéradské buciny nebo od vysoce dominantniho zastoupeni buku v Narodni pfirodni
rezervaci Broumovské stény, jak uvadéji Vacek et al. (2015). Na studovanych lokalitach byla
zaznamenana mnohem vys§i druhova rozmanitost, kterd se svou bohatosti jevi unikatni ve
srovnani s jinymi studiemi ze stiedni Evropy (napf. von Oheimb et al. 2005; Kralicek et al.
2017; Slanaft et al. 2017), kdy prace prezentujici tak bohatou ptirozenou obnovu byly velmi
vzacné. Pfestoze piirozend obnova zahrnovala vysoky pocet jedincii a druht, tak se nevyhnula
znaénému tlaku zvéte, ktera zplsobovala velké ztraty okusovanim termindlnich vyhonk.
Nejvetsi Skody utrpéli jedinci jedle, jilmu a jefabu, ale téméf vSechny druhy stromt v ptirozené
obnové byly vice ¢ méné poskozeny. V Ceské republice byl velky tlak divoké zvéfe hlasen z
mnoha lokalit (Vacek 2017; Cukor et al. 2019a, 2019b), kdy né€kteti autofi potvrdili rostouci
potravni atraktivitu s klesajicim podilem druhti stroml v pfirozené obnové (Ammer 1996;
Cermak et al. 2009; Fuchs et al. 2021; Vacek, Vacek 2022). V této souvislosti Vacek et al.
(2015) a Vacek, Vacek (2022) uvadéji, ze na nékterych lokalitach je prakticky nemozné
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péstovat nékteré druhy stromii bez oploceni, protoze sparkata zveétr zpusobuje ztraty nejen
okusem, ale i vytloukanim, ohryzem a loupanim kuiry. Strhavéani kiiry provadéné zejména
jelenem lesnim miiZze ohrozit i star$i porosty, které jiz natolik vyrostly, Ze se okusu vyhnuly
(Vacek et al. 2012; Cukor et al. 2019a, 2019b). Chceme-li i v budoucnu zachovat bohaté
druhové slozeni ve studovanych porostech, bude nutné snizit stale rostouci hustotu populaci
kopytnikll na ekologicky unosnou mez a chranit ohrozené druhy stromt individualnim nebo
skupinovym oplocovanim. Z téchto diivodi je nezbytné uvést v soulad lesnicky a myslivecky

management v lesnich porostech (Cukor et al. 2023, 2024; Vacek et al. 2024).
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7. Doporuceni a limitacni ramec prace

7.1. Doporuceni pro lesnickou praxi

Probihajici globalni klimaticka zména vyznamné ovliviiuje stabilitu, produk¢ni schopnost i
biodiverzitu lesnich ekosystému. Vysledky dlouhodobych vyzkumt ukazuji, Ze reakce lesnich
porostli na dlouhodobé sucho, teplotni extrémy a zmény distribuce srazkového rezimu jsou silné
zavislé na druhovém slozeni, pidnich podminkach a zpisobu hospodatreni. Zvlasté lesy na
extrémnich stanovistich, jako jsou sut¢, mélké skeletovité ptidy, nebo nizinné oblasti Casto trpi
periodickym deficitem vldhy. Soucasné se potvrzuje, ze strukturalné¢ a druhové diferencované
porosty vykazuji vyssi ekologickou stabilitu a adaptacni potencial na ménici se podminky
prostiedi. Lesnicka praxe by proto méla cilen¢ reagovat na zjisténé rozdily v odolnosti
jednotlivych dievin a porostnich typl. Nasledujici doporuceni shrnuji klicové principy
adaptivniho hospodateni podporujiciho stabilitu, produkci véetné sekvestrace uhliku v kontextu
mitigace na klimatickou zménu i biodiverzitu lesa.

Konkrétni doporuéeni:

e Ve stanovistné obdobnych podminkach upfednostiiovat smiSené porosty pied
monokulturami, zejména kombinace buku a smrku (ve stfednich polohéach) v pfiblizné
vyrovnaném zastoupeni s akcentem na druhovou vyrovnanost a heterogenitu (ne
bohatost) s pfimiSenim cennych listnact (javor klen, jilm horsky, jasan ztepily atd.),
které vykazuji vyssi produketi, stabilitu 1 strukturalni diverzitu.

e Prizplsobovat dfevinou skladbu stanovistnim podminkdm, zejména hloubce a
skeletovitosti pudy; v extrémnich podminkach preferovat odolng;si hloubéji kotenici
dfeviny (napft. buk lesni, javor klen, jasan ztepily oproti smrku ztepilému).

e Na extrémnich a sutovych stanovistich zachovavat a obnovovat pateziny, ¢i ptipadné
sdruzeny les s vystavky, v kontextu druhové, prostorové (horizontalni a vertikalni)
skladby, strukturalni (tloustkové a vyskové) a celkové heterogenity, kde prokazatelné
dochazi k vyssi biodiverzité oproti tvaru lesa vysokého.

e Z péstebniho hlediska omezovat velkoplosné zasahy; preferovat maloplo$né, ¢i vybérné
a pfirodé blizké zpisoby hospodateni, které zvysuji strukturalni rozrtiznénost porostl a
jejich celkovou ekologickou stabilitu.

e Podporovat druhovou, vékovou, prostorovou a genetickou lokalni diferenciaci lesnich
porostl jako nastroj zvySeni odolnosti vici extrémnim klimatickym jevim, které ji
akceleruji na sile a ¢etnosti v disledku probihajicich klimatickych zmén (napt. vétrné

disturbance).
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e Zachovavat a cilené¢ ponechavat stojici a lezici odumielé dievo v porostech, které
prispiva k ekologické stabilit¢ a biodiverzité bez vyrazného snizeni produkce.

e Sohledem na negativn¢ vyznamné roky charakteristické signifikantnim poklesem
radialniho ristu, pfizpiisobit intenzitu planovanych péstebnich zasahti a t¢zeb aktudlnim
klimatickym podminkam a faktortim v interakci s nimi.

e V nizsich polohach, resp. v suchych a teplych oblastech, omezovat podporu sensitivnich
dfevin s vysokou citlivosti na dlouhodobé sucho, zejména ve vegetatnim obdobi
(zejména kvéten az Cervenec), a to predev§im u smrku ztepilého na nevhodnych
stanovistich.

e Podporovat pfirozenou obnovu, zejména u vtrousenych a ptimisenych dievin (zahrnout
1 ochranna opatteni proti Skoddm zvéfi), a to zejména tam, kde to vede k vyssi druhové
pestrosti a lepsi adaptaci porostu na mistni podminky a zménu klimatu.

e Doséhnout ekologicky tnosnych stavi sparkaté zvéfe a uvést v soulad lesnicky a
myslivecky management ve studovanych lesnich ekosystémech nizsich a stfednich

poloh.

7.2. Doporuceni pro lesnicky vyzkum

Vysledky prezentovanych dlouhodobych experimentti a monitoringu lesnich porostti potvrzuji,
ze reakce lesnich ekosystémil na probihajici globalni klimatickou zménu jsou komplexni a Casto
nelinearni. Zieteln¢ se projevuji rozdily mezi difevinami, hospodaiskymi zplsoby a formami 1
typy stanovist’, které nelze dostatecné postihnout kratkodobymi studiemi, které jsou casto
prezentovany. ZvySujici se variabilita riistu a cetnost extrémnich let prohlubuji vyznam
detailnich dendrochronologickych a ekologickych analyz. Soucasné se ukazuje potfeba propojit
produkéni, ekologické a biodiverzitni pfistupy v ramci jednotného vyzkumného ramce. Dalsi
vyzkum by m¢l cilen¢ reagovat na zjisténé mezery v poznani adaptacnich mechanismt lesnich
porostl. Nasledujici doporuceni vymezuji hlavni sméry budouciho lesnického vyzkumu.
Konkrétni doporudeni:

e Rozsifovat sit trvalych vyzkumnych ploch napti¢ gradienty stanovist, druhového
spektra, nadmoftskych vysek a zplisobli hospodateni.

e Prohlubovat dendrochronologické analyzy zaméfené na extrémni klimatické udalosti
(ne pouze mé&si¢ni teploty a srazky), negativné vyznamné roky a ristovou variabilitu a
provazat je napiiklad s nahodily t€Zbami, semennymi roky atd.

e Prohlubovat poznani vlivu cyklickych klimatickych procesti na rust jednotlivych dievin

vcetn¢ zahrnuti dalSich faktori, jako solarnich cykli, NAO (severoatlanticka oscilace)
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a dalSich komplexnich faktori a zaméfit se na pokrocilé statistické metody, jako
Waveletova analyza ¢i spektralni analyzy.

Podporovat interdisciplinarni pfistup kombinujici lesnictvi, ekologii, klimatologii a
pedologii, které spolu tuzce interaguji, bez c¢ehoz nelze vyvodit jasna péstebni
doporuceni. Obzvlasté detailné se zaméfit na interakce mezi klimatickymi parametry,
pudnimi podminkami a druhovou skladbou, zejména na extrémnich a marginalnich
stanovistich, které jsou zménou klimatu nejvice ohrozeny.

Zam¢fit vyzkum na funk¢ni diverzitu dievin a jeji vliv na produkéni potencidl zahrnujici
sekvestraci uhliku v biomase, stabilitu a odolnost porostti vii¢i biotickym a abiotickym
Ciniteltim.

Hodnotit dlouhodoby vliv riiznych hospodaiskych zpisobii a tvart (vysoky les,
pafezina, nizky les, vybérny les, podrostni formy atd.) na biodiverzitu a adaptacni
schopnost lesnich porostu.

Integrovat analyzu biodiverzity vSech pater lesa (stromové, kefové, bylinné i obnovy)
do komplexniho hodnoceni ekologické stability lesnich ekosystémii.

Zkoumat roli druhové vyrovnanosti (evenness) jako klicového faktoru produkéniho
potencialu smiSenych porostil, a ne zamétovat se pouze na druhovou bohatost jako €asto
mylné interpretovaného stézejniho ukazatele diverzity.

Zaméfit budouci vyzkum na komplexni vliv §kod zvéti na dynamiku smiSenych lesnich
porostli, zejména v kontextu rozdilné atraktivity dfevin pro sparkatou zvét; hodnotit
dlouhodobé dopady okusu, ohryzu a loupani kiiry na pfirozenou obnovu, druhovou
skladbu, ristovou dynamiku a stabilitu porostli v podminkach probihajici klimatické
zmeny.

Propojovat lesnickou praxi s vyzkumem a modelovanim budouciho vyvoje lesnich
porostll pfi riiznych scénafich klimatické zmény, tj. ptenos vysledkli vyzkumu do

lesnické praxe.

7.3. Limitacni ramec prace

Prestoze piedloZzené vysledky poskytuji konzistentni a vzajemné se podporujici interakce mezi

druhovou diverzitou, strukturou a produkénim potencidlem smiSenych lesnich porosti v

kontextu probihajici klimatické zmény, je nezbytné je interpretovat s ohledem na urcitd

metodicka a prostorovd omezeni vyzkumu. Tato omezeni jsou do zna¢né miry inherentni

dlouhodobému terénnimu a dendroekologickému vyzkumu v heterogennich lesnich
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ekosystémech, zejména v extrémnich stanoviStnich podminkach, kde je kombinace

klimatickych stresorti, pidnich vlastnosti a historického hospodatfeni mimoiadné variabilni.

Limity studie se tykaji pfedevSim rozsahu a reprezentativnosti vyzkumnych ploch, ¢asového

mefitka sledovéani, spektra hodnocenych difevin a environmentalnich faktor, jakoz i

zobecnitelnosti zaveéri na Sirsi geografické ¢i ekologické gradienty. Tyto aspekty vSak nesnizuji

vypovidaci hodnotu vysledkt, ale spiSe vymezuji rdmec jejich aplikovatelnosti a soucasné

identifikuji sméry pro dal$i vyzkum, ktery by mohl na pfedlozené poznatky navazat a dale je

rozsifit. Konkrétni limitacni aspekty této disertacni prace jsou nasledujici:

Omezeny pocet vyzkumnych ploch a jejich design: Prace je zalozena na relativné
omezeném poctu trvalych vyzkumnych ploch, coz muize snizovat statistickou silu
nckterych analyz a limitovat zachyceni plného spektra variability porostnich struktur
smiSenych a sutovych lesii. Nékteré plochy maji také rozdilné rozméry. Tyto rozdily
mohou ovliviiovat zachyceni jemnéj$i prostorové heterogenity porostl, strukturdlni
variability a hustoty stroml, a tim i srovnatelnost nékterych kvantitativnich ukazatelt
mezi pracemi.

Prostorova distribuce zajmového izemi: Hodnocené lokality se nachézeji v ur¢itém
geografickém a ekologickém ramci, a proto nelze vysledky bez dalsi validace ptimo
extrapolovat na jiné oblasti s odliSnymi klimatickymi, pidnimi ¢i biogeografickymi
podminkami.

Omezené spektrum stanovistnich typt: Vyzkum se primarné¢ zamétuje na vybrané
typy stanovist, zejména mélké, skeletovité pldy a sutové lesy, coz miZze vést k
podreprezentaci méné extrémnich stanovistnich podminek. Nicméné prace byla
rozSifena 1 o kyseld a svéZi stanoviste.

Casové méFitko vyzkumu: Ackoliv dendrochronologické analyzy umoziuji zpétny
pohled na ristovou dynamiku v fadu dekéad, samotnd terénni méteni a strukturdlni
hodnoceni porostt pokryvaji spiSe kratkodobé obdobi. Tato limitace byla vSak snizena
u nékterych soubori ploch ziskanymi historickymi daty az 55 let zpét.

Zaméfeni na omezeny pocet direvin: Analyzy se soustfedi na n€kolik ekologicky ¢i
produkéné vyznamnych druhli dfevin, zatimco reakce dalSich, méné zastoupenych
druhti (napf. habr obecny, javor mlé¢, tfesen ptaci, jefaby) nebyly do vyzkumu zahrnuty.
Omezené zahrnuti genetické variability dfevin: Studie pracuje s druhovou ¢i

strukturdlni arovni, nikoliv s genetickou diverzitou difevin, kterd mize vyznamné
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ovlivilovat adaptacni potencial porostd vici klimatickému stresu a ménicim se
podminkdm prostiedi.

e ZjednoduSeny pristup k eutrofizaci: Eutrofizac¢ni vlivy, zejména dusikové depozice,
byly hodnoceny pfevazné konceptudlné a na zadkladé dostupnych udaji, nikoliv
prostiednictvim detailniho chemismu ptd a biomasy.

e Komplexnost oddéleni vlivii klimatu a zpusobi hospodaieni: Vzhledem k
historickému ptekryvu zmén hospodarskych postupt a klimatickych trend neni vzdy
mozné jednoznacné oddélit jejich individudlni dopady na strukturu a dynamiku

zkoumanych lesnich porosti.

8. Zaver

Soucasna podoba druhové, strukturdlni i produkéni diverzity lesnich ekosystémt je vysledkem
dlouhodobého ptisobeni dvou hlavnich hybnych sil: (I) historického a aktudlniho zplsobu
hospodateni a (II) probihajici globalni zmény klimatu, projevujici se zejména kombinaci
zvySujicich se teplot, CastéjSim vyskytem disturbanci, proménlivosti srazek a cCastéjSimi
epizodami dlouhodobého sucha. Vyznamnou limitujici roli sehrava 1 silny tlak zvéte (zeyména
Skody okusem) a eutrofizace prostfedi. Lesni porosty reaguji na tyto faktory jak zménou
druhového sloZeni, tak proménou prostorové (vertikalni a horizontalni) struktury a rhstové
dynamiky, pfic¢emzZ reakce je vyrazné podminéna stanovistni extrémnosti (mélké, skeletovité
pudy, suté) a zvolenym péstebnim systémem. Druhova diverzita je pfitom stabiliza¢nim prvkem
porosti a signifikantné ovlivituje produkéni potencidl vcetné sekvestrace uhliku v kontextu
mitigace klimatické zmény. Strukturdlni diverzita pak pfimo souvisi s odolnosti vici
disturbancim a klimatickym extrémim.

Z vysledkl jednoznacné vyplyva, ze smiSené porosty dosahuji ve srovnani s monokulturami
vyssich produkcnich parametrii (zasoba, kruhové vycetni zdkladna), vyssi ukazatele hustoty
porostu (pocet stromi, zakmenéni, zapoj) a soucasné i vyssSi komplexni diverzitu. Tento
poznatek je zvlast’ relevantni pfi hodnoceni sekvestrace uhliku v biomase porostti: produkéni
potencial a uhlikové bilance nejsou pfimo vazany na casto ve studiich uvadénou druhovou
bohatost, ale spiSe na druhovou vyrovnanost, pfipadn¢ riznorodost, a to s optimalnim podilem
danych dfevin. Z hlediska radidlniho ristu je jeho limitujicim faktorem deficit srazek
(dlouhodobé sucho) v kombinaci s vysokou teplotou, zejména v hlavni ¢asti vegetacni sezony.
Tyto reakce jsou ovSem vyrazné druhové a ekologicky specifické. Ve stiednich polohéach a v

extrémnich podminkéach mélkych, skeletovitych piid se ukazuje, Ze 1 v ramci stejného porostu
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se jednotlivé dfeviny chovaji, jak v kontextu jejich ekologickych néroki, tak i mikrostanovisté
odlisné. Naptiklad buk lesni a smrk ztepily rostouci na piiznivéjsich mistech (hlubsi profil,
mén¢ skeletu) v poslednich dekddach zvysuji sviij radidlni rast, nicméné je dalezité poukazat
na jejich vyssi zranitelnost z hlediska kombinace neptiznivych klimatickych faktori a imisni
zatéze (vyssi variability prirtstu, pocet negativné vyznamnych let a signifikantnich mésict
z hlediska srazek a teplot ovliviiujici rist). Na druhou stranu rist javoru klenu a jasanu ztepilého
v nejextrémnéjsich stanovistnich podminkach v poslednich letech klesa, ale ob& dreviny
vykazuji vyssi resistenci viici klimatickym extrémim, a navic maji vyznamny stabilizacni
potencidl — kliovy zejména v sutovych a mélkych pidéach, kde nabyvaji na vyznamu
pudoochranné, vodoochranné a klimatické funkce lesa. Celkoveé vSak roste vyskyt negativné
vyznamnych let a variabilita pfirGstu, coz je konzistentni ptiznak zvySujiciho se vlivu
klimatické zmény.

Vedle zmény klimatu a zpiisobii hospodateni 1ze zdlraznit dalsi dva ¢asto podcenované faktory.
Prvnim je eutrofizace, zejména prostiednictvim dusikové depozice, kterd mulze ménit
konkuren¢ni poméry v bylinném patie a vést k nastupu nitrofilnich druhti. Druhym je zvySujici
se tlak sparkaté zvéfe. Pfirozené obnova je €asto v téch cennych smiSenych sutovych porostech
okusem vyrazné limitovana aZ znemoznéna (zejména u piimiSenych a vtrouSenych dievin).
Proto se doporucuje jeji cilena ochrana (napt. oplocenim) a redukce stavii zvétre na ekologicky
unosnou mez. Tyto vysledky zdlraziuji, Ze adaptacni management nelze opirat pouze o volbu
devin a péstebniho systému, ale musi feSit i regulacni mechanismy, které umozni obnové
zdarn€ odrustat. Celkove je tedy nezbytnd harmonizace péstebnich strategii a mysliveckého
managementu. Obecné je vhodné uplatiiovat mozaiku péstebnich systémut diferencované dle
danych stanovistnich a porostnich poméri a nepfistupovat k jednotnému pausalnimu feseni. Pro
n¢které typy stanovist’ a porostli (napt. habrové doubravy) se jako perspektivni jevi maloplosné,
ptirod¢ blizké postupy, vcetné péstovani sdruzeného lesa a podpory piimési dievin, které
zvySuji diverzitu a urychluji dynamiku. Naopak tvar les vysokého miiZze byt preferovan tam,
kde je cilem maximalizace produkéniho potencidlu. V extrémnich stanovistnich pomérech,
jmenovité na mélkych a skeletovitych pidach, se zdiiraziiuje potieba systematicky udrzovat
smiSené sut'ové lesy adaptivnim managementem: ptfi vychovnych zédsazich podporovat vitalni
hluboce koftenici listnace (buk, javor, jasan) a dopliovat dalsi piivodni a stanovistné¢ vhodné
dfeviny (napft. jedle, jetab, lipy) pro zvySeni resilience. Adaptace na zménu klimatu musi
pracovat s cilovym stavem (produkce vs. ochrana biotopti) a volit takovou intenzitu i prostoroveé

méftitko zasaht, které podporuje pozadovanou strukturdlni heterogenitu.
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Zaveérem lze konstatovat, ze vysledky vsech Sesti predlozenych praci jsou silné konzistentni v
tom, ze smé&si a strukturdlni pestrost zvySuji stabilitu, rezistenci a produkéni potencial. Na
druhou stranu citlivost k probihajicim zméndm klimatu je druhové i stanovistné specificka.
Optimalni nastaveni managementu se bude liSit podle lokality, ptidnich podminek, tlaku zvéie
a historického hospodateni. Z tohoto divodu je klicovy dlouhodoby monitoring a hodnoceni

odolnosti porosti vici klimatické zméné€ v riznych podminkach prostredi.
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