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Abstrakt

Stale Castéji dochazi vlivem disturbanci k narGstu mortality lesnich porost
stfedni Evropy. Disturbance predstavuji velky problém pro hospodafské lesy

pfedevsSim v kombinaci s probihajici zménou klimatu.

Disertatni  prace se  zabyva Sifenim patogent  pusobicich
disturbance a faktory, které mohou ovliviiovatjejich Zivotni cyklus ze tfi rGznych
uhld pohledu. Prvnim je hodnoceni rozsahu napadeni smrku ztepilého
a pichlavého kloubnatkou smrkovou (Gemmamyces piceae) v KruSnych horach,
kde jsou sledovany faktory ovliviiujici Sifeni na urovni porostu. Druhym je
fyziologicky, kdy je zkoumano, zda existuje rozdil v obsahu trehal6zy
u napadenych a nenapadenych strom kloubnatkou smrkovou na kyselych
pudach s vy§Sim obsahem hliniku. Tretim pohledem je Slechtitelsky, pfi kterém
byl na mezinarodni vyzkumné plose Hurky vyhodnocen zdravotni stav
péstovanych provenienci douglasky tisolisté, ktery je v poslednich letech

ovlivnén sypavkami.

Houba Gemmamyces piceae, vyznaény invazni patogen posledniho desetileti
v celé oblasti Krudnych hor, se béhem vyzkumu vyskytoval na smrku pichlavém
i ztepilém. Vyznamnymi faktory podminujici Sifeni byly vék a zakmenéni.
Nejvy8Si mira napadeni smrku ztepilého byla zjisténa ve stfedné starych
porostech. Pfi plném (10) a nejrozvolnénéj§im (<6) zakmenéni bylo
zaznamenano niz8§i napadeni nez v pfipadé pramérného zakmenéni (8).

Intenzita napadenis ohledem na zakmenénise liSilai ve vékovych kategoriich.

Trehaléza, ktera se vyskytuje v télech vétSiny organismd predstavuje
neredukujici cukr ze skupiny disacharidd. Mdze byt vnimana jako vhodny
ukazatel zdravotniho stavu a to proto, Ze u zdravych jedincu byva hodnota jejiho
obsahu vyznamné vyssi nez v pripadé silné stfedné ¢i silné napadenych jedincl.
Vysledky vyhodnoceni trehalézy prokazaly vyznamny rozdil hodnoty mezi
infikovanymi a zdravymi jedinci. Stromy napadené kloubnatkou mély slabé
vyvinutou mykorhizu a obsah trehal6zy byl u poSkozenych stromu vyrazné nizsi.
Zjisténa nizSi koncentrace houbovych cukrll a ergosterolu spociva v pfiznivych

faktorech mykorhizy, ktera se projevuje vysSi zasobou vody a mineralnich Zivin.



Na mezinarodniplo$e Hlrky v oblasti Pisecka, byl potvrzen vyskyt patogent
z rodd Rhabdocline a Nothophaeocryptopus na douglasce tisolisté. Zjisténa
defoliace poukazovala na zhorSeny zdravotni stav, a navic uzce korelovala
s objemem kmene, ktery u nejvice defoliovanych jedincu jen vyjimeéné dosahl
1 m3. Statistické vysledky vykazaly nepfimo Umérny vztah mezi defoliaci

a prumérnym pfirdstem. Vhodné provenience k péstovani na nasem uzemi
pochazeji z oblasti Washingtonu a Britské Kolumbie.

Prezentované vysledky ukazuji, ze je vhodné pfi feSeni biologie Skodlivych
Ciniteld pohlizet na problematiku z vice rdznych pohledl. To i proto, ze by
nedostateCné srazky a sucho v soucinnosti s dalSimi patogeny ¢i sekundarnimi
Skodlivymi &initeli mohly pfedstavovat v budoucich letech velké riziko. V Ceské
republice je takovym pfikladem ve vyznamné kalamité nebyvalych rozméru
kambioxylofagni hmyz, zejména kurovci (lps typographus (L.), Pityogenes
chalcographus (L.)), ktery vécné reprezentuje realné problémy sucha
v kombinaci se sekundarnimi €initeli.

Klicova slova: invazni patogeny, kloubnatka smrkova, sypavka, trehal6za,
faktory Sifeni



Abstract

More often disturbances are leadingto an increase in mortality in the forests of
Central Europe. Disturbanceis a major problem for forest ecosystems, especially

in combination with ongoing climate change.

Dissertation thesis examines the spread of disturbance pathogens and the
factors that may influence their life cycle from three different perspectives. The
first is an assessment of the extent of the infestation of spruce bud blight
(Gemmamyces piceae) in the Ore mountains, where factors influencing the
spread at the stand level are investigated. The second is physiological, where is
investigated whetherthere is a difference in trehalose content between infested
and uninfested spruce trees by bud blight on acid soils with higher aluminium
content. The third perspective is a breeding, where the health of cultivated

provenances of Douglas-fir, which has been affected by needle casts in recent
years, has been evaluated at the Harky international research plot.

The pathogen Gemmamyces piceae, a prominent invasive pathogen of the last
decade throughoutthe Ore mountains, was present on both Norway spruce and
Colorado Blue spruce during the survey. Age and stemming were important
factors influencing the spread. The highest infestation rates of Norway spruce
were foundin medium-aged stands. At full (10) and at the loosest (<6) stemming,
lower infestation was recorded than at average stemming (8). The intensity of

infestation with respectto stemming also differed between age categories.

Trehalose can be seen as a good indicator of health status because healthy
individuals tend to have significantly higher trehalose levels than moderately or
severely infested individuals. The results of the trehalose assessment showed a
significant difference in values between infected and healthy individuals. Trees
infested with bud bligthad poorly developed mycorrhiza andthetrehalose content
was significantly lowerin the damaged trees. The observed lower concentration
of fungal sugars and ergosterol is due to the favourable factors of mycorrhiza,

which isreflected in a higher water and mineral nutrientsupply.

The occurrence of pathogens of the genera Rhabdocline and
Nothophaeocryptopus on Douglas fir was confirmed in the international research
plot Harky in the Pisek region. Evaluated defoliation indicated poor health and
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was also closely correlated with stem volume, which rarely reached 1 m3 in the
most defoliated specimens. Statistical results showed an inversely proportional
relationship between defoliation and average increment. Suitable provenances
for cultivation in Czechia originates from Washington and British Columbia.

The presented results showed how it is useful to look at the issue from several
different perspectives when dealing with pest biology. This is also because
inadequate rainfalland drought, in conjunction with other pathogens orsecondary
harmful agents, could pose a major risk in future years. In the Czechia, one
biggest example is a major calamity of unprecedented proportions caused by
cambiophagous insects, especially bark beetles (Ips typographus (L.),
Pityogenes chalcographus (L.)), which factually represent the real problems of

droughtin combination with secondary harmful agents.

Key words: invasive pathogens, Picea bud blight, needle casts, trehalose,
spread factors
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1. Uvod

Vzhledem k stale CastéjSimu vyskytu disturbanci, které pfedstavuji jeden ze
zakladnich ekosystémovych procestl, dochazi od roku 2000 k nartustu zajmu
o0 jejich managment (LINDROTH et al., 2009; TURNER, 2010; SEIDL et al., 2014;
SEIDL et RAMER, 2017). Zna¢na ekologicka valence umoziujici rust dfevin
v nejriznéjSich vegetacnich stupnich, spoleCenstvech a na riznych stanovistich
Casto zplsobuje, Ze dopad patogenu se muze liSit v zavislosti na typu vysadeb,
porosti a spoleCenstev, a navic mize byt také zavisly na riznych faktorech
prostfedi. | proto je z dlouhodobého hlediska dllezité disponovat informacemi
oinvazibilité Skodlivych Cinitelu, jejich dopadu a o vyznamu nejdulezitéjSich faktorl
prostfedi v jejich epidemiologii. Soubézné stimto problémem v poslednich
nékolika desetiletich probihai vyrazna klrovcova gradace, €imz dochazi
k narGstu mortality lesnich porosti stfedni Evropy. Tato gradace predstavuje
velky problém pro lesni dfeviny pfedevSim v kombinaci s probihajici zménou
klimatu. Je patrné, Ze se v budoucnu budou musetlesy vyrovnat s vyznamnymi
zménami v pfirodnich podminkach, které se negativné projevi na zdravotnim
stavu jednotlivych dfevin. Lze predpokladat, Ze reakce lesnich ekosystému
nebude s ohledem na vékovou a druhovou skladbu jednotna (KOLSTROM et al.,
2011; KINT et al., 2012).

V soucasnosti patfi mezi nejvice ohroZzené druhy na nasem uzemi jehlicnaté
dfeviny, a to smrk ztepily a borovice lesni. UrCité riziko pfedstavuje i péstovani
druhd nepuvodnich jako je napfiklad douglaska tisolista nebo smrk pichlavy
(KRIVANEK et al., 2006). Tyto introdukované dfeviny jsou soucasti krajiny
jiz postaleti. ZpocCatku se jednalo pfedevsSim o druhyvyuzivanév proveniencnich
vyzkumech €i v parkovych varietach, kde plnily funkciestetickou, ale v poslednim
stoleti zaCaly byt vyuzivany v lesnictvi i jako alternativy za domaci dfeviny
(KRIVANEK et al., 2006). K jejich péstovani se pfistupuje pfedevsim proto, zZe je
diky nim mozné dosahnoutzvySeni produkéni funkce lesl. Je otazkou, zda do
urCité miry nevede jejich vyuziti i ke zvySeni stability porostd. Introdukované
druhy sebou ale nesou i ur€ita rizika, napfiklad se mohou stat druhy invaznimi,
které se posléze nekontrolovatelné Sifi a vytlacuji druhy puvodnivéetné bylinné
vegetace. Navic Casto dochazi s jejich introdukci i k zavleCeni invaznich
Skodlivych organismu, které mohou v prostfedi s nedostateCnou vyvinutou
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odolnosti pusobit vyznamné hospodaiské Skody (PANzAVOLTA et al., 2021).
Invazni organismy jsou typické tim, ze se na rozsahlém uzemi Sifi na znacné
vzdalenosti od matefské populace, a pfedevsim jejich Sifeni ohroZuje biologickou
rozmanitost Ci ekosystémove sluzby. Do této kategorie patfi i invazni patogeny,
které se Casto na naSem uzemi objevi pravé na neplvodnich dfevinach,
a nasledné ohrozuji dfeviny autochtonni. PfedloZzena prace i pravé proto feSi
Sifeni invaznich patogenl vzbuzujicich vazné obavy na introdukovanych

a autochtonnich dfevinach vlesnim hospodafrstvi.

Smrk ztepily Picea abies (L.) Karst.) je jedna z nejrozSifenéjSich dfevin ve
stfedni a severni Evropé (JONSSON et al., 2012), a pfedevsim dfevinas nejvétSim
procentualnim zastoupenim na nasem uzemi (MZe 2021), kterou zasahla
masivni klirovcova kalamita zplsobena zejména zastupci podcéeledi Scolytinae
(HLASNY et al.,, 2021). V minulosti jiz doSlo nékolikrat na nasem uzemi
k vyraznému poskozeni smrkovych porostl, jednou z pfiin byly napfiklad
znecistujici latky v ovzdusi, jako jsou ozon (O3), oxidy dusiku (NOx) a oxidy siry
(SOx), které vyznamneé prispély ke zhorSeni zdravotniho stavu lesa (KANDLER et
INES, 1995). V Evropé byl tento jev pozorovan v mnoha zemich, napfiklad
v sousednim Né&mecku, Polsku, Rakousku nebo Svycarsku (FUHRER, 1985),
a ve stfedni Evropé vedl na mnoha mistech k destabilizaci a rozpadu smrkovych
porostd (ULRICH, 1984; LOMSKY et al. 2002). Na izemi Ceska do$lo v minulost
k vyraznému poskozeni lest v oblasti KruSnych hor, které souviselo s po¢atkem
spalovani uhli (STOKLASA, 1923; NOZICKA, 1963). V 80. letech 20. stoleti se po
extrémnim imisnim zatizeni ovzdusi rozpadla vétSina smrkovych a bukovych
porosti. Proto zacaly byt vysazovany nahradni dfeviny, u kterych
se pfedpokladalo, ze by mély byt vici pusobenim imisi odolnégjSi. Jednou
z nejCastéji vyuzivanych introdukovanych dfevin byl smrk pichlavy Picea
pungens Engelm., ktery se az do pocatku tfetiho tisicileti jevil jako vhodna
alternativa (SLODICAK et al., 2008).

Po vyrazném odsifeni elektraren koncem 20. stoleti doSlo od roku 2009
v lesnich porostech KruSnych hor k epidemickému Sifeni kloubnatky smrkové
Gemmamyces piceae (Borthw.) Casagr. — houby s disjunktnim holarktickym
arealem poskozujici pupeny zejména smrku pichlavého. Kloubnatka smrkova,

ktera napadené pupeny u infikovanych smrk deformuje, byla poprvé objevena
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na smrku pichlavém v Abercairney, Perthshire (UK) v roce 1906 (BORTHWICK,
1909; SHOEMAKER, 1967. S ohledem na Cetnost nalezu byla stfedni Evropa
véetn& Ceska po roce 1910 (KOck, 1918, TUBEUF, 1919) povaZovana za hlavni
ohnisko vyskytu a Sifeni. Nicméné poté, az do zacatku 21. stoleti nebyla G.
piceae nalézana.Posléze byl patogen znovu objeven v roce 2009 a jeho masivni
Sifeni v porostech nahradnich drevin tvofenych P.pungens v Krusnych horach
a Sudetskych pohofich bylo v roce 2012 potvrzeno na ploSe vice nez jednotky
tisic hektar. Pro zminénou oblast pfedstavovalo velké riziko pfedev§im to, ze
vyskyt této houby byl jizZznam i na evropském smrku ztepilém P. abies, u kterého
ale doposud nebyla zaznamenana zasadnéjSiinfekce ¢i vyznamné hospodarské
Skody. V roce 2015 vsSak doslo k vyznamnému rozSifeni kloubnatky smrkové
do v8ech vékovych tfid smrku ztepilého. Pravé proto bylo nutné zjistit soucasné
rozsiteni v PLO1! a determinovat faktory prosttedi, které ovliviiuji Zivotni cyklus
patogenu a podminuji jeho dalSi Sifeni.

Kvalitni a ziva mykorhiza zvySuje odolnost stromU vuci patogentim i t€Zkym
kovim a zajiStuje jim konkurenéni vyhodu ve vyuzivani lesnich ptd chudych
naziviny (GRYNDLER et al., 2004; GAPER et MIHAL, 2008). Mykorhiza umoznuje
stromim efektivnéji vyuzivat zdroje z prostfedi, v némz Zziji a ziskavat tak
mnohemyvice zivin a vody (GRYNDLER et al., 2004). V souzitihub s kofeny vysSich
rostlin (mykorhiza) se setkdvame s trehal6zou, ktera se vyskytuje asi u 80 %
vSech rostlin. Hlavnim divodem zjiStovani obsahu trehal6zy u mykorhiznich
kofent je to, Ze dobfe reprezentuje zdravotni stav stromu. Je mozné
pfedpokladat, ze stromy s vySSim obsahem trehaldézy maji lépe rozvinutou
mykorhizu, protozZe ta pfedstavuje jeden z produktll metabolismu hub. Stanoveni
obsahu konkrétniho produktu metabolismu hub by mélo s mirou rozvinuti
mykorhizy korespondovat, a to i pfes to, Ze je kvantifikace mykorhizy obecné
ponékud obtizengjSi. Urcitou roli hraji v této problematice i pfirodni podminky,
resp. pudni, jelikoz u kyselych pld s obsahem velkého mnozstvi hliniku byva
snizeny vyskyt mykorhiznich hub, a nasledné snizena hodnota trehalozy, ktera
by mohla mit za nasledek niz8i odolnost vuci stresum. Trehal6za kromé
osmotickych vlastnosti pIni funkci pfi regulaci metabolismu sacharidl, kdy

reguluje vyuziti sacharézy a zvySuje fotosyntetickou kapacitu. Pravé z téchto

1 Pfirodnilesni oblast 1 — Kru$né hory
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davodu byl béhem fyziologickych méfeni na vyzkumnych plochach v Krusnych
horach porovnan rozdil v obsahu trehaldézy u napadenych a nenapadenych

stromd.

Je zfejmé, Ze se na zhorSeném zdravotnim stavu smrku ztepilého podili cela
fada faktorli. Proto se stale Castéji setkavame s difevinami, které by mohly byt
substitu¢né vyuzivany. Vyznamnou introdukovanou dfevinou, mnohdy z tohoto
dlivodu zminovanou v oblastech se zhorSenym zdravotnim stavem mlazin
(KUBECEK et al., 2014), je douglaska tisolistd Pseudotsuga menziesii (Mirb.)
Franco, ktera je péstovana ve stfedni Evropé z divodu vysoké produkce
a schopnosti stabilizovat lesni porosty predevSim proti vétrnym polomdm
(SINDELAR et BERAN, 2004; KUBECEK et al., 2014). Razné vysadby této dfeviny
s nedolozenym plvodem vznikaly v Evropé jiz v prabéhu 19. stoleti, pficemz
prvni proveniencnivyzkum zaméfeny na odolnost dfeviny, produkci a kvalitu byl
proveden v Némecku v roce 1910 (BASTIEN et al., 2013). Ve srovnani se smrkem
ztepilym douglaska zasadné& nezhorsuje pudni vlastnostia ma pomérné pozitivni
vliv na tvorbu humusu, pH pudy, a navic je pfi vhodnych lesnickych postupech
schopna pfirozené obnovy (SINDELAR et BERAN, 2004, PODRAZSKY et REMES,
2008; PODRAZSKY et KUBECEK, 2014). Jeji vyuZiti je ale podminéno vhodnosti
jednotlivych provenienci, coz bylo dolozeno fadou autord v mnoha evropskych
zemich (LAKOMY et IWANCZUK, 2010; PETKOVA et al., 2014). DalSim vyznamny
hodnoticim aspektem pro vyuziti douglasky je i posouzeni mozného nebezpeci

napadenipatogeny.

Vroce 2010 pfi kontrole zdravotniho stavu porostll v okoli mezinarodni
vyzkumné plochy IUFRO Huarky na byvalém Skolnim polesi Pisek bylo zjisténo
jejich silngjsi poSkozeni zplsobené sypavkami Rhabdocline pseudotsugae
Sydow a Nothophaeocryptopus gaeumannii (T. Rohde) Videira, C. Nakash., U.
Braun & Crous, in Videira, Groenewald, Nakashima, Braun, Barreto, de Wit &
Crous 2017 syn. Nothophaeocryptopus gaeumannii (Rohde) Petr. Na lokalité
Harky, s nejvétsi koncentraci douglasky tisolistt na nasem uzemi, doSlo
v kombinaci se suchem, pfedevSim v letech 2010-2015, ke zhorSovani jejiho
zdravotniho stavu. JelikozZ se nejedna o domaci dfevinu, ale o taxon pochazejici
ze Severni Ameriky, nebyl zatim v CR ve vét§i mife hodnocen zdravotni stav

jednotlivych provenienci, spiSe se jednalo o hodnoceniprodukce a kvality. Oba
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zminéné druhy vyskytujici se na douglaskach byly nalezeny po¢atkem 20. stoleti
ve Skotsku, resp. ve Svycarsku (GERNANDT et al., 1997; PESKOVA, 2003;
KIMBERLEY et al., 2011) a jejich pfitomnost byla potvrzena i na jinych mistech
naseho uzemi (PESKOVA, 2003). Vzhledem k tomu, Ze nebyla v minulosti t¢mto
patogenim pfikladana téméF zadna dulezitost, bylo nezbytné provést
namezinarodni plose IUFRO Hurky vyhodnoceni miry infekce u jednotlivych
provenienci a zpfesnit biologii obou patogenl. Sypavky predstavuji komplikaci
pfi péstovani jehlicnatych dfevin, o CemZz svédCi i zvySena pozornost
pfi sledovani a regulaci dvou druht — Dothistroma septosporum (Dorogin)
M. Morelet a Lecanosticta acicola (Thum.) Syd.) v letech 2006-2014, které byly
v roce 2019 pfefazeny mezi regulované nekaranténniorganismy a z izemi CR
je neninutné kromé Skolkarskych provozu eradikovat. Jedna se o patogeny, které
napadaji a poSkozuji asimilacni organy, ¢imz dochazi ke chlorotizaci, fidnuti
a nasledné defoliaci korun.

Patogeny Rhabdocline pseudotsugae, Nothophaeocryptopus gaeumannii
a Gemmamyces piceae predstavuji velké riziko pro lesni ekosystémy, a to
i sohledem nafakt, Zze je bylo mozné pozorovat v naSich podminkach
jizvminulém tisicileti. Je tedy nezbytné shrnout jejich biologii véetné
charakteristiky zivnych rostlin, rozSifeni na naSsem uzemi a faktory, které Sifeni
ovliviiuji a podminuji. U obsahu trehalézy, ktery mize dobfe reprezentovat
zdravotni stav dfevin, je velmi dulezité stanovit spravnou metodiku zpracovani,
vyhodnoceni kofenl s naslednou extrakci, kvantifikaci trehalézy a porovnat
obsah trehaldézy vkofenech zdravych a poskozenych stromu kloubnatkou
smrkovou. Tato prace si klade za cil zmapovat rozSifeni kloubnatky smrkové na
smrku ztepilém v Krudnych horach v€etné vyhodnoceni vlivu nejdalezitéjSich
faktord ovliviujici rozsah jejiho Sifeni a zaroven zhodnotit zdravotni stav
proveniencidouglasky tisolisté vhodné k péstovani nanasem uzemiis ohledem
na probihajici klimatickou zménu, a to i proto, Ze chybi ucelené vystupy na

zminéna témata.
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2. Cile prace

e Zmapovat rozSifeni kloubnatky smrkové (Gemmamyces piceae)
Borthw. Casagr. na smrku ztepilém a pichlavém v Krusnych horach
a vyhodnotit faktory prostfedi, které maji vliv na Sifeni patogenu.

e Vyhodnotit zdravotni stav  provenienci douglasky tisolisté
(Pseudotsuga menziesii Mirb./Franco) na provenienc¢ni plose HUrky,
ktera se vzhledem k opakovanym vyznamnym obdobim sucha stava
nachylnéjsik napadeni houbovymi patogeny.

o Zjistit, zda existuje rozdil v obsahu trehalézy u napadenych

a nenapadenych stromd na kyselych pudach s vy$§im obsahem
hliniku.

3. Rozborproblematiky

Rada patogent vazné& ohroZuje zdravotni stav dfevin (MORRICA
et PANZAVOLTA, 2021; BALLA et al.,, 2022; OLSON et STENLID, 2022), proto
predstavuji vyznamnarizika stejné, jako dalsi bioti¢ti Skudci, napfiklad podkorni
hmyz, chrousti, drobni hlodavci nebo zvéf. Jejich pusobenim mize dochazet
k odumfeni jehli¢natych ilistnatych dfevin napfi¢ celym svétem (KRAUSE et al.,

1986; ORCUTT et NILSEN, 2000; THOMAS et al., 2002; OLIVA et al., 2016; PAAP et
al., 2022).

Existuje mnoho moznosti, diky kterym k Sifeni patogent dochazi (Tabulka 1).
Pro ochranu dfevin je dualezité pochopit, i to jakym zpUsobem rozSifovani
patogenu ovliviiuje vlastnosti organismu a dynamiku samotného procesu Sifeni.
Jedna se o zcela zasadni informace pro preventivni a prediktivni opatfeni
(PROSPERO et CLEARY, 2017). Samotné Sifeni Casto ovliviiuje cela fada faktoru,
mezi které patfi potencial distribuce ve vztahu k reprodukénimu potencialu
patogenu, pfirozena schopnostrozsifovania zplsoby které usnadriujiSifenimezi
jednotlivymi segmenty lesa (HENGEVELD, 1989; BEBBER, 2015). Distribuci
patogenu je mozné rozdélit do dvou hlavnich kategorii, a to Sifeni pfimou
a nepfimou (pasivni) cestou. Pfimou cestu pfedstavuji infikovana semena,
sadebni material a dalSi vegetativni ¢asti rostlin. K nepfimému Sifeni dochazi

pomoci vétru, vektort, hmyzu, vody aj. (PROSPERO et CLEARY, 2017). Ackoli
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je mozné pozorovat migrace i na velké vzdalenosti, pro uspésné usidleni

Nigvivs vy

které vyrazné ovliviuje dynamiku a pfetrvani patogenu v invadované lokalité
(GHELARDINI et al., 2017).

Tabulka 1 Zpusoby Sifeni houbovych patogent (pfevzato z PRosPERO et CLEARY, 2017)

Zpusob Sifeni Popis

Vétrem Houby, které tvofi konidie nebo spory na
povrchu hostitele, mohou byt snadno unaseny
vétrem (rzi, sypavky, listové skvrnitosti)
srychlosti 0,05 az 2,5 cm/s jako inertni
Castice. Vétsi spory padaji rychleji nez mensi.
MiZe dochazet k Sifeni az na vzdalenost
kilometra.

Vodou Hlavné u patogent vyskytujicich se v blizkosti
vodnich tokl ¢i potokl ve formé& unasenych
zoospor Ci kontaminovaného materialu.
Kromé prudsich tok( a fek byva tento zplsob
méné efektivni na vétsi vzdalenosti. Existuje i
moznost Sifeni rozstfikem i kontaminovanou
zalivkou.

Autonomni Sifeni Pfi tomto zplsobu dochazi k nepfetrzitému a
trvalému rdstu hyf, které se mohou nezavisle
pohybovat plidouod rostliny k rostliné (typicky
vaclavka ve formé rhizomorf). Rozptyl ristu se
mulze pohybovat od nékolika centimetrd do
nékolika metrd za rok.

Vektory U druhd, které se nemohou §ifit z rostliny na
rostlinu a kS§ifeni potfebuji zcela jiny
nepfibuzny druh. Napf. Sifeni odumirani jilmu
v podobé klrovcl rodu Scolytus. Nékteré
druhy poskozuji vodiva pletiva, jimiz maze
patogen vstoupit do hostitele.

Antropogenné Prostfednictvim Clovéka a jeho aktivit. NapfF.
infikovanym sadebnim materialem,

kontaminaci rostlin &i pfi nespravném

zachazeni se zdravymi rostlinami.

Rada patogend ke svému S&ifeni vyuzivd vice zpGsobu. V lesnich

ekosystémech se nejCastéji setkdvame s Sifenim vétrem, kdy vitr unasi spory,
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ato i na vzdalenostitisict kilometrd (HENGEVELD, 1989, KOLMER et al., 2009).
Aby mohlo k Sifeni vibec dojit, je nezbytné dostat infikované spory do vzduchu.
K tomu dochazi napfiklad vlivem rozdilnych teplot vzduchu a infikovanych casti
(napf. letorostd a jehlic) nebo proudici studenou vinou vzduchu (CLOSE et al.,
1978). Na samotném Sifeni se poté vyznamné podileji teplota vzduchu, srazky
aradiace (GREGORY, 1973). Zvlastni pfipad predstavuji nékteré jednobyminé
i dvoubytné rzi (pét stadii vytrusi — bazidiospory, spermacie, aeciospory,
urediospory, teliospory) a dvoubytné rzi schopné stfidat hostitele. Prestoze
k Sifeni vSech stadii spor dochazi vétrem, tak je mozné mezi jednotlivymi druhy
spor pozorovat rozdily. Bazidiospory vyzaduji ke svému Sifeni a preziti vysokou
vzdusnou vihkosta konstantniteplotu (HELFER, 2014). Teliospory jsou nejvétsi,
tudiz nepfilis pohyblivé. Na velké vzdalenost se mohou Sifit pouze pfi nizsi
vihkosti a bez srazek, které Sifeni znacné zpomaluji (KOLMER et al., 2009;
HELFER, 2014). Nejnebezpeénéjsi typem spor jsou urediospory, které
se pfi unasenivétrem na hostitele dostavaji ve formé mlhy s destém, ktery je pro
uspésné Sifeni nezbytny, a navic maji schopnost se uchytit na dalSi vektory,
kterymi jsou napfiklad vozidla, zavazadla ¢i hmyz (KOLMER et al., 2009, HELFER,
2014).

K Sifeni vodou Casto dochazi i ve formé opakované zalivky. Nejznamé;jSim
zpusobemije ale unasenirostlinnych ¢asti a volnych zoospor (HONG et MOORMAN,
organismu — rod Phytophthora (JUNG et al., 2018). Zalivka, zejména
ve 8kolkafskych zafizenich, mazZe byt zdrojem infekce, zejména jedna-li
se o recyklovanou vodu z rybnika, fek &i pfilehlych vodnich zdrojio (HONG et
MOORMAN, 2005). Detekovat a kvantifikovat patogen v zalivce je mozné nékolika
zpusoby. Houby, hlistice a bakterie je mozné v nékterych pfipadech zachytit
nafiltry ¢i sitkem (PETTITT et al., 2002). Patogeny, které je mozné kultivovat, |1ze
pfimo inokulovat na médium, pouzit rezidua z filtru nebo je zfedit a inokulovat
na semi-selektivni médium (JEFFERS et MARTIN, 1986; OUDEMANS, 1999).

Dalsi druh Sifeni — autonomni, probiha ve chvili, kdy je patogen schopen
infikovat dalSi jedince diky trvalému rastu hyf. Tuto skupinu na nasem uzemi
reprezentuje zejména vaclavka, ktera v soufasné dobé predstavuje jednu

z nejzasadnéjSich  dfevokaznych hub Skodici v hospodarskych lesich
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(GuILLAUMIN et al., 1993; LEONTOVYC et KuNcA, 2006; KuBliaK et al., 2017,
COETZEE et al., 2018).

U Sifeni patogenl pomoci vektorl je zakladnim prfedpokladem vyuziti dalSiho
druhu, ktery patogen pfenese na dalSiho hostitele. Pfikladem jsou napf. patogeny
pfenasené hlisticemi, savci, ale v lesnich ekosystémech pfedevsim v interakci
s hmyzem, jehoZz nékteré druhy maji schopnost absorbovat inokulaci infekce

a naslednéji poranénimrostlinnych pletiv roz§ifit na dal$i hostitele (PROSPERO et
CLEARY, 2017).

Posledni kategorii pfedstavuje Sifeni zpusobené antropogennimi vlivy, tedy
pUsobenim ¢loveéka, napfiklad ve formé prfenosu pomoci infikovanych semen
nebo jiného sadebniho materialu. MGze ale dojit i k Sifeni pfi nevhodné
provedené asanaci infikovaného dfivi & kontaminaci pracovnich nastroju
(PROSPERO et CLEARY, 2017). Velmi znamym pfipadem je kombinovany zplsob
zavle€eni patogenu Ophiostoma ulmi z Evropy do USA, kdy doSlo k pfenosu
infekce skrze vytéZzenou kulatinu jilmového dfeva a nasledné pomoci vektoru,
které predstavovali kGrovci rodu Scolytus (BRASIER et KIRK, 2010). Paradoxné
v Severni Americe doSlo k potlaceni O. ulmidomacimi druhy z rodu Ophiostoma,
a nejvyznamnégjsi z nich Ophiostoma novo-ulmi Brasier byl nasledné znowvu
zavleCen do Evropy, kde jeho pusobenim doslo k nevratnym rozvratim porostl,
které od pocatku tisicileti stale trvaji a znacné tak omezuji péstovani jilmu
(STENLID etal., 2011; JURISOO et al., 2019).

Ze zminénych zplUsobu Sifeni pfedstavuje ten antropogenniv soucasné dobé
nejvétsi riziko pro lesnihospodarstvi (STENLID et al., 2011). Vlivem ¢lovéka Casto
dochazi k Sifeni nepuvodnich a nékdy i invaznich druhd. Ty predstavuji velmi
dulezitou kategorii, pficemz jejichz cesta ke zdomacnéni je v soucasnost
rychlejSi nez dfive, a to pfedevsim vlivem Clovéka. Urcity podil natom ma i stale
CastéjSi volba intenzivnich zpusobu hospodareni (napf. pasecny zplusob), ktera
napadenihostitele vyznamné usnadniuje. To platii pfesto, Ze invadujicipatogeny
zpravidla pfekonavaiji celou fadu obtiznych bariér — geografickou, fytosanitarni,
environmentalni ¢i pfirodni. Ta byva tou nejdllezitéjsi, jelikoz si v ni patogen
hleda cilového, a pfedevsim citlivého mistniho pavodniho hostitele (BRIGHT,
1999; PFALLER et al., 2006; STENLID et OLIVA, 2016; GHELARDINI et al., 2017).
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Invazni, a zejména zdomacnélé organismy, které se na dané uzemi dostaly
teprve s pfispénim Cloveka se na ném mohou samovolné a nekontrolovatelné
Sifit. Z vice nez 90 taxonu z rlznych fadu a tfid, které do této skupiny nalezi,
ma az 10 % z nich potencial poSkozovat populace svych hostitelu &i celé
ekosystémy (CERNY et al., 2016b). Je velmi obtizné jejich vliv zasadné& omezit &i
dokonce druh eradikovat (BRIGHT, 1999; PFALLER et al., 2006; WALKER et al.,
2008), jejich prospérité napomahaijii postupné zmény lesnich ekosystému ¢asto
souvisejici se zménou klimatu (BoONAN, 2008; CANADELL et RAUPACH, 2008; LA
PORTA et al., 2008; LINDNER et al., 2008; KOLSTROM et al., 2011; BRANG et al.,
2014). Invaznipatogeny predstavuji velké riziko u jedinct oslabenych abiotickymi
a dalSimi biotickymi Ciniteli (LA PORTA et al., 2008).

Mezi nejvyraznéjSi zastupce patogenl poslednich let patfi v Evropé rod
Phytophthora (BRASIER, 1996; HANSEN et DELATOUR, 1999; JUNG et al., 2000).
Chradnuti zpGsobené timto patogenem se objevilo jiz v 90. letech 20. stoleti,
ato zejména v dubovych porostech mediteranni ¢asti Evropy, kdy dochazelo
k odumirani dubu letniho Quercus robur L. a dubu cesminovitého Quercus ilex
L. ¢i v Severni Americe (GARBELOTTO et HAYDEN, 2012; GRUNWALD et al., 2012),
kde doSlo k poSkozeni autochtonnich severoamerickych druht na kalifornském
pobfezi v délce vice nez 300 km (Rizzo et al., 2002). Riziko ale tato skupina
patogenl predstavuje i pro fadu dalSich lesnich a nelesnich drfevin (KUNCA et
LEONTOVYC, 2005; JUNG et al., 2018; ScoTT et al., 2019). Mezi nejznamnéjsi
zastupce patfi P. cambivora (Petri) Buisman; P. cinnamomi Rands; P. multivora
Scott & Jung; P. plurivora Jung et Burgess; P. ramorum Werres, de Cock & Man
in 't Veld a P. alni species complex. Posledni zastupce — pliser olSova (P. alni)
zpusobil na nasem uzemi od roku 2001 velké Skody v cennych bfehovych
porostech tvofenych zastupci rodu ol$e (Alnus sp.) (CERNY et al., 2008;
RoMPORTL et al., 2016). Hlavnim faktorem podilejicim se natak masivnim Sifeni
patogenu byly zaplavy a delSi dobu stojici voda, ktera vytvofila optimalni

podminky pro vyvoj a Sifeni patogenu (STRNADOVA et al., 2010).

Krucialni patogen zpusobujici chfadnuti jasani — voskovi¢ka jasanova
Hymenoscyphus fraxineus (T. Kowalski) Baral, Queloz & Hosoya si na uzemi
Evropy prosla zajimavym vyvojem. Jeji vyskyt byl znam jiz pfed rokem 1850,

tehdy jesté jako saprofyt Peziza albida Roberge (DESMAZIERES, 1850) na
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z€ernalych a odumrfelych ¢astech jasanovych listd. Patogenniforma, puvodné
oznaCovana jako Hymenoscyphus pseudoalbidus, kterou se zabyvala
v poslednim desetileti intenzivné cela fada autorl (MCKINNEY et al., 2014;
BUROKIENE et al., 2015; HAVRDOVA et al., 2016; PAUTASSO, 2016; LONGAUEROVA
et al.,, 2017; GROSDIDIER et al., 2018), byla do Evropy introdukovana z Asie
poCatkem 90. let 20. stoleti, kde byla dfive nazyvana jako Lambertella albida
(ZHAO et al., 2013). | pfes obrovskou vinu zajmu se stale vyskytuji rizika spojena
s patogenem, kterym nebyla vénovana vétSi pozornost, jako je napfiklad
spoluptsobenidals$ich abiotickych abiotickych faktor(i, Easto nazyvané chradnuti
zpusobené komplexni skupinou pfi¢in. Obrana vuci patogenu je velice obtizna,
v pfirodé vSak existuji stromy geneticky odoIlngjsi vici plsobenipatogenu, ktefi
i pfesto mohou byt napadnutiinvaznim Skiidcem Agrilus planipennis Fairmaire
(LIEBHOLD, 2012), jenz se od roku 2013 Sifi v evropské ¢asti Ruska a zpusobuje
vyrazné chifadnutijasanovych porostl (STRAW et al., 2013; VALENTA et al., 2015).

Zfejmé nejvétsSi problém pfi boji s invaznimi organismy pfedstavuje fakt,
Ze Casto neexistujipfirozenérezistentni schopnosti hostitelt vici jejich plsobeni.
Navic jsou domaci druhy patogent v lesich €asto vytlaovany druhy invaznimi
a agresivnéjSimi, které mohou zplsobovat vyznamné Skody na lesnich
difevinach. Pfikladem je na byvalych zemédélskych padach kofenovnik
(Heterobasidion sp.), ktery reprezentuje v severni ¢asti planety pét zastupcu,
znichz tfi se pfirozené vyskytuji v Evropé (Heterobasidion annosum sensu
strictum (Fr.) Bref., Heterobasidion parviporum Niemela & Korhonen — nejCastéji
na smrku, Heterobasidion abietinum Niemeld & Korhonen). Jeden z téchto
zastupcu H. annosum byva ve svém pfirozeném arealu vytlaCovan invaznim
druhem H. irregulare (GARBELOTTO et al., 2022). Dlvodem pro¢ kofenovniky
komplikuji péstovani drevin pfedevSim na zemédélskych pudach, je obvykle
vy8Si pH a Casto chybéjici dulezita antagonisticka mikroflora (KORHONEN et
STENLID, 1998). Vyznam kofenovniku pro lesni hospodarstvi podtrhuji Skody
bezmala 800 milioni EUR (WOODWARD etal., 1998).
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3.1 Kloubnatka smrkova a jeji rozsSifeni v porostech smrku ztepilého

a pichlavého

Dulezitym prvkem lesniho ekosystému je bezesporu vhodna dfevinna skladba
s ohledem na mikroklimatické podminky prostfedi (ENNOS, 2015). Je vhodné
se narozmanitosti skladby podilet mezirodové, a nikoliv pouze mezidruhové, kdy
muze dojit k infekcinejblizsiho pfibuzného druhu (DESPREZ-LOUSTAU et al., 2006).
Pfi volbé difevinné skladby je vhodné k hospodareni v lesich vyuzivat védecky
podlozena fakta a pouzit i dalSi odborné znalosti (LINDNER et al., 2008).
Je vhodné zvysit druhovou bohatost dfevin, aby doslo k posileni pfirozené
rezistentni schopnostilesi mirného pasma v Evropé, zvysit porostni strukturu,
rozmanitost, udrzovat a zlepSovat genetickou variabilitu v ramci jednotlivych
druh stromd, zvySovat odolnost jednotlivych stromd va¢&i biotickému,
abiotickému stresu a nahrazovat rizikové porosty vhodnéjSimi dfevinami
(zejména nepuvodni smrkové a borové monokultury v niZzinach) (BRANG et al.,
puvodnich a nepuvodnich druh( dfevin, jakozZto i neplUvodnich genetickych
kmenu, které se mohou Iépe pfizpisobovat budoucim klimatickym podminkam,
ale pouze s dodrzenim vSech nezbytnych fytosanitarnich opatfeni zamezujici
zavle€eni nepuvodnich druhl sSkudct (BOLTE et al.,, 2009). S ohledem na
zhorSeny zdravotni stav Picea abies a Pinus sylvestris se jevi jako vhodné
ve vétsi mife zapojit do péstovani Fagus sylvatica L. a Quercus robur L., které
se alespori v souCasné dobé zdaji s ohledem na klimatickou zménu odolné&jsi
a mohly by tak hrat vyznamnou roli ve velké Casti stfedni Evropy (BURAS et
MENZEL, 2019; ScHULDT et al., 2020). U zavadéninovych druht (douglaska, smrk
pichlavy)je nezbytné pocitat se zavleCenim dalSich invaznich skudcl a patogent
(LOMBARDERO et al., 2008). Nevhodné zvolena skladba se ukazala napfiklad
u distribuce kloubnatky, kdy se infekce rozsifila ze smrku pichlavého na smrk
ztepily. Vznikla situace je modelovym pfikladem nevhodné volby dfevin, ktera
je o to dulezitgjSi v pfipadé invaznich Skodlivych organisma, které mohou
autochtonnihostitele vzhledem k neexistujici pfirozené odolnosti zpUsobit jejich
odumfeni(MOSER et al., 2009; SIEROTA et al., 2019; DiAz-YANEZ etal., 2020; JUNG
et al., 2021).
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Jednou z potencialné ohroZzenych dfevin je smrk ztepily, nejdulezitéjsi
hospodarska dfevina stfedni a severni Evropy, ktery byva péstovan i mimo areal
svého pfirozeného rozSifeni (Obrazek 1). Jedna se o druh nejpolymorfnéjsi,
u kterého se morfologicka variabilita nejvice projevuje na tvaru koruny u vétveni
a u jehlic (VIDACOVIC, 1991; MusiL et HAMERNIK, 2007). Naproti tomu smrk
pichlavy, se pfirozené vyskytuje v montannizéné zapadni ¢asti Severni Ameriky
(MusiL et HAMERNIK, 2007; FARJON, 2010). Svym vzristem dosahuje niz8i vySky
(21-27 m) nez smrk ztepily a mensSi vyCetni tloustky (0,6 m). Nejlépe pfirGsta
za dostatecné vlhkosti, ale umi snaset i sucho, a to |épe nez ostatni smrky
(VIDACOVIC, 1991; MusIL et HAMERNIK, 2007; FARJON, 2010).

0 Z 1,320
Kilometer

Obrazek 1 Areal pfirozeného rozsifen smrku ztepilého (FarJoN, 2017)

Chradnuti smrku ztepilého i sohledem na probihajici klimatickou zménu
nejCastéji zplsobuje sucho. Tento abioticky Skodlivy €initel ma vyznamnou roli
i v probihajici sou€asné kurovcové kalamité (KOHLER et al., 2010; PRETZSCH et
al.,, 2014; NETHERER et al., 2021). Sucho se typicky projevuje celou fadou
symptomua jako jsou diskolorace &i pfedCasna senescence nejen listnatych
dfevin, a navic se v mikroklimatu ekosystému projevuje redukci vzdusné vihkost
a srazek (YUAN et al., 2019), coZz ma za nasledek sniZzenou transpiracni
schopnostjedince (RUEHR et al., 2016; SCHULDT et al., 2020). To vSe se primarné

podili na zhorSeném zdravotnim stavu lesu. Kromé toho dochazi k vyraznému
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oslabeni napadenych jedincu, které se vtu chvili stavaji nachylngjsi vadi
biotickym faktor0dm (ScHULDT et al., 2020). Je prokazané, ze smrk je z nasich
dfevin vic&i posSkozeni suchem nejcitlivéjSi, a to napfiklad v porovnani
s douglaskou tisolistou, ktera je schopna se lépe vyrovnavat s dlouhodobym
stresovanim suchem (VITALI et al. 2017). DalSi z abiotickych faktorti, které
pfedstavuji riziko pfi péstovani smrku i dalSich dfevin je vitr a mraz. Jedna
se o faktory, pfi jejichz plsobeni mize dochazet k velkym disturbancim,
a predevSim oslabeni jedincu, které se obdobné jako v pfipadé sucha stavaiji
nachylngjsi vuci sekundarnim biotickym Skddcim (RuBA et al., 2013; PAvLOv,
2015). Vitr, ktery byva povazovan za nejdllezitéjsi klimatickou disturbanci
v lesich Evropy pfedstavoval problém zejména v druhé poloviné 20. stoleti, kdy
se podilel navice nez50 % ztrat v lesnim hospodafrstvi (SCHELHAAS et al., 2003;
JARZYNA,2021). Velké riziko pfinasivitr v kombinacis podkornim hmyzem. Hmyz
sice vtomto pfipadé predstavuje sekundarni Skodlivy Cinitel, mize vSak velmi
efektivné napadnout Cerstvé polomy, vyvraty, a tim ohrozit i okolni stojici zdravé
stromy (ERKSSON et al., 2007; GRODzKI et GASIENICA FRONEK, 2019;
SOUKHOVOLSKY et al., 2022). Nebezpeci hrozi i u stojicich sousi, které mohou
pusobenim vétru spadnouta muze tak dojit k naruSeniporostniho okraje a tim
ke vzniku dalSich Skod vétrem. Mraz predstavuje riziko zejména v pfipadé
pozdnich jarnich mrazl, které zplasobujiposkozenitkania vodivych pletiv rostlin,
¢imz dochazi k redukci rastu a ovlivnénijejich konkurenceschopnosti (JARZYNA,
2021; OzCELK et al., 2022; STRIBRSKA et al., 2022). Mraz nejvice ohroZuje
vysadby a semenacky, protoze nejCastéji dochazi k pozdnim mrazim blizko
zemeé, ¢imz muze dochazet k problémdm s pfirozenou ¢i umeélou obnovou lesa
(JARZYNA, 2021). Pfi v souCasnosti pozorovaném chfadnuti dfevin hraje zfejmé
vyznamnou roli fenotyp, a tedy i fenotypova maladaptace. VSechny zminéné
faktory jsou kliCové pfi omezovani schopnosti stroml vyuzivat vesSkery svuj
potencial fenotypové plasticity a plastickych reakci. Navic toho stale vime jen
malo o fyziologickych mechanismech, které stoji za fenotypovou odolnosti
strom0 (STENLID a OLIVA, 2016). NejvétSim problém je nejasnost v interakci
patogenu a infikovaného stromu vcetné nasledného odumreni, a to predevsSim
proto, Ze se jedna o slozity komplex procesl. Patogeny mohou zpUsobit velkou
Skalu interakci s hostitelem, které mohou mit vyznamné fyziologické dusledky.

Casto je mylné chapano, jak dochazi vlivem patogenu k usmrceni jedince, a to
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hlavnékvulichybnéinterakci s jinymi abiotickymi faktory, které vedou k odumfieni
stromu.

K vySe uvadénym rizikim dochazi pisobenim celé fady faktora. Vitr a rozdily
ve vétrném proudénina okraji porostd mohou napfiklad vést k ¢astéjSimu Sifeni
patogenu z okraju dovnitf porostu, nez tomu byva naopak, a to pfedevsim proto,
Ze vtéchto mistech byva rychlost vétru vétsi (CROCKATT, 2012).
Mezi nejdulezitéjsi, které zaroven podminuji i Sifeni patogenu, patfi klimatické
zmeény a zpUsoby hospodareni. Dasledkem velké zmény klimatickych podminek
dochazi ke snizeni mnozstvi srazek a zvySeni teploty (DESPREZ-LOUSTAU et al.,
2006; KOHI et al., 2010; DE FRENNE et al., 2021). Ty vedou k redukci az ztraté
schopnosti jedincd uvnitf populace se v mistnich podminkach vic&i napadeni
adaptovat a dochazi tak k permanentnimu stresu a naslednému poskozeni
porostd (ENNOS, 2015). | kdyZz se soucCasna klimaticka zména tyka predevsim
sucha, tak mohou problém predstavovat i bleskové zaplavy, kdy mize dojit
k vyraznému pfemokifeni pudy a vzniku vhodnych podminek pro usazeni
invadovaného patogenu (DESPREZ-LOUSTAU etal., 2006). Lesnické hospodareni,
a zejména to intenzivni, Casto vede ke zménam v ekologické balanci a vzniku
disbalanci, které maji za nasledek vytvofeni idealnich podminek k aklimatizaci
patogenu a vzniku vyznamnych disturbanci (CASTELLO et al., 1995). Kromé toho
dochazi i ke zvyseni padnivlhkosti a zvySeni teploty disledkem snizeni podilu
vegetace, coz negativné ovlivhuje evapotranspiraci (CASTELLO et al., 1995;
KUBOTA et al., 2021).

K prvnimu vyraznému poskozeni lesnich porostl ve studované oblasti PLO1
doSlo se zacCatky spalovani uhli (HASELHOF et LINDAU, 1903). Vzhledem
k extrémni imisni kalamité, ktera se vyskytla v 80. letech 20. stoleti byly
v mistech, kde nebylo mozné tyto dfeviny znovu obnovit, zaloZeny porosty
nahradnich dfevin (SLODICAK et al., 2008). V téchto porostech byl pouzit smrk
pichlavy zejména kvuli potencialné vySsi imisni odolnosti. Vybér této dfeviny,
ktera zaujimala plochu vice nez 8000 ha pusobil az do zaCatku 21. stoleti velmi
vhodné (SLODICAK et al., 2008). Jednotlivé stromy v tomto obdobi jizZ dosahovaly
dimenzi uspokojujicich dfevaisky prumysl a postupné zacaly vznikat plany
pro ekonomické vyuzititéto dfeviny. Tomu nahraval i zlepSujici se zdravotni stav

lesnich porostld a snizenivlivu pfimych atmosférickych depozic Skodlivych latek
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z ovzdusi. Stale vSak pretrvavala vysoka zatéz puadniho prostfedi projevujici
se znacnou acidifikaci a zdanlivé vitalni lesni porosty tak zUstavaly i nadale
znaéné labilni (SRAMEK et al. 2015).

Svoji roli pfedstavuje stale CastéjSi fragmentace krajiny, ktera ma za nasledek
vznik izolovanych Casti lesa. To se dotyka i samotného lesa, kdy vznikaji
segmenty s odliSnymi vlastnostmi uvnitf a na okraji porostu (CROCKATT, 2012;
OzCELK et al., 2022; STRIBRSKA et al., 2022). Okraje ¢asto byvaji exponované
anachylné vaci pusobeni vnéjsiho prostfedi, diky ¢emuz dochéazi k tvorbé
odliSnych mikroklimatickych podminek, které mohou byt spjaty s rozvojem
biotickych a vyssi intenzitou pasobeni abiotickych Ciniteld (CAMARGO et KAPOS,
1995; HEITHECKER ET HALPERN, 2007; CROCKATT, 2012). K tomu napomahai to,
Ze v téchto mistech, ktera Casto pUsobi jako pfirozeny filtr pro patogeny Sifici
se na delSi vzdalenosti, dochazik tvorbé jinych vétrnych podminek ovliviujicich
teplotu, vihkost, srazky, smér vétru a samotné Sifeni spor patogent (CROCKATT,
2012). Navic se tzv. filtraci“ na okraji muze zvysit pravdépodobnostusazenispor
patogenu (CROCKATT, 2012). Rovnéz acidifikace a depozice dusiku byva v okraji
porostu az o 50 % vySSi nezv jeho stfedu (DE SCHRIIVER et al., 2007) je znamo,
Zze obé latky ovliviuji vyskyt hub (HOGBERG et al., 2006; KJ@LLER et al., 2012).
Napfiklad eutrofizace pusobena dusikem ma za nasledek ubytek mykorhiznich
hub v ramci celé Evropy (ARNOLDS, 1991; HU et CHEN, 2020) &i vyraznou zménu
jejich zivotniho cyklu napfiklad sniZzenim poc¢tu mykorhiznich Spiek €i produkce
mycelia (KJQLLER et al., 2012).. Depozice dusiku muize roli hub v nékterych
pfipadech i zastoupit. Jedna se pfedevSim o dekompozici dfevni hmoty anebo
listového opadu (BERG and LASkowsKI, 2005; BEBBER etal., 2011),

Presto, Zze patogeny mohou zpUsobit vyrazné poSkozeni lesa, vétSinou jim
nebyla vénovana dostateCna pozornost, a to plati i s ohledem na patogen jako
prvek ekosystému. V tomto pojeti totiz mize predstavovat velmi dulezity ¢len,
ktery ma za cil pfirozenéredukovat prestarlé monotdénniporosty anebo upravovat
nevhodné zvolenou dfevinnou skladbu a plnit tak funkci ,pfirozeného® spravce
lesa (CASTELLO et al., 1995). Dukazem mlze byt situace z roku 2009, kdy
v Krudnych horach byla na smrku pichlavém, po téméF sto letech v Cesku opét
zjiSténa houba Gemmamyces piceae (SOUKUP et PESKOVA 2009). Zpocatku

neznatelny a lokalni vyskyt, zac¢al nabirat od roku 2009 epidemicky charakter,
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a pfedevSim v severovychodni ¢asti Krusnych hor dosahl béhem kratké doby
kalamitnich rozméra (POSPISIL et POsPISIL, 2011; PESKOVA et Soukup, 2013;
CERNY et al., 2016a; ZYKA et al., 2018). V roce 2015 doslo k nartistu napadeni
smrku ztepilého, které se rozsifilo i v mladSich vékovych tfidach a problém se tak

prestal tykat pouze starSich a jednotlivych stroma.

Houba Gemmamyces piceae, synonymum Cucurbitaria piceae Borthw.,
Cucurbidothis piceae (Borthw.) Petr., byla poprvé nalezena na napadenych
pupenech smrku pichlavého Piceapungensvar. glaucav Abercairney, Perthshire
(UK) v roce 1906 (Borthwick, 1909; Shoemaker, 1967; TUBEUF, 1919).
V souCasném taxonomickém pojeti je fazena do oddéleni Ascomycota, fadu
Pleosporales, celedi Melanommatacea (JAKLITSCH et VOGLMAYR, 2017).
Anamorfni stadium, které popsal v roce 1925 Naumov, je oznacovano jako
Megaloseptoria mirabilis (NAuUMOV 1925; CERNY et al., 2016a).

Patogen primarné poskozuje severoamerické smrky P. pungens Engelm.
a Picea engelmannii Parry ex Engelm., které patfi mezi citlivé (ALFORD, 2000).
Na AljaSce byl jeji vyskyt potvrzen na Picea glauca Moench, Piceamariana (Mill.)
Britton, Sterns & Poggenb. a Picea sitchensis Bong. (WINTON, 2020). V Cesku
byl patogen potvrzen na druhu P. glauca, ale také nové najihoevropském Picea
omorika (Panci¢) Purk. (PESKOVA et al., 2016b). Systematickym sledovanim
kalamitniho $iteni patogenu na smrku pichlavém v Cesku se zabyvali PESKOVA
et SOUKUP (2013), CERNY et al. (2016a) a SEFL et al. (2020). Potvrzeny vyskyt na
evropském smrku ztepilém P. abies, ktery byl dosud popisovan jako nepfilis
vyznamny nebyl v Evropé ani v Cesku podrobngji sledovan. Jedinym
vyznamnym zaznamem bylo napadeni 13 ploch v severni Anglii a jjhozapadnim
Skotsku, kde bylo zjisténo poskozeni starSich jedincu P. abies (REDFERN et al.,
1997).

Vyskyt patogenu byl potvrzen v celé fadé dalSich evropskych zemi -
v Rakousku, Dansku, Anglii, Finsku, Némecku, Irsku, Italii, Rusku, Skotsku,
Slovinsku, Svédsku, Svycarsku a Walesu (BORTHWICK, 1909, Kock, 1918,
NAumMov 1925 in CERNY et al., 2016a; THIRINGER, 1964, SHOEMAKER, 1967,
SCHNEIDER et DAEBELER, 1968; TOMICZEK et al., 2011; OGRIS et JURC 2013).

Kromé Evropy byl patogen nalezen v Severni Americe na Aljasce (Winton, 2020)
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V Cesku byl jeji vyskyt poprvé zjistén na P. pungens na Kladské v Slavkovském
lese v roce 1917. Od té doby pak byla houba opakované nalézana v riznych
gastech CR (Obrazek 2) (TUBEUF, 1919).

0 25 50 75 100km

S

0

(O napadeni v rozsahu vétSim nez 1ha M nalezy na smrku ztepilém

® 10-100 napadenych strom( %k prvni historicky nélez v Ceské
e méné nez 10 napadenych stromf republice (Kéck, 1918)

Obrazek 2 Vyskyt kloubnatky smrkové na nagem tzemi (CERNY et al., 2016).

Typickym znakem napadeni je vyskyt stromatu na pupenech, s Cetnymi
drobnymi hnédymi az c{erné zbarvenymi kulovitymi plodnicemi, casto
pokryvajicimi i cely pupen (SOUKUP et PESKOVA, 2009). Vyhony byvaji zdufelé,
silné zkracené a Casto ohnuté a ty které pod vlivem infekce neodumfely, maji
Casto netypické postavenia vyrustaji do nejriiznéjSich sméra (Obrazek 3). Pokud
dojde k odumfeniterminalniho pupenu, pfebiraji jeho funkci boénipupeny, které
vytvafi typicky vzhled infikované koruny (SOUKUP et PESKOVA, 2009; PESKOVA et
al., 2016a, 2016b).
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Obrazek 3 ,Vykloubené"vyhony smrku ztepilého zplisobené kloubnatkou smrkovou

K infekci hostitelské dfeviny dochazi béhem vegetacniho obdobi. Nasledujici
rok v dobé rasSeni se nejprve vytvareji pyknidy, ve kterych se tvofi konidie.
Nasledné dochazik tvorbé perithecii, kde se vyviji od dubna do srpna askospory
o velikosti 30-42 x 12-19 um. Vrchol produkce askospor je mirné opozdén
za vrcholem vyskytu konidii. S obéma typy plodnic se mizZzeme na pupenech
setkavat v prabéhu vegetacni sezény. Pfitomnost pupenlt s plodnicemi
kloubnatky smrkové Zivot napadeného jedince bezprostfedné neohrozuje a nizsi
vyskyt infikovanych pupenl stromv rGstu nijak vyznamnéji neomezuje. Prekroci-
li vSak pocet napadenych aodumrelych pupent 3/4 celkového po¢tu mize strom

odumfit.

3.2 Vyhodnoceni trehalézy a jejiho zastoupeni u smrku ztepilého pod
infekénim tlakem kloubnatky smrkové

Mykorhiza pfedstavuje funkénia morfologické propojeni kofentl vysSich rostlin
a symbiotickych hub. Strom ze spojeni profituje mimo jiné lepSim zasobenim
vodou a mineralnimi latkami, zejména dusikem a fosforem, houba pak ziskava
které je houba schopna tvorit je trehaléza. Tento neredukujici disacharid (a-D-
glukopyranosyl-(1 — 1) - a-D-glukopyranosid) je povazovan za latku,
ktera pomaha rostlinam prezit v nevhodnych podminkach prostfedi, nicmeéné jeji
biotické interakce jsou stale malo znamé (FERNANDEZ et al., 2010). V téle houby
ma vyhodu v tom, Ze se umi dobfe transportovat na dalku viakny podhoubi.
Jeji obsah se v mykorhiznich kofenech méni s rocnim obdobim, nejvysSi je na
podzim a v zimé. Mykorhiza obecné vede k vyS$Si vitalité a odolnosti stroma,

a proto je dulezité stanovit obsah trehal6zy v kofenech jakozto ukazatele kvality
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mykorhiz (NIEDERER et al., 1989; GRYNDLER et al., 2009). Jiz v minulosti byly
sacharidy v ektomykorhiznich kofenech smrku analyzovany jako
trimethylsilylderivaty pomoci GC-FID nebo HPAEC-PAD (HAMPP et al., 1995).
Nevyhodou téchto technik je vysoka polarita trehal6ézy, nedostate¢na citlivost,
pfipadné koelujici latky (napf. sacharéza). V minulostibylo znamo mnoho rozdilt
mezi dfive publikovanymi hodnotami, za které pravdépodobné mohlo pouZiti
rdznych analytickych technik. Vyznamny rozdil v jiz publikovanych vysledcich
predstavuje i odliSny pfistup pfi odbéru vzorkl ektomykorhiznich kofenu
a analyze trehal6zy pomoci LC- MS/MS.

3.3 Vliv sypavek na vybér vhodnych provenienci douglasky tisolisté ve

stredni Evropé

Douglaska tisolista se v celosvétovém méfitku rozliSuje na dvé hlavnivariety
— Pseudotsuga menziesii (Mirb.) Franco var. menziesii a Pseudotsuga menziesii
(Beissn.) Franco var. glauca. Mezi nejzasadnéjSi rozdily mezi varietami patfi
trend rustu (var. menziesii roste rychleji, ma vétsi produkci) odolnost vudi
sypavkam ve prospéch var. menziesii. Naproti tomu ma var. menziesii vétsi
Varieta ,menziesii“ Casto nazyvana pobfezni i zelena ma jehlice zelené, var.
glauca téz siva ma jehlice Sedé sivé a vyskytuje se v horskych a vnitrozemskych
oblastech (LAVENDER et HERMANN, 2014). Hlavni rozdily jsou ale pfedevsim
ve fyziologickych vlastnostech, mezi které patfi rychlost ristu, rytmus rdstu,
odolnostvucibiotickym Skadctm i klimatickym extrémdm a rastovy nebo vékovy
potencial (LAVENDER etHERMANN, 2014; SLODICAK et al., 2014). Areal pfirozeného
vyskytu (Obrazek 4) obou variet se prolina a je velmi rozsahly. | s ohledem
navelké mnozstvi pfechodl mezi obéma varietami je €asto jejich pavod obtizné
definovat (MusiL et HAMERNIK, 2007; SLODICAK et al.,, 2014; LAVENDER et
HERMANNN, 2014). Jedna se velmi odolny rod, o ¢emz svédci jeji vyskyt v klimatu
pfimofském, tak i napfiklad v klimaticky drsnéjSich podminkach v oblastech
Kaskadoveého pohofi (MusIL et HAMERNIK, 2007; SLODICAK et al., 2014).
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Obrazek 4 Maparozsifeni douglasky tisolisté v Evropé v rozliSeni 1x1 km (Brus et al.,
2011)

Pseudotsuga glauca, Casto povazovana pouze za varietu P. menziesii,
je difevinou menSi a pomaleji rostouci nez varieta menziesiii, s vyuZzitim
predevsSim jako okrasna dfevina v parcich (napfiklad kultivary ,Fletcheri“ nebo
,Pendula®), v lesich se s ni setkavame minimalné (MusiL et HAMERNIK, 2007).

Je tolerantn&jSi va i vétSimu zastinéni a suchu.

U nas jsou nejkvalitnéjSi porosty v oblastech Lesi mésta Pisek, Opocenska
a DobfiSska (SLODICAK et al., 2014). U téchto vysadeb je nejvétSim problémem
neznalost plvodu osiva, znané omezujici uréeni vhodnych provenienci
k p&stovani. V Cesku nebyva domaci osivo vyuzivano, a to zejména z divodu
nizké kvality semen, které navic byvaji Casto napadenakrasenkou douglaskovou
— Megastigmus spermotrophus (BERAN, 2014). JelikoZ se jedna o introdukovanou
dfevinu, osivo se do CR dovazi dle platné legislativy (vyhlaska &. 456/2021 Sb.,).
| zddvodu neznalosti puvodu osiva kvalitnich historickych porostl zacaly byt
provadény provenienc¢ni vyzkumy, jejichz cilem je nalézt vhodné provenience

k péstovani v naSich podminkach (SLODICAK et al., 2014). Jejich vystupem
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by méla byt informace o kvalité osiva z riznych &asti Severni Ameriky a ze
stanovistné& odlisnych podminek (EDWARDS, 1956). V CR byly pfed zaloZenim
vyzkumu organizace |IUFRO zalozeny 2 série ploch. Treti série, zakladana
v letech 1966-1971, pod zastitou organizace IUFRO (mezinarodni provenienéni
pokus) umoznila ziskat nejen osivo s prfesné znamym puvodem, ale téz
teoretickou moznost porovnat vysledky i s ostatnimi staty. Z osiva z 25
provenienci byly v roce 1971 zaloZeny tfi vyzkumné plochy — Harky (25

provenienci); Jizbice (16 provenienci) a Jilovisté-Cukrak slozena z 8 provenienci
(BERAN, 2014).

| pfes snahu najit vhodné osivo z nejlepsSich provenienci, ktera mize vést
ke zdarnému vyuzivanidouglasky v nasem hospodarstvi, provazi jeji péstovani
Cinitelé. Mezi nejznaméjsi Cinitele patfi pozar, jehoz plisobenimale Casto dochazi
k podpofe pfirozené obnovy (MusiL et HAMERNIK, 2007; LAVENDER et HERMANNN,
2014), mraz ktery svym pusobenim poskozuje douglaskové porosty nejCastéji
a nachylnégjsi a méné odolna je vlc&i jeho pasobenivarieta ,menziesii“ (SAKAI et
WEISER, 1973; LAVENDER et HERMANNN, 2014) a sucho, které muze komplikovat
pfirozenou obnovu a snizovat pfirist (BORER, 1982 ex LAVENDER et HERMANNN,
2014; WHITE, 1987 ex LAVENDER et HERMANNN, 2014). Ke sniZzeni procenta
mortality vlivem sucha je nezbytné zaijistit prortstani kofen( alespor do hloubky
30 cm (LAVENDER et HERMANNN, 2014). Zejména v oblastech stfedni Evropy
se setkavame s tzv. jarnim vytranspirovanim. K tomuto jevu dochazi v situaci,
kdy pluda zlUstava stale zmrzla, ale jehlice pusobenim slunce odpafuji vodu.
Nedostatek vody, ktery by obvykle fesily pfisunem vody z pady, nenidiky zmrzlé
pudé mozny.

Jednim zklicovych faktord odolnosti douglasky proti biotickym Skddcum
je volba spravné provenience, ktera zajisti vy$Si odolnost vudi jejich pusobeni.
V soucCasné dob& na naSem Uzemi nejvétsi riziko kromé klrovclh predstavuiji
houby, zejména sypavky — Rhabdocline pseudotsugae a Nothophaeocryptopus
gaeumannii (PESKOVA, 2003; MusiL et HAMERNIK, 2007). Sypavky nepfedstavuji
hlavni faktor pfi mortalit€ douglasky, obecné zpusobuji snizeni jeji rezistentni
schopnosti, ktera nenischopna branit se sekundarnim ciniteliim, mezi které patfi

napr. dalSi biotiCti Skadci v€etné difevokaznych hub (PESKOVA, 2003). K jejich
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Sifeni dochazi pfi vzniku vhodnych podminek, zejména pfi optimalni (nizsi)
teploté, vétru a vysSi vzdusné vihkosti (HooD, 1982; HANSEN et al., 2000; HooD
et KIMBERLEY, 2005; tAKOMY et IWANCZUK, 2010; KIMBERLEY et al., 2011). Zfejmé
nejefektivnéjSim zplusobem obrany kromé lesopéstebnich opatfeni je vybér
geneticky odolnych jedinct a porostl, resp. provenienci odolngjSich vuci
poskozeni (HooD et KIMBERLEY, 2005). Ve Skolkafskych provozech a pfi
vysadbach je mozné vyuzit oetfenifungicidnimi pFipravky (PESKOVA et CiZKOVA,
2015).

Skotska sypavka douglasky — Rhabdocline pseudotsugae Sydow

Prvni nalez skotské sypavky byl zaznamenan vroce 1917 v Severni Americe.
V nasledujicich letech byla objevena ve Skotsku, Anglii a dalSich statech
v Evropy. Koncem 30. let 20. stoleti byla zjisténa i v zapadnich Cechach
(PESKOVA, 2003). V soucasnédobé je vyskyt potvrzen ve vice nez 16 evropskych
zemich (MORGENSTERN et al., 2016, ROQUES et al., 2019). Sypavku muze
zpusobovat az pét zastupcu rodu Rhabdocline (CATAL et al., 2010). V Evropé
je znam vyskyt pouze Rhabdocline pseudotsugae, ktery ma jako hostitele
douglaskya zpusobuje zasychanianaslednyopadjehlic (GERNANDT et al., 1997).
(MORGENSTERN et al.,, 2016, ROQUES et al., 2019). Nejnachylngjsi byvaji
k poSkozeni pfedevSim douglasky ve véku 2-30 let (BUTIN, 1995; PESKOVA et
CiZKoVA, 2015). Pasobenim abiotickych vlivii, a pfedevsim spolupdsobenim
vysoké vzdusné vihkosti, ¢i pfi mrazovém vysychanise mlze zvySovat moznost
infekce (PESKOVA et CiZKOVA, 2015).

Jedna se o vieckatou houbu patfici do fadu Helotiales a Cceledi
Hemiphacidiaceae. Zivotni cyklus (Obrazek 5), ktery zacina na pfelomu kvétna
a Cervna, kdy dozravaji Zlutooranzové az hnédé plodnice z lonského roku
(MORGENSTERN et al., 2016), trva zpravidla v naSich podminkach jeden rok.
Pfi zralosti plodnic dochazi k nadzvedavani pokozky jehlic, ¢imz se uvolfuji
vytrusy, které se nasledné Sifi a infikuji letoSni jehlice douglasek. Po dozrani
plodnic (ke konciléta i na podzim) napadené jehlice z loriského roku odumiraiji
a opadavaiji. Zpravidla tak opadava cely ro¢nik napadenych jehlic (BUTIN, 1995;
PESKOVA, 2003).
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Inicidlni stadium Hnédofialové mramorovani - pocdtek tvorby plodnic Plodnice

Obrazek 5 Skotska sypavka douglasky (PESkovA, 2003).

Prvotni Zluté teCkovani na novych jehlicich, se postupné zbarvuje
do hnédofialova (PESKOVA, 2003; MORGENSTERN et al., 2013) a v nasledujicim
roce na jafe dochazi k vytvareni cervenohnédého mramorovani. Pokud dojde
k silné infekci béhem nékolika let za sebou, dochazi ke snizeni pfirGstu
hostitelské dfeviny a tvorbé kratkych vyhonu, coz mize mit za nasledek
i odumfeni jedince (PESKOVA, 2003; MORGENSTERN et al., 2013). Askospory
byvaiji zprvu jednobunécné a bezbarvé, poté prechazeji ve dvoubunécné, svétle
hnédé barvy o velikosti 18 - 20 x 6,5 - 7,5 um (BUTIN, 1995). Souasné znama
morfologie a zivotni cyklus patogenu je zalozen na makroskopickém
a mikroskopickém pozorovani plodnic. V sou€asnosti je vS8ak mozné dolozeni
a potvrzeni vyskytu patogenu prostfednictvim DNA testu, testovaném v projektu
TreeLAMP (MORGENSTERN et al., 2013; 2016; 2020).

Svycarska sypavka douglasky — Nothophaeocryptopus gaeumannii
(Rohde) Petr

Svycarska sypavka douglasky zpdsobujici zasychani a opadavani jehlic,
fadici se mezi houby vieckovytrusné, tfidy Dothideomycetes a fadu Dothideales
(PESKOVA et CiZKOVA, 2015), mlize byt v inicialnim stadiu se skotskou sypavkou
zaménéna. S patogenem pochazejicim ze Severni Ameriky je mozné se setkat
v fadé evropskych zemi (LAKOMY et IWANCzUK, 2010; PETKOVA et al., 2014;
MORGENSTERN et al., 2016) ¢i na Novém Zélandu (HOOD et KIMBERLEY, 2005;
KIMBERLEY et al., 2011). VCR je prvni nalez uvadén z &ervna 2002
na Rozmitalsku (PESKOVA, 2003). Sypavka, ktera byva nejvice patrna v 10
az 30letych vysadbach muazZe pfi vysokém infekénim tlaku kromé& mladych
vysadeb napadnoutvsechny vékové tfidy (HANSEN et al., 2000). Pokud dojde
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k silné, opakované infekci, mize v mladych vysadbach, infikovany jedinec zcela
odumifit.

Vfieckatd houba patfi do fadu Mycosphaerellales a  Celedi
Mycosphaerellaceae. K nakaze dochazi na prelomu kvétna a Ccervna
a nasledujici rok se zacCne objevovat Zlutozelené mramorovani (nemusi
se objevit), a béhem léta mize pfechazet az do Cervenohnédé barvy (Obrazek
6). Vytrusy i askospory (9—10 x 3,5 - 6 um velké) jsou dvoubunécné a k vytvareni
plodnicdochazina 1 a 2 letém jehli€i. Zpocatku bezbarvné askospory se zbarvuji
dohnéda (BUTIN, 1995; HANSEN et al., 2000; PESKOVA, 2003). K Sifeni patogenu
dochéazi kromé Sifeni vzduchem (ve formé spor) i pfenosem Skolkafského
materialu, ktery pfedstavuje zdroj Sifeni houby zejména na dlouhé vzdalenost
(MORGENSTERN et al., 2013).

Zlutozelené mramorovani Nasleduje zasychdani jehlic od Spicek

Obrazek 6 Svycarska sypavka douglasky (PESkoVA, 2003).

Kromé sypavek pfedstavuji vyrazna omezeni pfi péstovani i dalSi patogeny
(Tabulka 2).

Tabulka 2 Seznam patogenu s potvrzenym vyskytem na douglasce (aktualizovano 2022)

Nazev houby Obl. nalezu Zdroj
Rhabdocline pseudotsugae Syd. Sev. Amerika, A GERNANDT et al. 1997
Evropa (i CR), Novy
Zéland
Rhabdocline parkeri Sherwood, | USA, Kanada GERNANDT et al. 1997
J.K. Stone & G.C. Carroll
Rhabdocline weirii A.K. Parker &J. ' USA, Kanada GERNANDT etal. 1997
Reid
Phellinus weirii (Murrill) Gilb. USA HOLAH et al. 1997
Heterobasidion  annosum  (Fr.) | Dansko KOCH et THOMSEN 2003
Bref.
Phaeolus schweinitzii (Fr.) Pat. Dansko, CR KOCH et THOMSEN 2003
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Nothophaeocryptopus gaeumannii
(T. Rohde) Petr.

Sev. Amerika,
Evropa (i CR), Novy
Zéland

TEMEL et al. 2004

Fomitopsis pinicola (Sw.) P. Karst. | Némecko DEFLORIO et al. 2008
Kretzschmaria deusta (Hoffm.)| Némecko DEFLORIO et al. 2008
P.M.D. Martin

Ganoderma resinaceum Boud. Némecko DEFLORIO et al. 2008
Ganoderma adspersum = Némecko DEFLORIO et al. 2008
(Schulzer) Donk

Ganoderma applanatum (Pers.) Némecko DEFLORIO et al. 2008
Pat.

Trametes versicolor (L.) Lloyd Némecko, USA DEFLORIO et al. 2008
Pholiota sp. USA KISER et al. 2011
Gymnopilus hybridus (Gillet) Maire = USA KISER et al. 2011
Beauveria bassiana (Bals.-Criv.) | USA KISER et al. 2011

Vuill.
Armillaria sp.

USA, Slovinsko, CR

OGRIS et JURC 2013

Botrytis cinerea Pers. Slovinsko OGRIS et JURC 2013
Hypholoma fasciculare (Huds.) P. | Slovinsko OGRIS et JURC 2013
Kumm.

Phacidium  coniferarum  (G.G. | Slovinsko OGRIS et JURC 2013
Hahn) DiCosmo, Nag Raj & W.B.

Kendr.

Dothistroma septosporum | LotySsko DRENKHAN et al. 2016
(Dorogin) M. Morelet

Dothistroma pini Hulbary neuveden DRENKHAN et al. 2016
Pythium sp. USA PAUDEL et al. 2016

Sphaeropsis sapinea (Fr.) Dyko &
B. Sutton

USA, Chorvatsko

ZGRABLIC et al. 2016

Leptographium  wageneri (W.B. | USA HESSBURG et HANSEN 2000
Kendr.) M.J. Wingf.

Phytophthora ramorum Werres, | USA LEBOLDUS et al. 2018

De Cock & Man in 't Veld

Ophiostoma pseudotsugae = USA CRUICKSHANK et al., 2020
(Rumbold) Arx

Phellinidium sulphurascens (Pilat) | USA CRUISCKSHANK et al., 2020
Y.C. Dai

Phytophthora pluvialis Reeser, W. | Novy Zéland GOMEZ-GALLEGO et al., 2017

Sutton & E.M. Hansen

4. Metodika

4.1 Kloubnatka smrkova a jeji rozsSireni v porostech smrku ztepilého

a pichlavého

Chfadnuti porostl zpusobené kloubnatkou smrkovou bylo v PLO1 — Krusné
hory sledovano od roku 2009 do 2020. V roce 2009 byly zaloZzeny vyzkumné
plochy v porostech smrku pichlavého. Jednalo se o stejnovéké homogenni
porosty, na kterych bylo vybrano 25 jedincl, pro opakované hodnoceni.
Vzhledemk intenzivnimu Sifeni kloubnatky na smrku ztepilém zacaly byt v roce

2016 na zakladé dat z lesniho hospodarského planu a s ohledem na mozaiku
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stanovist, véku a LVS? zakladany vyzkumné plochy v homogennich porostech
smrku ztepilého (Pfiloha 1). VSechny faktory byly zvoleny tak, aby bylo mozné
provést porovnani jejich vlivu na vyskyt a rozvoj patogenu, aby podle nich bylo
mozné stanovit presny trend vyvoje napadeni smrku ztepilého kloubnatkou
smrkovou. Celkem bylo zaloZeno 103 trvalych ploch (Obrazek 7); Na plochach
bylo vyznaceno 50 zivotaschopnych jedinct smrku ztepilého, u kterych bylo
hodnoceno napadeni kloubnatkou smrkovou a sledovana dynamika vyvoje
napadeni. Trvalé plochy, byly hodnoceny v letech 2017-2020.

ROZMiSTEN[ TRVAL’YCH VYZKUMNYCH PLOCH
V KRUSNYCH HORACH

hranice PLO

Roky hodnoceni TVP
| 2015-2019 = 2017,2019
O 2016-2019 I 2017-2018
O 2017-2019

Podkladové mapa: Cesky (ifad zeméméficky a katastréini (CUZK): ProhliZeci
sluzba WMS - Data200. 1: 200 000. Verze 20.11. 2019. Praha: CUZK
Pouzity systém soufadnic: S-JTSK

Obrazek 7 Rozmisténi studijnich vyzkumnych ploch v Krusnych horach.

Intenzita stupné napadeni byla kvantifikovana semikvantitativné (0-4) podle
intenzity napadeni pupenu (Tabulka 3). Byla zaznamenano postaveni
hodnocenych stromu v porostu (okraj/porostni nitro) a méfeny dendrometrické
parametry (tloustka, vy$Ska) na TVPS,

2 Lesni vegetaéni stuperi
3 Trvald vyzkumna plocha
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Tabulka 3 Klasifika¢ni stupnice pro hodnoceninapadenismrku ztepilého kloubnatkou

smrkovou
Kategori Popis poskozeni
e
0 Bez napadenych pupend.
1 Napadeny jednotlivé pupeny nebo max. jednotlivé vétve.
2 Napadeni vice vétvi, max. do 1/3 koruny.
3 Napadeni vice jak 1/3 koruny do max. 2/3 koruny.
4 Strom napaden z vice nez 2/3. Pocinajici defoliace (profedéni korun vlivem

opakovaného viceletého napadeni pupenud kloubnatkou smrkovou).

Bylo provedeno srovnani napadeni porostd smrku ztepilého a pichlavého,
které bylo mozné provést pouze ve vékoveé tfidé 31-60 let, protoZze byl smrk
pichlavy vysazovan v Krusnych horach od 70. let 20. stoleti. V oblasti vodniho
dila Flaje na uzemi obce Cesky Jifetin byly vybrany vyzkumné plochy, protoze
se jednalo o epicentrum disturbance s nejlépe zpracovanou datovou fadou

béhem celého hodnoceni.

Za Ucelem porovnani napadeni SM* a SMP® byly vytvofeny dvé proménné

vyjadfujici napadenikloubnatkou:

1. podil poSkozenych pupenu — primérna mira napadenych korun stromu
vypoctena ze vSech jedincl na ploSe v procentech, a vyjadfuje tak intenzitu
posSkozenijednotlivych stromu

2. podil napadenych stroml — podil napadenych jedincl ze vSech jedincl
nahodnocené plose, a vypovida tak o prostorovém rozsahu napadeni

ve studovaném porostu

Pro statistické vyhodnoceni celkového napadeni smrku ztepilého a vlivu
vybranych faktord prostfedi byla sledovana zavisla proménna, kterou
predstavovalo procento napadenych jedincl v porostu (soucet jedincl
Z kategorii 1-4 pro dany porost déleny po¢tem hodnocenych jedincl v porostu).
Rok hodnoceni byl stanoven jako kategorialni zavisla proménna a vék jako
diskrétni zavisla proménna. Data z let 2017 az 2019 byla pouZzita k tvorbé

modelu, pomoci kterého bylo predikovano napadeni kloubnatkou smrkovou

4 smrk ztepily
5 smrk pichlavy
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ve vSech porostech smrku ztepilého v PLO 15, v rdmci podminek prostredi
vyskytujicich se na siti vyzkumnych ploch. Z celkového poctu 103 vyzkumnych
ploch bylo do modelu zahrnuto 87 tvoficich kompletni Sestici (vZdy dva porosty
ze tfi vékovych skupin. Zavislou proménnou modelu bylo zvoleno primémé

napadeni porostu.
Mezi nezavislé (vysvétlujici) proménné byly zafazeny:

1. zakmenéni — ziskano vypoctem realné kruhové zakladny s pouzitim AVB
Setfené plochy a pfevodem na 1 ha s naslednym podélenim kruhovou
zakladnou tabulkovou (SUROVY in verb.) bylo zjiténo skuteéné zakmenéni
porostu. Pro ucely porovnanivlivu zakmenéniv modelu byly vybrany pouze
porosty nad 31 let. Pro porosty mladsSi nez 31 let byla pouzita hodnota
zakmenéniz LHP.

2. rok hodnoceni[2017, 2018, 2019].

3. Vék — aktualnivék porostu podle LHP, prolongovany k roku 2019.

Zakladni pfedpoklady pro statistickou analyzu regresniho typu byly stanoveny
podle ZUUR et al. (2010). Zavislou proménnou nebylo mozné zobrazit normalnim
rozdélenim, jako nejvhodnéjSi se ukazalo Gamma rozdéleni. Navic byl porusen
predpoklad nezavislosti z hlediska hodnoceni stejného porostu ve vSech letech.
Tato okolnost byla do statistickeho modelu zahrnuta pouZitim porostu jako
vhofeného faktoru. Vzhledem k tomu, Ze systém ploch byl navrZzen v split-plot
designu k vyhodnoceni dat byl pouzit zobecnény model linearnich smiSenych
efekti v glmmTMB packu podle postup(i popsanych BROOKS etal (2017). Sestice
byla zadana jako nested, a zohlednénobylorovnéz opakované hodnocenistejné
plochy (PEKAR et BRABEC, 2009). Rozhodujicim kritériem pro ziskani modelu
s pouze vyznamnymi parametry bylo Akaikeho informacni kritérium a kvalita
proloZeni rezidui proti predikovanym hodnotam. NejlepSi z vytvofenych modeld
byl: Ime (primérné napadeni porostu ~ Zakmenéni+Rok+Vék+Vék:Zakmenéni,

random=~1|Sestice/Porost). Pro moznost predikce byl model rozsiten
o nahodny intercept kazdé Sestice, reprezentujici rGznou uUroven napadeni
kloubnatkou v dané oblasti. VSechny statistické analyzy byly provedeny
v prostfedi R 4.0.2. (2020).

6 P¥irodnilesni oblast 1 — Krusné hory
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Na zakladé vysledkll samotného modelu, ktery tésné popsal zdrojova data,
byla provedena predikce do vSech porostnich skupin smrku ztepilého. Pred
aplikaci vypocCteného modelu na celou oblast PLO 1 bylo nutné nejprve zaradit
jednotlivé porosty se zastoupenim smrku ztepilého k Sesticim pouzitym
k vytvofeni modelu. Nad oblasti KruSnych hor byla tvofena sit Thiessenovych
polygonu, roz€lefiujicich prostor dle vzdalenosti k nejbliz§imu zajmovému bodu.
Jednotlivé porosty pak byly pfifazeny dle pfisluSnosti do polygonu této sité.
Intercepty kazdé Sestice a koeficienty modelu pro zakmenéni, vék a jejich
kombinaci byly projektovany do roku 2017, 2018 a 2019.

4.2 Vyhodnoceni trehalézy a jejiho zastoupeni u smrku ztepilého pod

infekénim tlakem kloubnatky smrkové

Pro stanoveni hodnoty obsahu trehal6zy v kofenech bylo vybrano 6 porostu
s nejvétsi intenzitou napadeni ze zalozenych TVP pro monitoring kloubnatky

nalesni spravé Litvinov (Tabulka 4).

Tabulka 4 Pfehled monitorovanych ploch ve vztahu kloubnatky k trehaléze a poéty jedinct

v kategoriich podle stupné napadeni

7)) N
= g = =~ =~ =~ =~ =~
o o o g < 3 ~ Q Q ) ) )
@ = o by 2 o - N w A
o 3,
320C5 | Vresovisté S | zivné 46 6 8 18 5 3
125C6 @ Kliny K | kyselé 53 7 6 14 16 15 4 1
110B5b = Cesky K | kyselé 48 9 7 7 8 18 8
Jiretin
502A5 | Moldava G | podmacené 45 9 6 10 5 17 11
107B5a = Cesky S | Zivné 43 9 7 4 8 13 15
Jifetin
504F6 | Moldava G | podmacené 51 7 7 10 8 20 8 3

Na téchto TVP byly provedeny odbéry vzorkl kofenu a jejich zpracovani, a to
nasledujicim zplsobem:

1. Jemné kofeny o velikosti < 2 mm byly odebirany pudnim vrtakem

(pramér 6 cm, hloubka odebiraciho prostoru 15 cm).
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2. Odebrané kofeny byly rychle omyty vodou a vlozeny v plastovém sacku
do tekutého dusiku.

3. V laboratofi byly vzorky vyjmuty z kapalného dusiku a ulozZeny
do mraznicky pfi -80 °C az do dalSi analyzy.

4. Béhem ffi tydnl byly vzorky podrobeny lyofilizaci (po dobu 196 h;
Lyovac GT 2, Steris, Némecko).

Samotna extrakce méla nasledujici postup:

1. 5-7 g lyofilizovanych kofenu bylorozemleto v laboratornim mlynku (IKA,

A11 basic, Némecko).

2. Do plastové mikrocentrifugacni zkumavky o objemu 2 ml (Eppendorf,
Némecko) bylo navazeno 25 mg kofenového prasku a pfidano 1,5 ml
smeési methanol/voda (80/20 v/v).

3. Zkumavka byla nékolik sekund silné protfepavana, aby se vzorek
navlhcil,a umisténado temperované trepacky (TS-100, Biosan, LotySsko)

na 30 minutpfi 50 °C a 1 000 otackach za minutu.

4. Vzorky byly poté odstfedény (Eppendorf, Minispin plus) pfi 12 500
otackach za minutu po dobu 10 min a kapalna faze byla prefiltrovana pres
nylonovy injekéni filtr (0,25 ym) do 2ml vijalky.

Po extrakci byla pouzita LC-MS/MS analyza pro kterou byl vyvinut
optimalizovany extrakéni postup pro stanovenitrehal6zy s naslednouLC-MS/MS
detekci s vyuzitim iontové vazby Cs+, zaloZzeny na Rogatského testu vyvinutém
pro lidskou plazmu (ROGATSKY et al., 2005). Data byla shromazdéna pomoci
softwaru Chromeleon 6.8 a Analyst1.4.

Optimalizace a validace metody byla provedena na kofenech smrku se zcela
odstranénou trehaldzou prostfednictvim trehalazy. Byla vytvofena pétibodova
matrici odpovidajici linearni kalibracni kfivka s pouzitim dihydratu trehaldzy
o koncentracich 5, 10, 20, 30 a 40 pg/ml. Linearita byla R 2 (tverec korelacniho
koeficientu) = 0,9989, rezidua < 4 %. Mez detekce (jako 3 xS/N) = 1,3 pg/ml,
coz odpovida 78 ng/mg matrice vzorku; mez kvantifikace (jako 10 xS/N) = 4,35

pg/ml, coz odpovida 261 ng/mg matrice vzorku. Primérna vytéznost na hladiné
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hrotu 15 pg/g byla 96 %. Preciznostv ramci dne (4 %) a dennipreciznost (8 %)
jsou vyjadfeny jako relativni smérodatna odchylka od primérné namérené
hodnoty. BEhem validace metody byly optimalizovany nasledujici parametry: i)
smeés extrakénich rozpoustédel, ii) teplota extrakce a iii) doba extrakce. Vysledky
téchto testll jsou uvedeny v podpurnych informacich. VSechny valida¢ni analyzy

byly provedeny ve tfech opakovanich.

Pfi opakovaném sbéru vzorkl ze tfi edafickych kategorii a celkem Sesti
porostl bylo hodnoceno celkem 180 vzorku.

V8echna ziskana data byla nasledné statisticky vyhodnocena a udaje jsou
uvedeny v ug trehalosy/g DW se smérodatnou odchylkou; (viz Pfiloha 8).
Soubory dat byly testovany nahomogenitu (Levenehotest) a normalitu (Shapiro-
Wilkav test). Po splnéni statistickych pfedpokladd byla pouZzita jednocestna
ANOVA. Rozdily byly testovany na hladiné p = 0,05. Pro podrobnou analyzu byl
pouzit Tukeyho HSD test. Statisticka analyza byla provedena pomoci programu
Statistica 13.3 (TIBCO Software, USA).

4.3 Vliv sypavek na vybér vhodnych provenienci douglasky tisolisté ve

stredni Evropé

Hlavnim ddvodem studia namezinarodni plose IUFRO Hurky je velmi rozdilna
nachylnost jednotlivych provenienci douglasky k sypavkam R. pseudotsugae
a P. gaeumannii. Provenienc¢ni plocha Harky slozena z 25 provenienci se
nachazi na velmi mirném svahu s pfevazné severovychodniexpozici ve vysce
445 m n. m. Mistni praimérné ro¢ni teploty vzduchu dosahuji 7,3-7,5 °C

a prumérny roéni uhrn srazek je 550-575 mm.

Testované provenience ze semenaiskych oblasti Britské Kolumbie,
Washingtonu a Oregonu (Tabulka 5). Provenience 1028, 1078, 1081, 1102
a 1104 predstavuji standardni provenience pfitomné na vSech vyzkumnych
plochach mezinarodniho experimentu. Vyzkumna plochapokusu je ve tvaru
pravidelného obdélniku o rozloze 1 haa rozdélena na 100 ¢asti (25 provenienci

ve 4 opakovanich), kazda o rozmérech 10 x 10 m.
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Tabulka 5 Plivod a zakladni parametry provenienci douglasky tisolisté na mezinarodni ploSe

IUFRO Hurky

Stat
(USA),
provincie
(Kanada)
British
Columbia

Washingto
n

Oregon

Provenience

1004
1010

1012
1013
1021
1025
1028
X
1030
1033
1036
1043
1049
1050

1058

1061
1067
1069

1075
1078

X

1081

X

1089

1100

1102
X
1103
1104

X

Stuie
Barriéere

Klina Klini
Revelstoke
D’Arcy
Nimkish
Merritt

Squamish
Forbidden
Alberni
San Juan
Bacon Point
Marblemoun
t
Lake
Crescent
Louella
Skykomish
North Bend

Enumclaw
Cle Elum

Alder Lake
Cathlamet
Grand
Ronde

Upper Soda

Coquille
Brookings

Oblast
provenience

Maritime
Cariboo
Trans.
Maritime
Nelson
Submaritime
Maritime

Zone Not Def.

Matritime
Maritime
Maritime
Matritime
7 — Skagit
7 — Skagit

1 - Hoh

1 - Hoh
5 — Kitsap
8 —
Snoqualmie
5 — Kitsap
8 —
Snoqualmie
9 — Toutle

3 — Twin
Harbors

6

12

x standardni provenience IUFRO/standardy IUFRO

Nadmorsk
a vyska [m
n.m.]

230
612

600
275
90
870

15
610
140
215
500
120
305
457
305
150

240
640

430
200
200
1000

100
300

Severni
Sirka

52° 22’
51° 12’

51° 07
51° 00’
50° 33’
50° 19’
50° 04’
49° 47
49° 40’
49° 19
48° 35’
48° 36’
48° 35’
48° 04’
48° 00’
47° 42
47° 28

47° 16’
47° 13

46° 48’

46° 18’

45° 06’

44° 23

43° 12
42° Q7

Zapadni
délka

126° 00’
120° 10°

125° 36’
118° 12’
122° 30°
126° 53’
120° 571

123° 09’
125° 09’
124° 571
124° 05’
121° 23’
121° 24
124° 00’
123° 05’
121° 20°
121° 45’

121° 56’
121° 07’

122° 17
123° 16’
123° 36’
122° 12

124° 10°
124° 12

Béhem terénniho Setfeni byly zhodnoceny dendrometrické veliiny (vyska,

tloustka) a defoliace vSech stromu v provenien¢nim pokusu podle metodiky ICP

(EIcHHORN et al., 2010). Defoliace pouzita jako ukazatel zdravotniho stavu byla
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hodnocena semikvantitativné podle procenta poskozeni: neposkozeny strom (0
%), mirné poskozeny (1-25 %), poskozeny (26-50 %), silné poSkozeny (51-75
%), odumirajici (76-99 %) a mrtvy (100 %).

K porovnani zdravotniho stavu provenienci byl pouZzit statisticky regresni
model (PEKARet BRABEC, 2009). Proménnou zavislou byla mira defoliace strom,
vysvétlujici kategorialni proménnou provenience a vysvétlujicimi kvantitativnimi
proménnymi objem kmene, rozdil priméri mezi méfenimi v letech 2011 a 2016
a pocet stroml. Protoze data zavislé proménné neodpovidala Gaussowvu
normalnimu rozdéleni, byl jako alternativa pouzit zobecnény linearni model.
Aproximace pomoci Poissonova rozdéleni nebyla dostateCné spolehliva,
prestoze defoliace méla specificky a relativné maly poc€et hodnot. Vzhledem
ke kladnym hodnotam defoliace a histogramu zkosenému doprava bylo pro
aproximaci pouzito gama rozdéleni (gama GLM).

Do analyzy byly zahrnuty pouze stromy tfid 1, 2 a 3 (KONSEL, 1931), tvofici
souvisly zapoj v obou hodnocenich (2011, 2016). Jedinci a provenience
s rozdilem prameérd pfesahujicim 1,5x mezikvartilové rozpéti, u nichzbylvyrazny
narast priméru pravdépodobné zpisoben mezerami v okolnich korunach byly
vylou€eny. Cela provenience 1104 Brookings, stejné jako 4. opakovani
v proveniencich 1081 AlderLake a 1103 Coquille, byly vyfazeny z dlvodu vysoké
mortality. Dale byly na zakladé pfedchoziho hodnoceni vyfazena provenience

1028 Merrit kvali nizkému poctu jedincl a vysokému podilu mortality.

Do puvodniho modelu byly zahrnuty vSechny dvojité interakce mezi faktory.
Zjednodus$enibylo provedeno podle CRAWLEY (2013) a PEKAR a BRABEC (2009).
Vyznamnost faktorl modelu byla uréena analyzou rozptylu s pouzitim
konzervativniho F-testu na obvyklych hladinach vyznamnosti: a < 0,05, a < 0,01
a a < 0,001. Vysledny model byl vybran na zakladé minimalizace Akaikeho
informaéniho kritéria podle principu Occamovy bfitvy (CRAWLEY 2013).
U statisticky vyznamné kategorialni proménné (provenience) byly Grovné faktort
porovhavany také pomoci kontrasti "treatment" [PEKAR et BRABEC, 2009;

CRAWLEY, 2013], pro které byla jako srovnavaci stanovena provenience 1102
Upper Soda.
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Za ucelem vyhodnoceni vlivu faktori a roztfidéni provenienci podle
zdravotniho stavu byla pouzita metoda rozhodovaciho stromu. Byly pfevzaty
vSechny vyznamné faktory z pfedchozi regresni analyzy (bez interakci), pficemz
rozhodovaci strom byl vytvofen pomoci baliCku s nazvem "rpart" podle Burgera
(BURGER, 2018). Vysledny rozhodovaci strom byl ofezan s ohledem na parametr

slozitosti stromu. VSechny analyzy byly provedeny v prostfedi R 3.3.2 (R core
team, 2016).

5. Vysledky

5.1 Kloubnatka smrkova a jeji rozSireni v porostech smrku ztepilého

a pichlavého

V ramci hodnoceni napadeni smrku pichlavého kloubnatkou smrkovou bylo
v priméru Vv letech 2009-2015 napadeno 60 % pupenu smrku pichlavého.
V roce 2009 doslo k rychlému rozvoji patogenu, bylo v priméru napadeno 55 %
pupent smrku pichlavého, v roce 2010 to bylo jiZ 63 % pupenu a poté
se poskozeni pohybovalo kolem 60 % napadenych pupenu.V roce 2015 doSlo
k dalSimu nardstu napadenina 65 % (Obrazek 8).

V porostech smrku ztepilého bylo v letech 2009 az 2014 v KruSnych horach
nalezeno pouze nékolik stromu s jednotlivé napadenymi pupeny. V roce 2015
doSlo k vyraznému narustu posSkozenismrku ztepilého a na mnoha mistech byly
napadeny celé porostni skupiny rizného véku. B&hem hlavni faze rozvoje
patogenu v letech 2016-2020 se intenzita poSkozeni pupent smrku ztepilého
pohybovala primérné kolem 25 %. Na vyzkumnych plochach bylo v roce 2016
napadeno v primeéru 23 % pupend, intenzita se zvySovala a v roce 2019 dosahla

31 %, v roce 2020 pak poklesla na 22 % (Obrazek 8). V roce 2021 nebylo
navyzkumnych plochach zjisténo Zzadné nové napadenipupend.
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Tree species B3 Colorado blue spruce =] Morway spruce

Colorado blue spruce Norway spruce

=
60- i H;l

40- ‘ % ‘

Proportion of damaged buds [%]

20-

2009
2010
2011
2012
2013
2014
2015-
2018
2017
2018
2019
2020

Year

Obrazek 8 Podil pupent napadenych kloubnatkou smrkovou na smrku pichlavém (2009-
2015) a smrku ztepilém ve vékové skupiné 31-60 let. Vodorovna €ara uprostfed ramecku je

median, metlicky pfedstavuji 1,5nasobek mezikvartilového rozpéti (Samek et al., 2022).

Kromé intenzity napadeni se u obou dfevin liSilo i prostorové rozSifeni
patogenu.U smrku pichlavého bylo rozSifeni souvislé, pficemz viechny stromy
byly napadeny stejné jako v okolnich porostech. Napadeni se vyskytovalo
ve srovnatelnémrozsahu ve starSich i mladSich porostech. Nejmladsi napadeny
porost byl 11 let stary. U smrku ztepilého se napadeni v mladSich porostech
vyskytovalo méné Castéji. V oblasti PLO1 se téZ vyskytovala fada porostll smrku
ztepilého starSich 60 let s vyraznou infekci. Napadeni se u smrku ztepilého
vyznamneé liSilo v zavislosti na véku porostu (GLMM: n = 85; df = 12; p < 0,01).
V pocatecni (akutni) fazi Sifeni patogenu v roce 2016 bylo na vyzkumnych
plochach napadeno v priméru 80 % mladych jedincu, zatimco ve starSich
porostech bylo napadeno pouze 42 % jedincu (Obrazek 9). U stfedné starych
jedinct dochazelo ve sledovaném obdobi k postupnému poklesu poctu
napadenych jedincu av poslednich dvou letech byl zaznamenan prudky narast
starSich jedincd. V roce 2020 €inil podil napadenistfedné starych stromu 68 %
a u starych 62 %. Na pocatku sledovaniv roce 2016 podil napadenych jedinct

s vékem klesal, ale tento trend se v prubéhu ¢asu ménil, a to jak v dasledku
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poklesu napadeni v mladSich porostech, tak narlstu napadeni ve starSich
porostech. V roce 2020 se napadeniustalilo, ale srovnanis rokem 2016 nebylo
statisticky vyznamné (GLMM: n = 85; df = 12; p = 0,06; Obrazek 10).

Age category ES Age31-60 B Age61-100

Age 3160 Age 61-100

100-
9 | ‘ \
w
[
E 75-
o
w
>
[1:]
g ‘
(o]
2 |
}3 50-
-
Q
T
©
Y
o
5 .
o -
r 25-
o -
] 1
[<]
o

.

2016
2017
2018
2019
2020-
2016
2017
2018
2019
2020-

Year
Obrazek 9 Podil jednotlivych strom G smrku ztepilého napadenych vaclavkou podle

vékovych tfid v letech 2016-2020. Vodorovna €ara uprostied rdmecku je median, metlicky

predstavuji 1,5nasobek mezikvartilového rozpéti (Samek et al., 2022)
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o o
© o

Age of the forest stand

Obrazek 10 Srovnani podilu napadenych stromu podle véku vletech 2016-2020 (SAMEK et
al., 2022).

Intenzita napadeniv jednotlivych kategoriich se u mladSich a starSich porost
liSila. Podil silné napadenych stromu (kategorie 3 a 4), byl ve stfedné starych
porostech vice nez dvojnasobny (Obrazek 11 a 13). Pozorovan byl trvaly pokles

poCtu nenapadenych stromu a postupny narust napadeni kategorii 1, 2 a 3
u nejstarsich jedincl (Obrazek 13).

Zcela odlisSny vyvoj byl u stfedné starych smrku pichlavych. Ten lze
charakterizovat kontinualnim napadenim (Obrazek 12). Nejvice napadenych
jedincu se nachazelov kategorii 3 (v priméru 75 % jedincl, Obrazek 12; u smrku
ztepiléhobylo v kategorii 3 v pruméru pouze 11 % jedincu, Obrazek 11). Nejméné
poskozené stromy v kategorii 1 se posouvaly do kategorie 2 a béhem Setfeni
nebyl nalezen zdravy jedinec (Obrazek 12).
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Obrazek 11 Podil napadenych smrku ztepilych podle jednotlivych kategoriinapadenive
vékové tfidé 31-60letv letech 2016-2020 (SamEk et al., 2022).

Age category 31-60 [
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|
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Infestation category

Obrazek 12 Podil napadenych smrku pichlavych podle jednatlivych kategorii napadenive
vékové tfidé 31-60let v letech 2009-2015 (Samek et al., 2022).
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Obrazek 13 Podil napadenych smrku ztepilych podle jednotlivych kategoriinapadenive
vékove tfidé 61-100letv letech 2016-2020 (SAmEK et al., 2022).

Predikéni model napadeni smrku ztepilého kloubnatkou
smrkovou 2017 - 2019

Predikované hodnoty linearniho modelu se smiSenymi efekty mély pomémé
dobrou shodu s pozorovanymi hodnotami (Obrazek 14). Faktory vyznamné
pro stupefi napadeni kloubnatkou smrkovou jsou zobrazeny v ANOVA tabulce
(Tabulka 6). Tyto faktory jsou zaroven dulezité i z lesnického hlediska. Napadeni
nejmladsSich porostl do 20 let je velice nizké, vyskytuji se pouze jednotlivé
napadené pupeny na stromech. Kolem 55 let véku napadeni kulminuje
a od cca 76 let se napadenikloubnatkou udrzuje na stejné urovni (Obrazek 15
a 16). Na zakladé téchto zjisténi, byly puvodnivékové skupiny modifikovany: 1)
do 24 let; 2) 25 — 75 let; 3) 76 az 135 let. U zakmenéni je interpretace ponékud
napadeninez v pfipadé primérného zakmenéni (8) viz Obrazek 17. Z Obrazku
17 a 18 je zfetelné nejvétSi poSkozeni pfi zakmenéni 8. Statisticky vyznamna
interakce zakmenéni a véku nam ukazuje na odlisny trend v napadeni mezi
témito faktory. Z vysledku ve vékové skupiné "25-75" let bylo nejnizSi napadeni
kloubnatkou pfi zakmené&ni <6 a nejvysSi pfi zakmenéni <10. Ve vékové skupiné

"76-135" bylo naopak nejvyssi napadeni v fidSich porostech (zakmenéni <6)

v v
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Napadeni porostii kloubnatkou smrkovou

1.0 15 20
|

Predikované hodnoty

05
|

Pozorované hodnoty

20

25

Obrazek 14 Hodnoty predikované vyslednym modelem a pozorované hodnoty (PESKOVA et

al., 2020).

Tabulka 6 ANOVA vysledného modelu Ime (pramérné napadeni porostu ~

Zakmenéni+Rok+Vék+Vék : Zakmenéni,random=~1|Sestice/Porost) (PESKOVA et al., 2020).

numDF denDF

F-value p-value

(Intercept) 1
Zakmeneni 4
Rok 2
Vek 1
Zakmeneni:Vek 4

170
170
170
170
170

89,06674
3,50986
44,6611

20,50206

5,4211

<,0001
0,0088
<,0001
<,0001
0,0004

Napadeni porostu kloubnatkou smrkovou

Veék porostu

100

Zakmenéni

Obrazek 15 Zavislost napadeniporostu smrku ztepilého kloubnatkou smrkovou na véku

porostu. Modra linie predstavuje vyhlazovacikfivku modelu. Body jsou vyjadfuji stuper
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napadenihodnoceného porostu kloubnatkou vroce 2019, a barevné oznacenibodu
reprezentuje péti stupriovy faktor Zakmenéni, kde zakmenénipod hodnotu 6 bylo slou¢eno do
jedné tfidy (PeSkovA etal., 2020).
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Veék porostu

Obrazek 16 Zavislost napadeni porostu smrku ztepilého kloubnatkou smrkovou na véku
porostu. Modra linie pfedstavuje vyhlazovaci kfivku modelu. Body jsou vyjadFuji stu pen
napadenihodnoceného porostu kloubnatkou smrkovou vroce 2019, a barevné oznacenibodu

reprezentuje hod (PESkoVA et al., 2020).

25 .

LT

Zakmenéni

20

05

Napadeni porostu kloubnatkou smrkovou

00

<6

Obrazek 17 Krabicovy graf zavislost napadeni porostu smrku ztepilého kloubnatkou
smrkovou na zakmenéni (PESKOVA et al., 2020).
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Obrazek 18 Zavislost napadeniporostu smrku ztepilého kloubnatkou smrkovou vroce 2019
na zakmenéni, jakozto diskrétninumerické veli€iny. Modra linie pfedstavuje vyhlazovacispline
kfivku. Body byly kolorovany podle tfi vékovych tfid "5-24","25-75","76-135 hodnoceného

porostu (PESKOVA etal., 2020).
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Obrazek 19 Krabicovy graf zavislost napadeni porostu smrku ztepilého kloubnatkou
smrkovou na zakmenéni. Jednotlivé krabicové grafy reprezentuji péti stupnovy faktor
Zakmenéni,kde zakmenénipod hodnotu 6 bylo slou€eno do jedné tfidy. Krabicové grafy byly
rozdéleny do tfi vékovych tfid "5 - 24","25 - 75","76 - 135" a barevné odlideny (PESKOVA et al.,
2020).
VySe charakterizovana data byla pouzita k tvorbé predikéniho modelu
napadeni (Pfiloha 2, 3 a 4), ohrani€ené rozsahem méfeni veli€in vstupujicich

do modelu, tj. LVS 6., 7. a 8. Mapy predikce vyskytu kloubnatky smrkové jsou
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v méfitku 1 : 220 000. Pfinos mapy spociva ve stanoveni nejvyznamnéjsich
faktord ovliviiujici vyskyt a intenzitu napadeni porostd smrku ztepilého
kloubnatkou smrkovou. Z map je zfejmé, Ze porosty smrku ztepilého nejsou
voblastt PLO 1 napadeny stejnomérné, a ve sledovaném obdobi

byl zaznamenan trend postupného zhorSovani napadeni porostu.

5.2 Vyhodnoceni trehalézy a jejiho zastoupeni u smrku ztepilého pod

infekénim tlakem kloubnatky smrkové

Byl odebran stejny pocet sond ze zdravych a infikovanych jedincd na
6 vyzkumnych plochach.V zavislosti nacharakteru vzorku byla ucinnostextrakce
90-99 %. Optimalni teplota extrakce byla podle pfedchozich pozorovani
a vyzkumu mezi 50 a 60 °C v zavislosti na matrici (podplrnainformace, tabulka
S3). Pro optimalni dobu extrakce byla stanovena doba 30 min, i kdyZz mala ¢ast
vzorkll byla plné extrahovana jiz po 15 min. Ziskané vysledky vyhodnoceni
mnozstvi trehaldzy zobrazuji vyznamny rozdil hodnoty mezi infikovanymi
a zdravymi jedinci (p = 0,01). Primérna hodnota trehalézy ve zdravych kofenech
smrku byla 739 +96 ug trehaldézy/g DW (pramér +SD) ve srovnani s 624 +88
Mg trehalézy/g DW u infikovanych kofent (Obrazek 20). Z vysledku je ziejmé,
Ze jedinci vice napadené kloubnatkou smrkovou vykazovaly nizSi obsah
trehaldzy ve vzorcich kofenu nez stromy zdravé. Ve 180 odebranych vzorcich byl

zjiStén rozdil v obsahu trehal6zy v kofenech mezi poskozenymia neposkozenymi
stromy ve prospéch zdravych stromu, ale rozdil nebyl statisticky vyznamny.
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Obrazek 20 Srovnani chromatogram z lyofilizovaného materialu zdravého (¢ervené) a
nemocného (modFe) stromu. Retenénidoba trehal6zy je pfiblizné 4,5 min (SuLc etal., 2021)
5.3 Vliv sypavek na vybér vhodnych provenienci douglasky tisolisté ve

stredni Evropé

U celkem 704 hodnocenych stromu byla zjiSténa primérna defoliace stroma
37 % (Obrazek 21). Nejvétsi defoliace byla pozorovana u provenienci 1028
Merritt (90 %), 1010 Barriére (61 %) a 1067 Skykomish (53 %). Naopak nejnizsi
byla zjist€na u provenienci 1069 North Bend (23 %) a 1089 Cathlamet (24 %).
Celkem 71 odumrelych stromu vykazovalo 100 % defoliaci.Nejméné jedinct bylo
zaznamenano (Tabulka 7) u provenienci 1028 Merritt (15) a 1081 Alder Lake
(18), nejvice u provenience 1067 Skykomish (45).

Primérna vyska douglasky na vyzkumné ploSe byla 30,1 m (Tabulka 7).
Nejvétsi vysky byly zjistény u provenienci 1075 Enumclaw (33,5 m), 1069 North
Bend (32,7 m)a 1103 Coquille (32,4 m). Primérné vysky péti dalSich provenienci

v v

v v

v provenienci 1067.
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Tabulka 7 Primérné kvantitativni dendrometrické veli¢iny na plo$e Hurky ((SAMEK et al.,

2019).

Stat (USA),
provincie
(Canada)

British
Columbia

Washington

Oregon

>/Pramér

Provenience

1004
1010
1012
1013
1021
1025
1028x
1030
1033
1036
1043
1049
1050
1058
1061
1067
1069
1075
1078x
1081x
1089
1100
1102x
1103
1104x

Stuie
Barriere
Klina Klini
Revelstoke
D’Arcy
Nimkish
Merritt
Squamish
Forbidden
Alberni
San Juan
Bacon Point
Marblemount
Lake Crescent
Louella
Skykomish
North Bend
Enumclaw
Cle Elum
Alder Lake
Cathlamet
Grand Ronde
Upper Soda
Coquille
Brookings

Pocet jedincu

27
32

31

5
704
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Vyska [m]

26
313
31.4
28.7
30.6
18.3
32.2
30.5
32.3
29.9
30.6
32.2
32.1
30.6
25.2
32.7
33.5
25.9
315
31.9
30.8
28.8
32.4
29.5
30.1

8 2 & R Vycetni tloustka [cm]
[o) I N (e}

29.8
29.2
15.9
30.5
29.5
34
29.6
30.9
32.1
32.7
33.5
22.4
35.3
37.7
25.7
32.8
33.5
33.0
30.4
31.8
315
30.5

Objem s kiirou [m3]

Defoliace [%]

61
31
28
48
32
90
36
36
34
38
33
30
28
37
53
23
27
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31
24
34
39
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26
37
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Obrazek 21 Krabicovy graf pro miru defoliace jednotlivych provenienci. Fousky predstavuiji
1,5nasobek mezikvartilové rozpéti. Pismeno nad provenienci znamena pobfezni (C) nebo
vnitini (1) (SAMEK et al., 2019).

Primérna vycetni tloustka vSech hodnocenych jedinct byla 30,5 cm (Tabulka
7). Nejmensi vyc€etni tloustka byly zaznamenana u provenienci 1078 Cle Elum
(11,8 cm) a 1025 Nimkish (13,7 cm), zatimco nejvétSi vyCetni tloustka byla
zZjiSténa u provenienci 1102 Upper Soda (55,9 cm), 1013 Revelstoke (53,9 cm),
1103 Coquille (53,3cm) a 1075 Enumclaw (52,6 cm). NejvySSi primérné hodnoty
vyCetni tloustky byly zjistény u provenienci 1075 (37,7 cm) a 1069 North Bend
(35,3 cm), naopak nejmensi u provenienci 1067 (22,4 cm) a 1028 (15,9 cm).

Objem porostu s hroubi vSech hodnocenych douglasek cinil 765,84 ms.
Pramérny objem jedince byl 1,09 m3. Nejvétsiho primérného objemu dosahla
provenience 1075 Enumclaw (1,72 m?3), zatimco provenience 1028 Merritt (0,21
m3) a 1067 Skykomish (0,48 m3) mély objem nejmensi.

Pomoci gama GLM byly faktory objem stromu, provenience a rozdil priméni
vyCetnich tlousték mezi roky 2011 a 2016 ureny jako vyznamné pro miru
defoliace a interakce objemu vcetné provenience (gamma GLM R2 = 0,65;
Tabulka 8) byly rovnéz vyznamné. Defoliace koruny byla vyznamné ovlivnéna
objemem hodnoceného stromu. Defoliace se sniZovala s rostoucim objemem
Obrazek 22. Nejvice defoliovanych stromd mélo objem <1 m3. Vztah mezi

defoliacia rozdilem prameéra byl rovnéz nepfimo umérny (Obrazek 22), pficemz
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stromy s <30 % defoliaci mély také nejvyrazné;si pfirlist mezi hodnocenimi.
Rozdily v mife defoliace mezi proveniencemijsou dobfe patrné z Obrazku 21.

Mezi nejvice defoliované provenience patfily 1010 Barriere, 1021 D Arcy a 1067
Skykomish.

Tabulka 8 Vysledny zjednoduseny gama model defoliace (Samek et al., 2019)

Df Devianc | Resid Resid. F Pr(>F)
e . Df Deviance
NULL 558 86.412

volume 1 42.627 557 43.785 728.487 2.20E-16 = **

*

provenance 22 4,908 535 38.878 3.8122 2.23E-08 @ **

*

diameter difference 1 3.933 534 34.945 67.2096 1.98E-15 @ **
*

volume:provenance 22 2.903 512 32.042 2.2552 0.001 **
*

volume : diameter 1 1.337 511 30.705 22.8495 2.29E-06 @ **
difference *

20
20

10
1

10

Defoliation (%)
Defoliation (%)

-10
-10

-20

Volume Diameter_difference

Obrazek 22 VVztah mezi defoliaciarozdilem objemu, resp. priiméru, s vyuzitim
neparametrickych proménnych vzobecnéném aditivnim modelu. Na ose y jsou rozdily od
primérné defoliace =37 % (Samek etal., 2019)

Provenience byly rozdéleny do nékolika skupin pomoci rozhodovaciho stromu
(Obrazek 23) a byla posouzena mira vlivu jednotlivych faktor( na zdravotni stav.
Nejvétsi vliv na objem stromu meéla hodnota defoliace. NejnizSi defoliaci mély
stromy s objemem nad 1,645 m3. Provenience s nejlepsim pfirlistem a nejnizsi

defoliaci pochazi z Britské Kolumbie - 1012 Klina Klini, 1025 Nimkish
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a z Washingtonu - 1050 Marblemount, 1061 Louella, 1069 North Bend a 1089
Cathlamet. Naopak provenience s objemem mens$im nez 0,675 m3 vykazovaly
vySSi miru defoliace a vy$Si nachylnostk ptisobenisypavek. Nejhorsi zdravotni
stav mély provenience 1010 Barriere a 1021 D'Arcy. Vice defoliovana byla také

provenience 1067 Skykomish.

.

\
0.675m3 -« fVolume ) ,oop 3

\ — —
(higher volume) . (lower volume)

Thickness difference Provenance

1.55cm=< ]<1.55cm
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-——
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Obrazek 23 Rozhodovaci strom faktor( ovliviiujicich zdravotni stav douglasky tisolisté na
studijniploSe. Na konci uzll je uvedena primérna defoliace (Cisly). Zdravéjsi stromy jsou vievo

(Cerna ¢ast rozhodovaciho stromu), vice poSkozené stromy jsou vpravo (Samek et al., 2019).

6. Diskuze

6.1 Kloubnatka smrkova a jeji rozsSifeni v porostech smrku ztepilého

a pichlavého

Odsifeni elektraren, které bylo zaznamenano v poslednich ftficeti letech
(HADAS, 2002; SRAMEK et al., 2015; CHMI 2020), mdze do jisté miry souviset
se souCasnym rozsahlym rozSifenim kloubnatky v KruSnych horach. Sira
pusobila jako fungistatikum potlacujici rozvoj patogenu v téchto oblastech.
Pfi snizeni jejiho obsahu v polutantech doSlo k masivni fruktifikaci a Sifeni
kloubnatky na smrku pichlavém (CERNY et al., 2016a). Zhoreny zdravotni stav
smrku ztepilého a nasledné odumirani nahradnich porostd smrku pichlavého

zapocCalove druhé poloviné 20. stoleti. Nahradniporosty byly zakladany z dtvodu
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znacéného posSkozeni puvodnich smrkovych kultur znecisténim ovzdusi,
prfedevSim depozicemi SOx a NOx a vysokymi koncentracemi fluorovodikovych
kyselin.Oxid sifi€ity svym pfimym vlivem na asimilaCniaparat dfevin a nepfimym
pusobenim na chemismus pldy nasledné zpusobil odumirani porostll na plose
pfiblizn& 40 000 ha (SRAMEK et al., 2015). | pfesto Ze pfimé emise nemaiji dnes
prakticky zadny vliv na zdravotni stav lesnich dfevin, tak zvySena depozice NOx
a amonnych iontl NH4+ nadale pfispiva k okyselovani pudy. Vazny problém v
téchto kyselych padach je rovnéz nizky obsah zivin. Napfiklad obsah drasliku
je ttmérf ve vSech c¢astech Krusnych hor nizsi nez 3500 mg.kg-! (FIALA et al.,
2017), coz je pro péstovani dfevin v horskych oblastech komplikaci. Zfejmy
negativnivliv vySe uvedenych antropogennich faktord vedouci k Ubytku biomasy
(BAciak et al., 2015) je navic v poslednich letech podpofen naristemkoncentrace

pfizemniho ozonu Os.

Pretrvavajicim problémem je bezesporu dlouhodoba acidifikace puad
zpusobena znecisténim ovzdusi. Slaba uzivnost pldy (FIALA et al., 2017) sniZuje
obranyschopnostdfevin, coz vede k usnadnéni uspésSného napadenipatogeny
(PAOLETTI et al., 2010). MladSi stromy jsou obecné nachylngjsi ke znecisténi
ovzdus§i nez dospélé stromy, protoze ziskavaji méné Zzivin potfebnych pro rist
a vytvofeni obrannych mechanismi (KozLowskl, 1976). Kromé toho maiji
individualni stromy v podrostu obecné nizSi stomatalni vodivost, coZz ma
za nasledek mensSi prunik Skodlivych latek do tkani, a pfispiva tak k mensimu
napadeni mladSich a =zastinénych rostlin (TUFFEN et GROGAN, 2019).
Nicméné i starSi porosty mohou byt poSkozeny znecisténim ovzdusSi, a to
zejména proto, Ze koruny stromi mohou pusobitjako filtr, ktery sniZzuje mnozstvi

znecistujicich latek dopadajicich nazem (BYTNEROWICZ, 1996).

Jako podminujici faktory, podporujici potencionalni riziko vzniku a Sifeni
infekce mohou pUsobit vysoka vzdusna vihkost, snizena vitalita, nedostate¢na
vyziva nebo zamokreni, vysSSi vék Ci husty zapoj (POSPISIL et POSPISIL, 2011).
U smrku pichlavého houba kloubnatka smrkova poSkozovala spi$e nizsia hustSi
koruny (CERNY et al., 2016a), u smrku ztepilého naopak horni &asti koruny
(PESKOVA et Soukup, 2016). V obou &astech koruny navic dochazelo Casto
k poSkozeni pupenl mrazem, které ¢asto znesnadriovalo hodnoceni. V Severni

Americe bylo zaznamenano napadeni severoamerickych smrki houbou
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Dichomera gemmicola A. Funk & B. Sutton, jejiz symptomy mohou byt v prvni
fazi vyvoje zaménény s houbou G. piceae. Tento patogen byl pozorovan jiz pfed
50 lety v oblastech vychodni Kanady (FUNK et SUTTON, 1972; WINTON, 2020).
Pfi mikroskopickém posouzenijsou obé houbysnadnorozliSitelné (SHERWOOD et
al., 2015). Béhem terénnich praci, ale k zaméné stimto patogenem dojit
nemohlo, jelikoz nebyl do sou€asné doby vyskyt Dichomera gemmicola v ramci
celé Evropy pozorovan. Naproti tomu distribuce kloubnatky smrkové byla
potvrzena v né&kolika evropskych zemich — Ceské republice (SErL, 2013; CERNY
et al., 2016a; PESKOVA et al., 2016a, 2016b), Irsku (FEIGE et al., 2004), Italii
(KozLowskl et al., 1990), AljaSce (PERALTA et al., 2020) a Velké Britanii
(BorTHWICK, 1909). V severnich ¢astech Evropy nebyl dosud vyskyt potvrzen.
Jednim z dlvodl mohou byt nizké zimni teploty, které mohou navzdory
psychrofilni povaze kloubnatky smrkové omezovat rozvoj patogenu
(PETTERSSON, 2018).

Prestoze nejvySSi intenzita napadeni byla zjiSttna ve stfedné starych
porostech s vékem 31-60 let, trend postupujicihno napadeni byl nejvyrazné;si
u starSich jedincl nad 60 let, a to zejména v dusledku narustu poSkozenych
jedincl v kategoriich 1 a 2. Tento rozdil byl nejintenzivné;jSiv letech 2019 a 2020.
Jedna se o ponékud odlisny trend oproti jednomu z nejvétsich fytopatologickych
rizik soucCasnosti Hymenoscyphus fraxineus (T.Kowalski) Baral, Queloz
& Hosoya, ktery Ize pozorovat Castéji u mladSich jasanu (TIMMERMANN et al.,
2017). K infekci mladSich jasanu dochazi Castéji pfedevsim v dusledku Sifeni
patogenu z opadanych listl a fapiku, které jsou na zemi. Intenzita Sifeni spor
v téchto mistech je totiz 5 - 100krat vétsSi nez ve vySce pouhych 3 m nad zemi
(CHANDELIER et al., 2014). StarSi stromy byvaji vi¢i poSkozeni odolnéjsi, to ale
nemusi byt pfi opakované infekci pravidlem. Kloubnatka smrkova se Sifi
predevsim v koruné stromu, kde mize hratroli i poCet pupen(, ktery je u mladsich
jedinct obvykle nizsi diky hustSi koruné. Starsi jedinci mohou byt zpocatku Iépe
schopni odolavat infekci patogenu diky svym vyvinut&Sim obrannym
mechanismim. Pokud se ale infekce se spoluplsobenim dalSich faktoru
opakuje, muze dojit ke zhorSeni celkového zdravotniho stavu stromu (FIALA et
al., 2017).
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Z vysledkl prace je zfejma niz8i mira napadeni pfi plném zakmenéni (10),
kterou ma za nasledek i vy$8i zastoupeni mladSich porostu s timto zakmenénim,
které Casto byvaji pfehoustlé. Bylo mozné pozorovat i statisticky vyznamnou
interakci mezi intenzitou napadeni a vékem u nizkého, primérného a plného
zakmenéni. Hustota porostu a zakmenéni ovlivhuji lokalni mikroklimatické
podminky, které maji dulezity vliv na fyziologii a odolnost jednotlivych stromu.
Vysokeé teploty uvnitf porostu v kombinaci se suchem zapfi¢inénym rozvolnénim
zapoje zpusobuiji oslabeni jedincl &i tvorbu pfihodnych podminek pro rozvoj
podkorniho hmyzu nebo podporuiji riziko vzniku lesnich pozard (JACTEL et al.,
2009). To je o to vyrazné&;jSi u starych porostl, kde bylo zjiSténo nejvétsi napadeni
u nizkého zakmenéni, kde je potfeba pocitat s vétSim ohroZzenim stability
a zdravotniho stavu porostu v pfipadé napadeni (KOLEJKA et al., 2010). Hustota,
resp. zakmenéniby ale do budoucna mohlo predstavovat ponékud odliSnou roli.
Jeho stanovenije jiz obtizné a vzhledem ke stale CastéjSimu vyuzivani smisené
druhové skladby by se to mohlo stat téméf nemoznym ukolem (PRETZSCH et RiO,
2020).

| kdyZ je, s ohledem natrend tykajici se zmén primeérné ro¢ni teploty a poctu
dnu s denni teplotou nad 5 °C v zimnich mésicich, zfejmy vliv teploty a sucha
nanapadeni patogeny (Soukup et PESKOVA, 2009), nebude tento jev
nejdulezitéjSim faktorem pro napadeni porostu. Na vyzkumnych plochach
se vedle sebe vyskytovaly jedinci s velmi rozdilnou mirou napadeni, ktefi byly
ovlivnéniklimatickymia pudnimicharakteristikami stejné. Z fyziologickych méfeni
je zfejmé, ze G. piceae negativné ovliviuje vodnirezim smrku a snizuje ucinnost
vyuziti vody (WUEinst)ve vyhonech (TOMASKOVA,2018). To muzZe zvySovat stres
suchema potlaCovat odolnostvucidalSimu napadenipatogeny. V minulostijiz ve
smrkovych porostech na nasem uzemi k podobnému katastrofalnimu dopadu
patogenu doSlo, a to v Orlickych horach. Na pfelomu tisicileti doSlo
k neoCekavanému vyskytu houby Ascocalyx abietina (Lagerb.) Schlapf.-Bernh.,
ktera byla znama pfedevsim z borovych porostt v Rakousku, Svédsku a Polsku
(HANSSON, 1998a; SIEROTA et al., 2019). Vyvoj a postup infekce byl obdobné
nahly a zpusobil poSkozeni pupenl jak na sazenicich smrku pichlavého,
tak i smrku ztepilého. Svou roli zde dozajista sehraly roky s vy$Si snéhovou

pokryvkou, které vytvofily optimalni podminky pro rozvoj patogenu a vedly
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k masivni fruktifikaci a naslednému vyraznému rozsifeni (HANSSON, 1998a).
| kdyz negativni vliv provenience u smrku nebyl zatim jednoznacéné potvrzen,
tak ho jiz bylo mozné pozorovat (PULKKINEN, 1993). Je tedy zfejmé, Ze volba
provenienci z nizSich nadmorskych vySek mohla byt s ohledem na Cast&jSi
stresovani v horskych oblastech abiotickymi faktory ponékud nevhodna.
To potvrzuji i data z vyzkuma Pinus sylvestris a Pinus contorta (HANSSON, 1998b;
SKOVSGAARD etal., 2010), u kterych byl vliv provenience jednoznacné potvrzen.

6.2 Vyhodnoceni trehalézy a jejiho zastoupeni u smrku ztepilého pod

infekénim tlakem kloubnatky smrkové

KliCovymi faktory pro pfesnou kvantifikaci trehal6zy ve vzorcich mykorhiznich
kofenU jsou rychly odbér materialu, okamzité zchlazeni vzorku v kapalném
dusiku, skladovani pfi -80 °C a lyofilizace. Z kombinaci extrakénich rozpoustédel
s riznym pomérem ethanolu nebo methanolu ve vodé bylo nejlepsSi vytéznosti
extrakce dosazeno s 80% roztokem methanolu a vody (v/v). Oproti tomu
metodika zaloZenanaethanolovych smésich, ktera se pfevazné pouzivav jinych
pracich, ziskala v experimentu asi o0 10 % méné trehal6zy. Pfedchozi studie vzdy
pouzivaly horké smési ethanolu k zastaveni aktivity trehaldzy. Zastaveni aktivity
trehaldzy v tomto vyzkumu bylo dosazeno vlozenim vzork( kofen (i do kapalného
dusiku ihned po vykopani ektomykorhiznich kofent a naslednou lyofylizaci.
Pouzitiniz§iho mnozstvivzorku kofenl nez25 mg neposkytlo u nékterych vzorku
reprodukovatelné vysledky pro trehalézu (SD < 32 %, n = 5) a vySSi mnoZstvi
je nevhodné kvulivelkému obsahu sachardézy, ktera pak interferuje s trehal6zou.
Pfi LC-MS analyze trehaldézy je hlavnim problémem nalezeni vhodnych

podminek pro samotnou separaci od ostatnich sacharidu.

Stromy napadené kloubnatkou mély slabé vyvinutou mykorhizu a obsah
trehalézy byl u téchto stroml vyrazné nizSi. Zjisténa niz8i koncentrace
houbovych cukrl a ergosterolu spociva v pfiznivych faktorech mykorhizy, ktera
se projevuje vysSi zasobou vody a mineralnich Zivin. Mycelium mykorhiznich hub
umi téz chranithostitelskou dfevinu pfed patogeny tim, Ze vyluCuje fungistatické
slouCeniny a aktivuje ochranny mechanismus v pudé (KozLowskl, et al., 1990).
Pfi vibecprvnizmince o vztahu mezi trehal6zou avitalitou kofent bylo navrhnuto

hodnotit morfologické parametry kofenlU na zakladé miry syntézy trehaldzy
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(NIEDERER et al., 1989). Jeji podil na obranné dfevin, ktery byl zjiStén napfiklad
u borovice lesni po napadeni vaclavkou smrkovou (ISIDOROV et al., 2008),
kdy byla prokdzana akumulace reaktivnich forem kysliku (FERNANDEZ et al.,
2010).

6.3 Vliv sypavek na vybér vhodnych provenienci douglasky tisolisté ve

stredni Evropé

Mezinarodni provenien¢ni plocha Hurky byla jiz dfive nékolikrat hodnocena
(BERAN, 1995; KSiR et al., 2015). Nikdy se nejednalo o vyhodnoceni zdravotniho
stavu provenienci. BEhem Setfeni na mezinarodni ploSe IUFRO v Nizozemsku
bylo zjisténo, Zze Zadna provenience nesplfiuje kritéria vysoké produkce
a zaroven vysoké odolnosti vici biotickym a abiotickym Cinitelim (EILMANN et al.,
2013). Z vysledku je ale zfejmé, ze je vhodné davat prfednost severnim
proveniencimna méné suchych lokalitach, zatimco na susSich lokalitach jiznim
proveniencim. Na Hurkach je situace podobna a na vybér je alespon nékolik
produkCnich provenienci s nizSi mirou napadeni sypavkami. Pfi porovnani
statistické metody pomoci kontrastt se vyznamnélisily provenience 1021 a 1030.
Provenience 1021 méla objem kmene zhruba na urovni primérné hodnoty
provenienéniho vyzkumu. Zjistény objem by mél odpovidat primérné mife
defoliace, ale zjiSt€na mira defoliace se ve skuteCnosti vyrazné liSila. Podobny

trend vykazuje i provenience 1030; z hlediska objemu patfi k nejlépe rostoucim,
coz by mélo odpovidat i nizké mife defoliace, ta je vSak spiSe primérna.

Pfi porovnanivysledkd méfeni mezi lety 2011 (KSirR et al., 2015) a 2016 doslo
k poklesu jedincli na vyzkumné plose z 721 na 704. V roce 2016 bylo vitalnich
633 jedincu a 71 jedincu bylo odumielych neboodumirajicich. Vzhledem k tomu,
Ze KSirRet al., (2015) nehodnotili defoliaci, tak nebylo mozné porovnat jeji zménu.
Pfresto Ize soulasny zdravotni stav stromU napfi¢ proveniencemi povazovat
zamiré zhorSeny, a to hlavné z diivodu zvySeného vyskytu sypavek. Sucho
se projevilo poprvé az v zimé 2015/16 po predchozich letech (2013-2014)
s extrémnim viahovym deficitem, a proto je mozné konstatovat, Ze sucho
nepfedstavovalo hlavni pficinu zhorSeného stavu jednotlivych provenienci

naHudrkach.

66



Mezi roky 2011 (KSiR et al., 2015) a 2016 existuje zjevna proporcionalni
zavislost mezi narastem objemu kmene a pruméru kmene. V roce 2011 byla
nejmensSi objemova produkce zjist€na u provenienci 1028 Merritt, 1067
Skykomish, 1078 Cle Elum a 1010 Barriére. Zjisténé vysledky tomu analogicky
odpovidaji. Zadna uvedena provenience se na vyzkumné plo$e neosvéddily.
Naopak provenience 1075 Enumclaw, 1069 North Bend a 1089 Cathlamet, které
se osveédcCily jiz v pfedchozim hodnoceni, |ze doporucit pfedevSim diky jejich
nadprimérné produkci, u které se zpravidla oCekava vysSi odolnost vudci
patogentim a obecné pfiznivému rastu. | pfesto je na provenienc¢ni ploSe fada
dalSich proveniencis nadprimérnou produkéni schopnosti (napf. 1036 Alberni),
které vykazuji horSi zdravotni stav. Navic lze v pfiStich letech oCekavat dalsi
zhorSeni zdravotniho stavu vzhledem k jejich plvodu v pobfeznich oblastech
Britské Kolumbie a Washingtonu (tj. vy$8i nachylnost k suchu a podzimnim

mrazam).

Mira odolnosti nékterych provenienci vuci sypavkam se projevila rozdilnou
a neocekavanou (vysSia nizsi) mirou defoliace vzhledem ke zjiSténému objemu
kmene. Je tedy zifejmé, ze strom s menSim objemem byva nachylnéjsi vidi
pUsobeni sypavek. Vitalita, jakozto vhodny ukazatel odolnosti jedince nebyla
ve vyzkumu pfimo hodnocena, ale bylo ji mozZné posoudit na zakladé schopnosti
stromu pfirGstat v porovnavaném obdobi. Odolnost stromu proti sypavkam
je ve skuteCnosti vice podminéna dobrym zdravotnim stavem nez konkrétnim
puvodem. Napfiklad u ristovych proveniencijako 1004, 1075 a 1100 byla mira
defoliace relativné vy$Si, nez se oCekavalo, diky cemuz je mozné predpokladal
jejich vyssi susceptibilitu k sypavkam. Provenience 1069, 1075 a 1089 naopak
patfi podobné jako v roce 2011 mezi vubec ty nejvhodné;jsi (KSR et al., 2015).
U nejhtfe hodnocenych provenienci1010, 1021 a 1067 plati doporucenise jejich
péstovani vyhybat KSiR et al., (2015).

Ctyfi provenience (1025, 1050, 1069 a 1100) na Harkach byly zastoupeny
i mezi 18 proveniencemi hodnocenymi v Nizozemsku (EILMANN et al., 2013).
Vzajemna moznost porovnat vysledky naSi prace svyzkumy v Nizozemi
je i sohledem na nesrovnatelné pfirodni podminky rozporuplna. Provenience
1025, ponékud podprimérna na proveniencni plose Hurky, patfila v Nizozemsku

k nejproduktivnéjSim, a to i pfes to Ze jeji nevyhodou je niz§iodolnost vl isuchu,
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jehoz efekt byl v Nizozemsku hodnocen. VyS$Si citlivost k suchym obdobim
vykazovala také provenience 1069 North Bend, ktera patfila k nejlepSim

na mezinarodniploSe Hurky.

Vysledky hodnocenimladSich porosti ve véku do 30 letz Bulharska (PETKOVA,
2011; PETKOVA et al., 2014; Popov, 2014) potvrzuji trend, Ze pobfezni
provenience z Oregonu a Washingtonu rostou v typickych podminkach stfedni
Evropy a zejména v Bulharsku Iépe nez ty vnitrozemské. S ohledem na vysledky
vyzkumu v Bulharsku je zfejmé, Ze sypavky predstavuji ve vyzkumnych
pokusech limitujici faktor péstovani. Prvotné byly zjistény na plose ve véku 17 let
(GEORGIEVA, 2009), kdy se vyskytovaly pfedevsim u vnitrozemskych provenienci,
ale pfi opakovaném hodnoceni ve véku 24 let se vyskytovaly napfi¢ vSemi
proveniencemiv celém pokusu (PETKOVAetal., 2014). Pfesto bylo hlavniohnisko
napadeni u vnitrozemskych provenienci. Nejh(fe hodnocené provenience byly
Keremeos (Washington), Whitefish (Montana), Bates (Oregon) a Canyon City
(vychodni Oregon), vSechny se sniZzenou vitalitou a typickymi symptomy
sypavkového onemocnéni (PETKOVA et al., 2014). Mezi nejlépe rostouci
a odolng&jsi v ¢i sypavkam (PETKOVA et al., 2014, Milenkova et al., 2018) patfili
provenience Newhalem a Darrington ze Skagitskych semenarskych oblasti
v zapadni Casti Kaskadového pohofi. Pochazeji z nadmorské vysky mezi
500 a 1167 m a z oblasti s podobnym klimatem stfedoevropskym podminkam.
Podobnych vysledku vSak dosahla i pobfezniprovenience Brookings z Oregonu,
jejiz vyuzitineniv Ceském lesnictvi legalné mozné. Vysledky vyzkuma z mnoha
Casti Evropy totiz vedla k vymezeni urcitych preferovanych geografickych oblasti
pro dovoz osiva do kterych Oregon nespada (SINDELAR et BERAN, 2004;
LAVENDER et HERMANN, 2014).

Na polském uzemi byl vyskyt sypavek potvrzen na 3 z 11 vyzkumnych ploch
(kAkomy et IWANCZUK, 2010). V silné napadenych porostech presahla defoliace
45 % u téméf 90 % stromu. VysSi infekEnitlak byl zjistén pfedevsim u starSich
jedincu (35 let). To plati i pro Hurky, kde byla prokazana vysoka mira napadeni
i ve véku témér 50 let. Obecné je ale znamy fakt, Ze nejCastéjSi vék infekce
je zpravidla 10-30let (BUTIN, 1995; HANSEN et al., 2000; MAGUIRE et al., 2002).
Vysledky z Polska ¢i Nového Zélandu rovnéz nepfimo potvrzuji, Ze sypavky

zpUsobené P.gaeumannii pfedstavuji nejnebezpecnéjsirizikovy faktor pro mladé
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vysadby douglasek (HooD et KIMBERLEY, 2005; HANSEN et al., 2000, MAGUIRE et
al.,, 2002; KIMBERLEY et al., 2011). Je ziejmé, Ze ne vSechny mrtvé jedince
poslednich let |ze pfiCitat pouze vlivu sypavek, dalSimi faktory zhorSujicimi
zdravotni stav douglasek byly stres zplsobeny suchem a jiné patogeny.

V oblastech Nového Zélandu bylo hodnoceno sedm provenienci na sedmi
lokalitach. Probihajici infekce sypavkami (s plodnicemi na vice nez 80 % jehlic)
byla zjisténa na Ctyfech lokalitach. Mezi proveniencemi nebyly zjiStény témeér
zadné rozdily v mife infekce, ale pouze rozdily v intenzité infekce na jehlicich
minulého ro€niku (HooD et KIMBERLEY, 2005, KIMBERLEY et al., 2011). Navic je
prokazano, Ze v jejich mistnich podminkach se jednalo o nejvyznamné&jsi
primarni Skodlivy Cinitel douglasky. Soucasné byl potvrzen znacny vyznam
klimatickych faktor(l pro Sifeni sypavek a pozitivni korelaci mezi sypavkami
a redukci rastu. Za dobu s nejvétSim poklesem pfiristku douglasky (tj. v dobé

maximalniho infekcniho tlaku ) urcili obdobi 8-15 let od pocatku infekce.

V soucasné dobé neniznama zadna provenience, ktera by byla zcela odolna
vuci sypavkam (HoobD et al., 1990; BASTIEN et al., 2013), navic je velice obtizné
naijit primarni pfi€inu jejich Sifeni. Jednou z nich midze byt zména klimatu, ktera
vede k oslabenihostitele a naslednému rozvojiinfekce, jako napfiklad v pobfezni
oblasti Oregonu, kde se oba patogeny katastroficky podepsali na zdravotnim
stavu vice nez 120 000 ha porosti (HANSEN et al.,, 2000). PfiCinou takto
masivniho Sifeni byl zfejmé& nevhodné zvoleny plvod provenienci z vysSich
nadmorskych vySek a porostd s nizsi pfirozenou odolnosti vic&i patogenu
(pravdépodobné &aste€né z vnitrozemi). Kromé& vyznamného vlivu sypavek
je potfeba pocitat i s rizikem fyziologického sucha a nizké dostupnosti viahy,
coz predstavuje jiz v souCasné dobé& hlavni hrozbu pro lesni ekosystémy.
Tyto jevy nejsou naprvni pohledpatrné, ale muze dochazetk vyraznému snizeni
prirlstu, ktery je s ohledem na hospodarské vyuziti dfevin nezadouci (LAVENDER
et HERMANN, 2014). Ocekava se, ze vlivem zmény klimatu ve stfedni Evropé
pravdépodobné dojde ke zvySeniprumérné teploty spolu s kolisanim a snizenim
roCnich srazek (REYER et al., 2010; VITALI et al., 2017). | proto by mohly mit
vnitrozemské provenience vysSSi uplatnitelnost i pfes své nizsi produkéni
schopnosti a nizSi odolnost proti sypavkam (BASTIEN et al., 2013). Je nezbyiné

pfi vybéru zohlednit relativné vysokou odolnost a zaroven vynikajici produkéni
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schopnosti. Z vyzkumné plochy HUrky Ize v tomto ohledu vyzdvihnoutzejména
provenience 1069 North Bend a 1089 Cathlamet. Jako vhodné se jevi i pozitivné
hodnocené provenienci 1061, 1069, 1075 a 1089 z pfedchoziho Setfeni (KSiR et
al., 2015).

Drivéjsi vyzkumy potvrzuji nevhodnost introdukce P. m. var. glauca
do stfedoevropskych podminek kvuli jeji nizsi produkéni schopnosti a vysoké
nachylnostik sypavkam (ScHMID et al., 2014). Zatimco pobfezni provenien ce byly
ve vétdiné vyzkumnych pokust IUFRO hodnoceny pozitivné&, vysledky z Ceské
republiky jsou ponékud méné optimistické. Divodem je nepfiznivy vliv zdejSich
jarnich mrazu a fyziologického sucha u mladych douglasek (MALMQVIST et al.,
2018). Kromé vybéru vhodné provenience je nutné v porostech vyuzit opatfeni
lesopéstebniho charakteru, a to odstranéni nejvice postizenych jedincl. Tim se
Zlepsi mikroklimatické podminky, diky kterym budou zdravy jedinci jesté vice

prosperovat.
7. Zaveér

Zména klimatu v Evropé jiz ma vyznamny vliv na interakce mezi rostlinou
a patogenem. To predstavuje jednu z nejvétsich vyzev pro ekologickou a funkéni
stabilitu lest v Evropé v pfistich letech. S ohledem na vyznamné disturbance
v poslednim desetileti je Castym tématem nahrada smrku ztepilého
introdukovanymi dfevinami. U potencionalné vhodné dreviny douglasky tisolisté
se z davodu zvétSujiciho se arealu rozsifeni a zaroven zmenseni vzdalenost
mezi dfive rozptylenymi porosty zvySuje riziko, které predstavuji sypavky

pro stfedoevropské douglaskoveé porosty.

Mezinarodni plocha Hlrky, kde byl proveden provenienéni vyzkum této
dfeviny je pfimym dukazem. Béhem hodnoceni byl potvrzen vyskyt patogent
zrodu Rhabdocline a Nothophaeocryptopus. Zjisténa defoliace poukazuje
nazhorSeny zdravotni stav, a navic uzce koreluje s objemem kmene, ktery
u nejvice defoliovanych jedincu jen vyjime¢né dosahl 1 m3. Ziejmy je nepfimo
umérnyvztah mezi defoliacia primérnym pfirdstem. Z hodnocenych provenienci
je vhodné i z divodu témérF nulovéhonapadenipatogenem vyuzivat ty z oblasti
Washingtonu - 1061 Louella, 1069 North Bend, 1075 Enumclaw a 1089
Cathlamet. Navic pfi porovnanis pfedchozim hodnocenim z roku 2011 vykazuji
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vSechny provenience dobry zdravotni stav. Jejich péstovani je mozné doporucit
v mistech s podobnymi klimatickymi a pudnimi podminkami jako ve zkoumané
oblasti. Naopak za nevhodné Ize povazovat provenience 1010 Barriere, 1021
D'Arcy a 1067 Skykomish a standard IUFRO 1078, které vykazuji nejen nizsi
prirst, ale také horSi zdravotni stav. Oproti hodnoceniz roku 2011 by k témto
proveniencim méla byt zafazena i 1036 Alberni, jejiz souCasny zdravotni stav
je vyrazné horsi.

U dal$i z introdukovanych dfevin, smrku pichlavého, doslo k vyrazné redukci
plochyvliveminvazniho patogenukloubnatky smrkové. V letech 2009-2015 nebyl
pfi hodnoceni v Krusnych horach u smrku pichlavého zaznamenan ani jeden
zcela zdravy jedinec. Naopak u smrku ztepilého doslo k masivnimu Sifeni az po
roce 2015. PfestoZze nejvySSi mira napadeni smrku ztepilého byla zjisténa
ve stfedné starych porostech (31-60 let), trend postupujiciho narGstu napadeni
byl nejvyraznéjsi u starych jedincu (61 a vice let). Jeho projev byl patrny

zvySenim poctu poSkozenych jedincu v kategoriich 1 a 2, a to pfedevsim v letech

Vaigwiev s

Vv s

niz§i napadeni nez v pfipadé primérmého zakmenéni (8). Intenzita napadeni
u zakmenénise navicliSilaive vékovych kategoriich, kdy u mladych porostu bylo
napadeni nejvysSi u primérného zakmenéni, u stfedné starych u nejvyssiho
patogenu v letech 2018 a 2019 na smrku ztepilém v oblasti Jizerskych hor
a Krkonos. Ze v8ech vysledku a zjisténi je patrné, Zze hlavnimddvodem chiadnuti
a Sifeni patogenu byl nejspiSe komplexni soubor pfic¢in a faktort, véetné
nevhodnych pldnich podminek (nizké pH a pro horské ekosystémy typicky nizky
obsah Zivin, napf. drasliku).

Kvalitni a dostate¢né rozvinuta mykorhiza zvySuje odolnost stromu vidéi
pusobeni patogent i téZzkych kovl a zajiStuje jim konkurencni vyhodu
ve vyuzivani lesnich pad chudych na ziviny. Na zakladé vysledkl pfedlozené
prace predstavuje trehaldza, kterou jsou mykorhizni houby schopné tvorit,
vhodny ukazatel zdravotniho stavu stromu a to proto, Ze u zdravych jedincu byla
zjisténa hodnota vyznamné vysSi nez v pfipadé silné infikovanych jedincl
v kategorii napadeni 3 a 4. Klic¢ovymi faktory pro pfesnou kvantifikaci ve vzorcich
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ektomykorhiznich kofenl je rychly a dostate¢ny odbér materialu, okamzité
zchlazenivzorku v kapalném dusiku, vhodné skladovani a lyofilizace.

| s ohledem na obtiznou predikci klimatickych vykyvl a vyvoj pudnich
podminek v lesnich oblastech v delSim Casovém horizontu je nezbytné volit
peclivé difevinnou skladbu. Introdukované dfeviny je potfeba i nadale zkoumat
afesit jejich citlivost vici klimatickym vykyvim. Dulezité je pfihlizet k velké
citivosti dfevin vlO¢&i nedostateCnému mnozstvi srazek v pfipadé smrku
pichlavého Ci ztepilého nebo nékterych provenienci douglasky. Predvidani
dalSiho Sifeni ¢&i napadeni lesnich ekosystému patogeny ve vztahu
ke klimatickym faktorim je velice obtizné, jelikoz tato problematika nebyla
dostateCné popsana ani kvantifikovana. Je ale zfejmé, Ze pokud dojde
k vytvofeni idealnich podminek pro rozvoj a fruktifikaci patogen(, mohlo by dojit
k rozpadu i dalSich porostl, jako v pfipadé smrku pichlavého pod infek&nim
tlakem kloubnatky smrkové v KrusSnych horach. Je proto vhodné i nadéle

pokracovat v monitoringu zkoumanych patogenu v zajmovych oblastech.

Nedostatecné srazky a zejména sucho vedouci k jarnim a letnim pfisuskim
by do budoucna mohlo predstavovat velké riziko v soucinnosti s dfevokaznymi
houbami (GAPER etal., 2014) a kofenovymi hnilobami zejména rodem Armillaria,
ktery v kombinaci s rody Stereum a Heterobasidion, jiz dnes predstavuje velké
riziko pfi péstovani dfevin v podhorskych oblastech napf. na byvalych
zemédélskych padach. Pfipodteme-li ktomu fakt, Ze vedle nich je v Ceské
republice ve vyznamné kalamité nebyvalych rozmérl i kambioxylofagni hmyz,
zejména klrovci (Ips typographus (L.), Pityogenes chalcographus (L.)), ktery
prfesné reprezentuje mozné problémy se sekundarnimi Ciniteli, tak nezbyvanez
doufat, Ze v blizké budoucnosti nebudeme obdobné problémy feSit i u dfevin,

kterou jsou péstovany na vhodnych stanovistich.
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Pfiloha 2 Rozsifeni kloubnatky smrkové (Gemmamyces piceae) dle hodnoceniprocenta

napadenych strom na trvalych vyzkumnych plochach (PEskovA et al., 2020).
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Priloha 3 Predikéni model intenzity napadeni smrku ztepilého (Picea abies) kloubnatkou

smrkovou (Gemmamyces piceae) v Krusnych horach pro rok 2017 (PESkovA etal., 2020).
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Priloha 5 Predikéni model intenzity napadeni smrku ztepilého (Picea abies) kloubnatkou

smrkovou (Gemmamyces piceae) v Krusnych horach pro rok 2019 (PeSkovA et al., 2020).
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Pfiloha 6 Graficky abstrakt zobrazujici citlivost jednotlivych proveniencivici sypavkam

(SamEK etal., 2018).

106



Tree species E3 Colorado blue spruce B3 Norway spruce

Colorado blue spruce Norway spruce

60 " FHET]H

Proportion of damaged buds [%]
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PFiloha 7 Graficky abstrakt zobrazujici vysledky hodnoceninapadenismrkl kloubnatkou

smrkovou v Krudnych horach (Samek etal., 2022).
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healthy

Ptiloha 8 Graficky abstrakt zobrazujici vysledky méfenihodnoty trehalézy (SuLc et al.,

2021).

Health stage Tree Trehalose SD
number (mean)
[ug/g [ug/g
DW] DW]

1 853.3 + 8.50
2 738.1 + 4.62
3 812.4 + 5.72
2 4 688.7 + 3.10
§ 5 762.5 + 849
T 6 741.9 + 6.03
7 703.0 + 4.12
8 587.6 + 6.49
9 617.5 + 11.1
10 885.8 + 5.98
° 11 526.4 + 5.99
273 12 596.2 + 471
@ 13 788.2 +  7.65
14 621.7 + 10.4
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15
16
17
18
19
20

733.4
579.8
543.1
661.8
632.8
559.3

+H+H H+H+ H+

3.61
9.57
8.32
7.05
6.83
3.82
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Abstrack Since 2008, sproce bud blight (Gemmamyces piosae (Borthw. ) Casagr) has been spreading
epidemically in forest stands of the Czech Republic's Ore Mountains. This fungus, with a disunct
Haolarctic range, imures buds, especially of Colarado blue sproce (Fiose pungens Engelm.). Damaged
buds do not sprout, and, in case of a stronger attack, the tee does not secover its assimilation
apparatus and may die. Within the past few years, there has been a huge spread of this fungus
throughout the mountam range. This paper summarizes the baology of G. piceae, its host plants, and
presents the first Andings from the massave outbreak of G. piceae. In 2015, an merease m damage was
detected on Notway spruce (Ficea abies (L) Karst). The course of the G. picese epndennc had been
momitofed m 25 permanent research plots over the course of 11 years. In the case of Colorado blue
spruce, stands aged 10-60 years weme altacked, with 60% of buds damapged on average. The intensity
of damage to Notway sproce buds was around 25%. Norway spruce miestabion vaned signifcantly
depending upon the age of the stand (GLMM: p < 0.01). In the age class of 31-80 years, on average
80% of mdividuals wese infested. In older stands, only 42% of trees weme infested, and no mfestabion
wag found m individuals younger than 15 years. In Colorado blue sproce, the distribution of the
pathogen was contmnuows, whereby all individuals in the research plots wene affected, and, with
the excephion of a few bees, the mfestation was lethal or fesulted in a significant reduction of the
assinilabion apparatus. The development of damage on Colorado blue spruce can be characte rized
as conbinuous grow th,

Keywords: forest pest; damage; forest health; disease; fomest pathology; fung: mvasive speces

1. Introduction

Air pollutants such as ozone (), nitrogen oxides (MO, ), and sulfur dioxides (50)
contribute significantly to deteriorating forest health [1]. In Europe, this phenomenon has
been observed in many countries, such as in Germany, Poland, Austria, or Switzerland [2],
and, in Central Europe, it led to the destabilization and collapse of forest stands in many
places [3,4]. In the Ore Mountains region, problems with the health of forest stands were
recorded as early as the end of the 16th century [5], and in the case of air pollution from
the beginning of the 20th century [6]. The first notable damage to forest stands is related
to the beginning of coal burning [7]. In the 19805, after an extreme air pollution load,
most of the spruce and beech forests collapsed. In areas where it was not possible to
mestore these trees, stands of substitute tree species wene established [8]. These were species
with potentially higher air pollution resistance, and among conifers, mainly Colorado blue
spruce. Until the beginning of the 21st century, the selection of this tree species seemed to be
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very appropriate. Forest stands of Colorade blue spruce in the Omne Mountains covered an
area of more than 8000 ha [%]. Individual trees were already reaching dimensions suitable
for the timber industry, and plans for economic exploitation of this tree species gradually
began to emenge. Improving the health of forest stands was also facilitated by reducing
the air pollution. However, significant scil acidification as a consequence of atmospheric
pollution persisted, making vital forest stands highly unstable [10]. Even after 30 years, the
fungal and microbial communities living in the soil failed to recover [11]. Mevertheless,
even the reduced ectomycorrhizal fungal diversity is still beneficial to the host tree [12].
Mext to the increased water and mineral uptake by my corthizae fungus, the advantage
of the mycorrhizal presence are the fungal sugar products of the metabolism. According
to our previous mesearch, the content of trehalose is significantly higher in healthy trees
compared to the trees with bud blind disease [13].

After a long period without a record of its occurmence in the Ceech Republic, G. piceas
was detected during 2008 on Colorado blue spruce in the Ore Mountains [14]. Initially
rather inconspicuous and localized, the damage started to take on an epidemic character
in 2004, and especially in the northeastern part of the Cre Mountains region, reaching
disastrous proportions within a short period of time [15,16].

The fungus G. piceae, synonym Cucurbitaria picese Borthwe, Cucurbidothis piceae (Borthw.)
Petr. was first found on infected buds of Colorado blue spruce (F pungens var. glauca) at
Abercaimey, Perthshire (LK) in 1906 [17,18]. Under current taxonomic nomenclature, it is
classified in the division Ascomycota, order Pleosporales, family Melanommatacea [19].
The anamorphic stage described by Naumow in 1925 is referred to as Megaloseptoria mrabilis
Maumow [20].

Infection of the host plant oocurs during the vegetation season. The following year,
at the time of budding, first pyenidia form, and conidia then form within them. Conidia
occur within the fruiting bodies until September, with strong production during July and
August [21]. This is followed by the formation of perithedia, where ascospones develop
and form from April to August, with strong preduction in the summer months (July and
Angust). The peak of ascospore production is slightly delayed after the peak oocurrence of
conidia. Both types of fruiting bodies can be encountered on buds during the vegetation
season. The infestation of an individual causes buds swelling and spiral twisting. When
the infection is severe, and the terminal bud dies, a more pronounced growth of lateral
shoots is typical. In spring, infected buds are covered with a hard, black crust (basal stroma
of the fungus), from which numerous small brown- to black-coloured spherical fruiting
bodies grow, or the fruiting bodies grow directly between the scales of the bud, and, in
case of a stronger infestation, they cover the entire bud [22]. The presence of buds with
bud-blight fruiting bodies does not immediately threaten the infested tree. If the percentage
of infested (and dead) buds is relatively low, the tree’s growth is not significantly estricted.
If the number of infected and dead buds exceeds three-quarters of the total number for
several years in a row, however, the tree stops budding, does not renew its assimilation
apparatus, and may die.

The pathogen has been confirmed in a number of European countries, such as, Austria,
Denmark, England, Finland, Germany, Ireland, Italy, Russia, Scotland, Slovenia, Sweden,
Switzerland and Wales [17,18,23-32]. In the Crech Republic, G. piceas was first detected on
Colorado blue spruce in 1917, but damage showing the same symptoms was observed as
early as 1909 [23]. From 1910 onwards, the fungus was repeatedly found in many parts of
Bohemia [32]. With regard to the frequency of the pathogen’s findings after 1910 [23,33],
Central Europe was considered to be the epicenter of its spread. Thereafter, though, the
fungus was not detected in the Czech Republic until the 21st century.

The infection was described as not very significant. The most severe damage was
recorded in northern England and southwest Scotland, where damage to older individuals
of Norway spruce was found in 13 plots [34]. In addition to Europe, the pathogen has been
found in Morth America, in Alaska [35].
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The spruce bud blight primarily damages North American spruces Colorado blue
sprue and Engelmann Spruce (Picea engelmannii Parry ex Engelm.), which are usually
regarded as susceptible [36]. In Alaska, its oocurrence has been confirmed on White spruce
{Ficea glaca Moench), Black spruce (Ficer marigng (Mill.) Britton, Sterns and Poggenb.), and
Sitka spruce (Picen sitchensis Bong.) [35]. This applies also to the Czech Republic, where the
pathogen has been confirmed on P glauat, but recently also on the south European Fices
amorika (Pantic) Purk. [37]. Systematic monitoring of the wide spread of the pathogen on
Colorado blue spruce in the Crech Republic was carried out by Pegkova et Soukup [35],
Pegkova et Modlinger [37], 'tenq.r et al. [20] and Sefl et al. [39].

Due to the considerable extent of damage to the Colorado blue spruce stands in the
Ore Mountains, resulting from (. picene infestation, the stands could be regarded as highly
destabilized, and it was necessary to proeed with stand reconstruction. Moreover, an
increase in the number of pathogen detections on Morway spruce in 2015 began to raise
concerns about further development of these stands, as the infectious capabilities of the
fungus was strong [44].

The main objective of this research was to compare the development of bud-blight
infestation on the two host tree species, Colorado blue spruce and Morway spruce, in terms
of the intensity of damage to individual trees and spatial extent of the infestation in the
monitored stand. The results presented here are based upon 11 years of research in the
Ore Mountains region, which is currently the epicenter of the bud blight's oocurrence.
Findings from the current widespread outbreak act as an essential information source for
areas that have been potentially newly affected by this pathogen, such as Alaska or other
European countries. Secondary objectives weme to summarize current know ledge about the
distribution of G. piceae in the world, list the host tree species known to date, and describe
the biology of the pathogen and factors influencing the spread of the fungus in stands.

2. Materials and Methods

The decline of replacement tree stands in the Ore Mountain region was monitoned
between 2009 and 2020, In 2004, research plots with Colorado blue spruce were established.
These wemre homogeneous stands of the same age, where 25 individuals were selected and
repeatedly evaluated. Due to the intensive spread of spruce bud blight on Norway spruce,
research plots wemne established in 20116 also in homogeneous stands of this tree species. In
each plot, 30 individuals were monitored. To compare Colorado blue spruce and Morway
sprude, only esearch plots from the location around the Flaje waterworks weme selected
{Figure 1), as this was the epicenter of the disastrous occurrence and data on the intensity
of infestation were found to be most complete there.

To monitor the intensity of spruce bud blight infestation, we followed the methodology
of Cerny et al. [20] using a scale from 0 to 4, where 0 = trees without damage, 1 = trees
with low damage (up to 25% of buds affected), 2 = moderate damage (25% =< x < 50%
of buds affected), 3 = high damage (50% = x < 75%), and 4 = extreme damage (>75%
of buds affected). Trees in the last category weme dying or dead. The values of disease
severity in particular trees wene averaged for each plot The resulting values wene linearly
approximated as percentages based upon marginal values for each category (0%, 25%, 50%,
75%, and 100%:).

For further processing, two variables were created to express the infestation by spruce
bud blight, namely, the proportion of damaged buds and proportion of attacked trees.
Proportion of damaged buds is the average rate of attacked tree canopies calculated from
allindividuals within a plot as a percentage, and thus it expresses the intensity of damage to
individual trees. The proportion of attacked trees is the proportion of attacked individuals
among all individuals in the evaluated plot, and thus it is an indication as to the spatial
extent of infestation in the studied stand. A direct comparison between Colorado blue
spruce and Norway spruce could be made only in the age class of 31-60 years, as Colorado
blue spruce has only been planted in the Ore Mountains since the 1970s [9].
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Figure L Location of research plots in the Czechia and the O Mountains. The colours of the pomt
represent different tree species or age classes of forest stands.

For the statistical evaluation, we created a dependent variable which is the percentage
of infested individuals in the stand (sum of individuals from categories 1-4 for a given
stand divided by the number of evaluated individuals in the stand). The year of evaluation
was set as a categorical dependent variable and age was set as a discrete dependent variable.
Basic assumptions for the regression-type statistical analysis were made following Zuur
etal. [41]. The dependent variable was not well approximated by a normal distribution,
and the Gamma distribution function was shown to be the most appropriate. Moreover, the
assumption of independence was violated from the view point of evaluating the same stand
in all years. This circumstance was incorporated into the statistic model by using stand asa
nested factor. A generalized linear mixed effects model in the glmmTMB package was used
to evaluate the data under the procedures described by Brooks et al. [42]. All statistical
analyses were performed in the R 4.0.2. environment [43].

3. Results

The pathogen developed very rapidly on Colorado blue spruce. In 2(X9, an average
of 55% of the buds were infected, by 2010 this percentage reached 63%, and thereafter the
damage fluctuated at around 60% of infected buds. In 2015, there was a further increase
in infestation to 65% (Figure 2). Infestation at this level is already a very serious problem
for the tree, and the chances for successful regeneration of the assimilation apparatus are
restricted. The relatively strong bud damage in 2009 indicates that the pathogen must
have been already present in stands in the previous period. Nevertheless, the year 2009
can be regarded as a period within which the pathogen developed rapidly. There were
considerable differences in the intensity of infestation between individual research plots in
2009 (see the variance in the box plot in Figure 2). Later, damage intensity became uniform
across all plots. On average, 60% of buds were infested on Colorado blue spruce during the
monitoring period.
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Only a few trees with individually infected buds were found in the stands of Nooway
spruce from 3004 to 2014 in the Ore Mountains region, even though the source of infection—
infected buds of Colorado blue spruce—weme in direct contact with them. In 2015, there
was a significant increase in the damage to Norway spruce, and in many places entire stand
groups of different ages wene infested. In the research plots, an average 23% of buds were
infested in 2016, the intensity was increasing and reached 31% by 2014, then declined to
2% in 2020 (Figure 2). In 2021, no new bud infestation could be found in the research plots,
and a newly developed infection could be detected only in a few stand groups outside the
research plots. During the main phase of pathogen development between 2016 and 2020,
the intensity of bud damage in Norway spruce was around 25%.

In addition to the intensity of infestation of the tree canopy, the impact of spruce bud
blight on Colorado blue spruce and Morway spruce also differed as to the extent of spatial
infestation of the stands. In Colorado blue spruce, the distribution was continuous. All
individual trees in the research plots were affected, as were those in the surrounding stands.
Uninfected trees occurred only individually, Infestation was present to the comparable
extent in both older and younger stands. The youngest stand infested by spruce bud blight
was 11 years old. In the case of Norway spruce, the fungus was found in individuals
yvounger than 15 years in only one stand, and the infestation of individual trees under
30 years of age was less frequent than in the case of Colorado blue spruce. In contrast to
the Colorado blue spruce, there were also a number of Norway spruce stands in the Ore
Mountains older than 60 years. The infestation of Morway spruce by spruce bud blight
differed significantly depending upon stand age (GLMM: n = 85; df = 12Z; p < 0.01). In the
initial (acute) phase of the pathogen's spread in 2016, an average of 80% of individuals in
the 31-60 year age class were infested in the research plots, while only 42% of individuals
were infested in clder stands (Figure 3). The proportion of infested individuals changed
during the period under study. There was a gradual decrease in the number of infested
individuals in the age class of 31-60 years, and a sharp increase was recorded in the age
class of 61-100 years in the final two years of the research peried. In 2020, the proportion of
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infested individuals in the 31-60 year age class was 68%: and in the 61-100 year age class
it was 62%.. The relationship between the proportion of infested individuals and age of
the stand varied during the monitored pericd. At the beginning of the survey in 2016, the
proportion of infested individuals decreased with age, but this trend changed over time,
due to both a drop in infestations in younger stands and an increase in infestations in older
stands. In 2020, this trend more or less disappeaned, but the comparison with 2016 was not
statistically significant (GLMM: n= 85; df = 12; p= (0L06; Figure 4).
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Figure 3. Proportion of indivadual Norway spruce tees infested by spruce bud blight by age classes
in years 2016-2020. Horzontal hine in muddle of a box s the median, whaskers repesent 1.5 times the
inberquartle range.

= A Il dgediatle

2 T ama

s Sl .
4 o '
%, =
- ) " =

ang 2830 3 3 ?

Proporton of infeshesd Morway spruces [%)]
B - ]

104~

g ] S g E
Agn of the fovmst stand
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In terms of infestation severity in individual categories, theme is a clear difference
between younger and older stands of Morway spruce as to the proportions of heavily
infested trees (categories 3 and 4), which was more than double in stands aged 31-60 years
{Figures 5 and 6). The steady decline in the number of uninfected trees and gradual increase
in infestation categories 1, 2, and 3 in the 61-100 year age class (Figure 7) is remarkable. By
contrast, in the 31-60 years age class, there was a gradual regeneration of stands during
2016-2018, as represented by an increase in the number of uninfected trees, then a sudden
deterioration of the situation in 2019, followed by another regeneration phase from 2020
onwards (Figure 5).
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Figure 5 Proportions of infested Notway spruce trees by mndividual infestation categories in age
class 31-60 years during 2016-2020.
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Figure 6. Proportion of infested Morway sproce trees by individual infestation categories in age class
61-100 during 20162020,
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age class 31-60 years durng 20002015,

A completely different development of the pathogen can be observed in Colorado blue
spruce in the age class of 31-60 years. This can be characterized as a continuous growth in
infestation (Figure &). The effect on Colorade blue was more pronounced by the pathogen,
with an infestation category 3 (75% of individuals on average, Figure 6; for Morway spruce
only 11% of individuals on average were in category 3, Figure 5). No uninfested trees were
present in the Colorado blue spruce plots. The least damaged trees in category 1 were
shifting to category 2, indicating a gradual deterioration of health (Figure 6).

Among the abiotic factors, damage to sprouting shoots with a subsequent infestation
by the fungus Botrytis cinered Pers, was observed in Colorado blue spruce. A frequent
phenomenon w herein no damage to the buds cocurred was dehydration (rusting of annual
and, to a lesser extent, possibly older needles) during the dormant season and in very early
spring, especially in sunmy locations. Locally, ground-level ozone damage was investigated.
Mone of the abiotic damage was of concern, and it was not very significant from the
phytopathological point of view.

Among other fungal pathogens, Lophodermium picens (Fuckel) Hohn was observed on
Colorado blue spruce and Siracoccus conigenus {Pers.) PE Cannon and Minter on shoots
and needles. When they oocurred heavily and repeatedly; both pathogens proved to be
significant pests, and especially for young stands at sites with stable high air humidity.
The genus Armillaria was frequently observed at the epicenter of occurrence on dry ing and
dead individuals of both Colorado blue spruce and Norway spruce of various ages. Other
fungi identified were of the genera Rhizospharra and Cytospora, and some wood-destroying
fungi (Sterennt sanguinalentun (Alb. and Schwein) Fr.) were found rather individually with
o major significance for Colorado blue spruce or Norway spruce.

4. Diiscussion

The current dieback of Colorado blue spruce substitute stands, and deteriorated health
of Norway spruce have their origins in the second half of the 20th century. Replacement
stands wem set up because of the significant damage to the original spruce culturnes by
air pollution, mainly by 50, and MO, deposition and high concentrations of hydrogen
fluoride. Sulfur dicwide, due to its direct effect on the assimilation apparatus of trees
and indirect effect on soil chemistry, subsequently caused vegetation to die in an amea
of approximately 40,000 ha [10]. Between 1990 and 2000, 530, emissions in the region
of North Bohemia decreased by 87% and direct emissions have had practically no effect
on the health status of vegetation today [10]. MNevertheless, the increased deposition of
MO, and MHy" ammonium ions continue in contributing to soil acidification. In these
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aridic soils, low nutrient content is also a significant problem.  Potassium content, for
instanice, is less than 3500 mg-kg ™! in almost all parts of the Ore Mountains [44], which isa
complication for growing trees in mountainous areas. The desulfurization of power plants
that has been recorded in recent years [10,45,46] may be related to the current widespread
spruce bud blight in the Ore Mountains. Sulfur actually acted as a fungistatic, thereby
inhibiting development of the pathogen in these areas. When its content in pollutants was
reduced, large scale fructification and spread of spruce bud blight occurred on Colorado
blue spruce [20].

The negative impact of the aforementioned anthropogenic factors, resulting in biomass
reduction, is evident [47]; furthermore, there has also been an increase in ozone () in
recent years. Mevertheless, the persisting problem is the long-lasting soil acidification
caused by air pollution. The poor soil fertility [44] reduces the defensive abilities of woody
plants, resulting in the pathogen's successful attack [45]. Younger trees are generally more
susceptible to air pollution than are mature trees, as they are able to obtain fewer nutrients
needed for grow th and securing of defense mechanisms [44]. Mevertheless, older stands
can also be damaged by air pollution, especially because the canopy can act as a filter that
reduces the amount of pollutants reaching the ground [50]. In addition, individuals in the
understory generally have lower stomatal conductance, which results in less penetration
by harmful substances into the tissue, thus contributing to less infestation of younger and
shaded plants [51].

During the monitored period from 2009 to 2015, not a single completely healthy
individual was observed in the stands of replacement trees composed of Colorado blue
spruce. The infestation quickly reached disastrous proportions even before its peak in 2012
In 2013 and 2014, the observed infestation diminished slightly, but in 2015 the health of
Colorado blue spruce deteriorated significantly. The infestation began to spread noticeably
also on Norway spruce, even though, until 2015, and despite the significant impact of air
pollution and decay of replacement stands of Colorado blue spruce, a major presence of
spruce bud blight was not detected [22]. The situation abroad is similar, with only the
following countries having confirmed the occurrence to date: the Caech Republic [20,40,52],
Ireland [29], Italy [30], Alaska [52], and Great Britain [17]. No occurrence has vet been
confirmed in Morthern Europe. Pettersson [54] attributes this to low winker temperatures,
which, despite the psychrophilic nature of the spruce bud blight, may limit the development
of the pathogen.

The significantly poorer health of Colorado blue spruce caused by the pathogen can
be attributed to two factors namely the choice of a tree species was not entirely appropriate
for Ceech Republic conditions because of different ecological valence andthe planting of
Colorado blue spruce led to the destruction of the original ecosystems during reforestation
and led to the emoval of the original stands destroyed by pollutants [55]. The initially
higher resistance to air pollution became completely irrelevant after desulfurization of
power plants in 2000, especially as the fungistatic function of sulfur was eliminated and
spruce bud blight spread as a result. Trees that replaced the original Norway spruces were
unable to acclimate to Crech Republic conditions and, due to the presence of sulfur, did
not develop the necessary resistance to the pathogen [56].

Although the highest level of infestation was found in stands aged 31-60 years, the
trend of progressive infestation was most pronounced in the age category older than
6l years, mainly due to the increase in damaged individuals in categories 1 and 2. This
difference was clearly visible in 2019 and 2020. To consider another example, in case of the
pathogen Hymemoscyphus frocinens (T. Kowalski) Baral, Queloz and Hosoya, more frequent
infestations of younger ash trees were also observed [57]. Older trees £end to be more
resistant to damage, but if the frequency of infection is higher in several successive years,
then skeletal branches may start to drop off, which results in dying back. Younger ash
trees are usually infected more frequently; mainly due to the spread of the pathogen from
fallen leaves and petioles that are on the ground. In fact, intensity of spore dispersal on the
ground is 5-100 times greater than at just 3 m above the ground [58]. Spruce bud blight
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spreads primarily in the tree crown, where the number of buds may also play a role, and
this is usually lower in younger individuals due to the denser canopy. Older individuals
may initially be better able to resist pathogen infection due to their moe developed defense
mechanisms. If they ame, however, exposed to infectious pressure repeatedly and unsuitable
s0il conditions for growth of woody plants persist over the long term [35], then the overall
condition of trees may be worsened.

During the evaluation, other harmful factors of both an abiotic and biotic nature could
also be observed, and to some extent these affected the overall health of the stands. In some
years, frost damage to buds occurred frequently. In Morth America, spruce trees have been
reported to be infested by the fungus Dichontera gemmicola A. Funk and B. Sutton, the bud
blight from which may be confused with that of . piceae at its first stage of development.
The pathogen was previously observed 50 years ago in areas of eastern Canada [59]. Upon
initial investigation, it may be confused on the basis of morphological traits and very similar
symptoms, such as twisting of young shoots [35], but upon microscopic examination the
fungi are easily distinguishable [6(].

In recent decades, there has been an increasing trend in the average annual temperature
and the number of days with a daily temperature of above 5 °C during winter months.
Ohwer the past 30 years, annual rainfall has been below the usual levels. This combination
suggests an increase in drought stress during both winter and summer months, while the
drought effect on the level of pathogen infestation has also been proven [61]. Thus, in the
case of spruce bud blight, changes in climatic conditions may influence the intensity of
infestation but are unlikely to be the most important factor at stand level. In the research
plots, individuals with very different infestation rates wene found almost side by side, and
these individuals were equivalently influenced by climate and soil characteristics. From
the physiological measurements, it is clear that the G. piceae negatively influences the water
megime of the spruce and reduces the water-use efficiency (WU Ep,) in the shoots [62]. This
can boosts the drought stress and suppress the resistance to further pathogen attack.

A similar and severe spread of pathogens has occurred in the past in the spruce stands
of the Eagle Mountains in the Crech Republic [59], namely as a result of the fungus Ascocalyx
alieting (Lagerb.) Schlipf.-Bemh., which is also known to have affected pine stands in
Austria, Sweden, and Poland [63-656]. The pathogen appeared with similar dramatic
suddenness and caused bud damage to both Colorado blue spruce and Norway spruce
saplings. Years with deeper snow cover also played a role, creating optimal conditions
for the pathogen to develop, thereby resulting in massive fructification, which caused its
significant spread [63]. Weather conditions were also an important factor in its development,
with the summer months having lower than average air temperatures and higher-than-
average melative humidity. This established favorable conditions for the development
of the pathogen and wealened trees” resistance. A similar phenomenon was recently
observed in the Ome Mountains, where, after the colder year of 2017, a massive spread
occurred in 2018, Provenance also influence the spruce’s resistance. It is evident that lower
altitude provenances tend to become more stressed by abiotic factors in mountain areas,
making it easier for the pathogen to infect individuals. This is particularly true for Pinus
syivestris and Finus conforta [65,67]. In the case of spruce, on the other hand, this has not
yet been confirmed, although the negative effect of provenance suitability could also be
observed [68]. To date, scentific verification as to the relationship between infestation
intensity and the influence of spruce genotypes has not yet been carried out.

5. Conclusions

The main cause for the significant spread of bud-bling disease in the Ore Mountains
since 2015 remains poorly understood. A complex set of causes is being considered, includ-
ing unsuitable soil conditions (low pH and, typical of mountain ecosystems, low nutrient
content, such as of potassium) [44]. In addition, one needs to consider the impossibility to
predict climate fluctuations and, in the longer term, the development of soil conditions in
mountainous areas, of w hich the influence has not yet been sufficiently described and quan-
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tified in the context of pathogen infestation. Therefore, predicting further developments
is complicated.

The influence of the surrounding strongly infected Colorado blue spruce trees also
remains uncertain. If ideal conditions for the development of the fungus arise, then the
breakdown of Norway spruce stands may occur, making spruce bud blight a key and
conditional factor for spruce cultivation in the Ore Mountains. This hypothesis is based
upon findings of the expanding range of the pathogen’s infestation in Norway spruce. In
2018 and 2019, the occurrence of spruce bud blight on Norway spruce was confirmed in
the area of the Jizera Mountains and Giant Mountains [69].

A combination of anthropogenic and biotic damaging factors could lead to the ir-
reversible destruction of vegetation in mountain areas in the future. Moreover, trees
weakened by air pollution or pathogen infection may become easy targets, especially for
secondary harmful agents. Root rot could become a significant problem in the future, and
especially Armillaria spp. [70], which, in combination with genera Stereum spp. and Heter-
obasidion spp., already pose major risks when growing woody plants on former agricultural
lands, even in foothill areas. Following these threats, the cambiophagous insects, especially
bark beetles (Ips typographus (L.), Pityogenes chalcographus (L.)) are in a state of permanent
outbreak in the Czech Republic [71].
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Abstract: Two diseases, Rhabdocline needle cast caused by Rhabdocline pseudotsugae Sydow, and Swiss
reedle cast caused by Phaeooyptopus gaaimannii (Rohde) Petr., recently became a severe threat to
Central Furopean Douglas fir (Psaudofsuga menziesii (Mirb. ) Franco) stands. Both pathogens infect
assimilative organs causing needle chloritization and drop off. Pervasive infection by these pathogens
has been recorded at the Hilrky provenance trial (Pisek, South Bohemia, Czech Re public), established
in 1971 as part of a series of experiments by International Union of Forest Research Organizations
(IUFRO). The intensity and duration of needle cast sporulation were monitored using a Burkard spore
trap, and the health status of 24 Douglas fir provenances from the original areal of distribution (British
Columbia, Washington, Omegon) was evaluated under this trial. While comparing provenances,
the following characteristics were surveyed: trunk volume, defoliation rate, and the difference in tree
diameter bebween measurements in 2011 and 2016, A statistical evaluation was performed using the
regression model and a decision tree. The highest sporulation rates on needles for both needle casts
were observed from April to July. The Washington provenances 1064 North Bend, 1075 Enumclaw,
and 1064 Cathlamet can be recommended for plantation, considering the provenances” satisfactory
productivity and low extent of damage from needle casts, while the provenances such as 1104
Brookings, 1028 Merritt (due to high mortality) and 1010 Barriére, 1021 I¥ Arcy, and 1067 Skykomish
(due to high defoliation) are not suitable for plantation under Central European conditions.

Keywords: Pseudursnga menziesii; IUFRO provenance trial; climate change; Central Europe; imvasive
species; Rhabdocline needle cast; Swiss needle cast; health status

L Introduction

Dring an examination of stands health in the neighborhood of the Hilrlyr research trial (Czech
Republic) in 2012, infections of Douglas fir Pseudotsuga menziesii (Mirb.) Franco caused by pathogens
Rhabdocline pseudotsugae Sydow and Phaeooryptopis geaumannii (Rohde) Petr wemne recorded for the
first time. The occurrences of both needle casts were directly observed during the research trial
itself. However, in 2011, when the trial had been evaluated by Ksir et al. [1], the needle cast problem
was deemed insignificant. A repeated examination of the tree health status in 2015 confirmed the
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regular ocourrence of both needle casts in the surrounding stands, and an increased infection rate
was also reasserted in the provenance trial, with apparent differences in the defoliation of individual
provenances detected.

Douglas fir has been introduced to Central Europe by forest managers for its high production
of commercially valuable products and also for its ability to stabilize forest stands, mainly against
windthrow [2,3]. Various plantations of this species with undocumented origin weme created in
Europe during the 19th century, while first provenance-based research, oriented to survival rate,
production, and quality, was performed in Germany in 1910 [4]. It is also considered as an alternative
to the domestic Norway spruce {Picea abies (L) Karst) in areas wheme the quality of the litter has
deferiorated [3]. In comparison to Norway spruce, Douglas fir has a smaller effect on soil nutrients
and has a positive effect on humus production, soil pH, and can regenerate naturally under suitable
silvicultural treatments [2,5,6].

Although Douglas fir has successfully regenerated naturally in a number of European locations,
e.g., Reterences [7-11], artificial renewal of partially adapted first-generation Douglas fir stands has
had mixed success. The most significant limitation, howewver, is the low quality of seeds from European
sources [12,13]. In contrast to seeds from MNorth America, European seeds exhibit low germination
rates [2,14] and low mesistance to the Douglas fir seed chalcid Megastigmus spermotrophus Wachtl,
1893 [2,15]. Hence, stand renewal can often fail even after using the seed orchards, and European forest
managers have no other practical alternatives than relying on imports from the US and Canada [12]
Ultimately, the use of seeds from local sources with pre-adaptation to the site conditions of Central
Europe is most the desirable option [16].

The natural range of the Douglas fir is large, and that is reflected in its substantial intra-species
variability. Twa varieties are currently distinguished [17] as Pseudotsuga memziesii (Mirb.) Prancovar
menziesii (from here on P m. vac menziesii) and Peeudotsugn menziesi (Mirb.) Franco var. glouca (from
here on F m. var glauca). While F m. var menziesii grows closer to the Pacific coast at altitudes ranging
from sea level to 1950 m a.s.l, F m. var. glaucd inhabits the more continental climate of mountainous
and inland areas at altitudes of 250 m a.sl in the north to 3350 m a.sl in the south [18]. The main
differences between the varieties ame in the coloration of their needles, maximum age and size, growth
rate and cycle, and resistance to climatic extremes and biological pests [19]. B M. var menziesi has the
fastest growth and higher productivity and is usually more mesistant to needle casts. However, it is
more sensitive to winter transpiration and requires higher soil moisture to grow [20]. Alternatively,
B m. var glanca grows more slowly and rarely reaches to 40 m height. It is frost-resistant and capable of
enduring momre massive shading and drought (arid conditions). Howewver, due to its lower productivity,
it is less used in Central European forestry [12,19].

In the domestic range of Douglas fir, fire is the decisive disturbance factor shaping the structure of
local forests [21]. The selection pressures of abiotic factors such as frost and drought have contributed to
the creation of a number of Douglas fir populations [22]. Among biotic pests, Dendroctonu s pseudotsi gae
Hopkins, 1905 and Orgyia pseudotsugata have been shown to have a long-term impact on Douglas fir
growth. Swiss needle cast (SNC) caused by F gamumannii emerged as a major disease during the 1980s
and 1990z [23].

As for areas of nomnatural cccurrences in Europe, damage by late frost [24], winter
transpiration [14] and late-spring frost [25] prevailed in the early phases of introduction (initial years).
The mesistance of certain provenances to frost can also be influenced by the early budding, which is a
critical adaptive characteristic co-determining the length of the vegetation period and susceptibility to
frost damage [25]. Campbell and Sorensen [26] have demonstrated that susceptibility to frost damage
may increase due to the delay of budding by one week. The budding period is influenced primarily by
elevation, geographic position, and distance from the ocean [22,26]. Usually, coastal provenances bud
later (mid-May) than inland provenances (mid-April). Boyee [27] proposed such differences in the
timing of budding as one of the reasons underlying the Douglas fir resistance to B gasumannii because
a massive infection most often ocours before budding. Lavender and Hermann [19] considened the
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influence of early budding (ie., earlier entry into dormancy) as a possible explanation for greater
drought resistance in populations from higher elevations.

Meedle casts ane an especially serious biotic constraint on Central European forests. For the
last few decades, the most significant damage has been Rhabdocline needle cast (RNC) caused by E.
pseudotsugae, while SNC has emerged more recently, e.g., References [28-36]. Both fungi cause changes
in meedle color and subsequent loss [29]. Although forests of all developmental phases are affected,
10+ to 3-year-cld stands are most susceptible [37].

R. pseudotsugae was first described by Weir [38] in North America. The highest spread occurred
there in the mid-20th century [37]. The first damaging effect of ENC in Europe was recorded in
Scotland back in 1922 [39], although theme ame reasonable grounds to presume that B. psaudotsugae
existed there even before 1914 [40]. In subsequent years, it spread across England, Denmark, and
the Metherlands to other states. Its first oocurrence in the Crech Republic was recorded in the late
1493505 [41]. Its presence has now been confirmed in 14 European countries [42].

R. pseudotsugar has a 1-year development cycle. First signs of attack are pale green flecks, which is
changing to orange shade in late autumn and violet-brownish in winter. Fruiting bodies are formed on
the underside of needles during April and ripen from May to Jube Spores are spread by wind and
infect leaf buds upon opening [43], often leading to the complete loss of mew leaves in a given vear
Infection can further spread to older needles [39,44].

SMC caused by P gaeumannii was first documented in 1925 on 20yvear-old Douglas firs in
Switzerland and Germany [45]. In the United States, this disease, found predominantly on Christmas
tree plantations, was not considered a severe phytopathological problem until the early 19508 [46].
From 2003, it began spreading into forest stands in western Oregon and Washington [47,48].
P gneumannii started to cause problems in New Zealand from the mid-1950s [31] becoming a limiting
health factor for stands of various age classes [32].

The occurrence of the fungus has also been confirmed, for example, in Poland [33] and Bulgaria,
where togetherwith R pseudofsu gae it endangers the growing provenances [49]. It was not mentioned in
the Cazech Republic until 2002 [50]. Initial symptoms of SNC attack are very similar to ENC. Black fruit
bodies began to break out through the stomata. In the second and third year, additional fruit bodies
appeared on the green parts of the needles. After 3 years, the needles are shed [43]. Usually, fruiting
bodies are more abundant on needles aged 3 years or older and are absent on younger foliage [27,51],
but in the late 20th century, we have observed abundant fruiting bodies on current-year needles [37].

Previous provenance research identified areas in the natural region from whene high-quality
stands have originated with high production and growth rate in European conditions. But the
increasingly visible climatic changes induce stress on the tree stands, and thus the requirement of a
new wave of selection in European stands is unav oidable, and a mere production-oriented selection
is no longer sufficient. Managers of Douglas fir in Europe require fast-growing and disease-resistant
provenances. Although a higher resistance to needle cast has already been confirmed in P m. var
menziesii [4,52], it exhibits poorer resistance to reduced soil moisture and humidity due to climate
changes. Hence, it is crucial to identify factors assodated with Douglas fir stands with both higher
resistance to biotic and abiotic stresses with reasonable growth, The recorded infection of Douglas
fir with pathogens R pseudotsugae and P gacumanii at the International Union of Forest Research
Ohrganizations (IUFRO) provenance trial at Hilrky in 2015 (Figure 1, Table 1) was thus used immediately
to conduct a targeted study about the tree health status of all verified provenances and to determine
the rates of their susceptibility to the two needle casts. Together with an evaluation of production
criteria, it is now possible to perform a superior initial selection of provenances suitable for growing
under the conditions of expected climate changes in Central Europe.
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Table 1. Charactenshes of evaluated provenances al the Hiirky asea.
5?:; f-rlli': b Provenance Prowenamce Elevation Marth Wesl
(Canada) Avea ima=l) Latitude Longitude
Lo Stue Maritime 230 5e2 126™00¢
1010 Barridm Cariboo 12 5171 120710
Trans
— 112 Elina Klou Maritime 3 5107 12535
Columbia 1013 Fevelstoks Melson L] S51700F 1181
11 ¥ Arcy Submaritime ] 50"3y 12250
1025 Mimkish Maritime ] 5019 126" 5%
1028 Marritt “ 5‘:‘;:‘:' &0 50°04' 120751
iehi] Squarmash Maritime 15 4947 123"
133 Forbidden Maritime &10 49" 40 125" 0
134 Alberm Maritime 1401 4919 12451’
1043 San Juan Maritime 215 45735 12405
1049 Bacon Point 7-Skagit 500 45738 121°2%
1050 Marblemuount 7-Skagit 120 45735 121724
1058 Lake 1-Hoh 5 4504 124" 00f
‘r‘.'.a.-.hiﬂHh-n Crescent

1] Louwella 1-Hoh 457 4500 123~08
1067 Skoy kommsh S5-Kilsap 05 47420 12120
loea North Bend  8-Snoqualone 150 L7028 121745
1075 Eruamclana S-Kilsap 240 L7018 121756
178 = Cle Elum E-Snoqualomie 40 £y 121707
1081 = Alder Lake 4-Toultle 430 46" 48 122%17
1059 Cathlamet ]F;L; ‘;1 200 46718 12316
1100 E:ﬁi 6 200 508" 123°3¢'
Oregon 1102 x  UpperSoda 12 1000 42y 122°1%
1103 Coquille 2 100 43" 124" 107
1104 = Brookings 1 3040 Sl |l 124"1%

« standard Intemational Union of Forest Besearch Organizations {IUFRC) provenanda/ TUFRO stand ards.
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Figure 1. Map of provenances examined at the Hirky trial in their natural range of occurmence
western North Amenica; source: Google Earth Pro.

2 Materials and Methods

During 1966-1970, seeds from 182 autochthonous Douglas fir stands in the US and Canada were
collected as part of an international experiment conducted by IUFRO. Samples were divided among
45 institutions from 30 countries [19]. Participating on behalf of the Czech Republic, the Forestry and
Game Management Research Institute received seeds of 25 provenances, including five benchmark
standards. In 1971, three experimental trials were found within the present-day Czech Republic
Evaluation of the susceptibility to the needle casts within provenances was possible at Hilrky due to
active infection of Douglas firs by R. pseudotsugae and P. gaeumanni in the provenance trial as well as
nearby forests.

The Hilrky provenance trial is situated on a very gentle slope with a predominantly north-east
exposure at 445 m a.s. L (oak-beech forest altitudinal zone). Local mean annual temperatures reach
7.3-7.5 °C and mean annual precipitation is 550-575 mm. The soil type is oligotrophic brown earth.
The absolute height yield class of Douglas fir at standing volume with bark per hectare 467 m*-ha ' is
36[1].

Verified provenances (Table 1, Figure 1) originate from British Columbia (11), Washington (10),
and Oregon (4). Provenances 1028, 1078, 1081, 1102, and 1104 constitute comparison benchmarks
present in most trials of the international experiment [1]. The area of research trial is a regular rectangle
of 1 ha divided into 100 parts (25 provenances in four repetitions), 10 x 10 m each. A total of 3700
nursery-raised 3-year-old saplings (2-year-old saplings for benchmarks) were planted in the spring

127



Forests 7019, 10, 204 G of 17

of 1971 at a spacing of 2 = 1.1 min odd rows and 2 x 2 m in even rows. Since its planting in 1971,
the number of individuals in the trial has gradually declined due to the fall in winter transpiration
(1973), natural mortality, thinning (1987, 1996, 2006) aimed at releasing high-quality individuals and
memoving untrained and dry trees. The less number of trees at the planting age is due to the fast
growth of Douglas fir, which overtakes all autochtonous trees.

In 2016, heights and breast-height diameters were measured to compare gains from the previous
measurement in 2011 [1]. The height was measuned at breast height and by a VERTEX Il ultra-sound
height-meter (accuracy of 0.1 m). Diameter breast height was measured by millimeter caliper in two
perpendicular measurements (0.1 cm) respectively. Based on volume equations for Douglas fir [53],
the volume of large wood with bark was calculated. Defoliation of all trees in the provenance trial was
also assessed by consensus agreement of visual observations by three evaluators.

A Burkard automated spore trap (AMET, Velké Bilovice, Caech Republic) with datalogger Minikin
THi for continual measuring temperature and air humidity were installed from 15 April to 31 of
August 2015 in a location with strong infection pressure to determine the time and intensity of
needle cast sporulation. An Olympus BX41 microscope with an Olympus WHI10X /22 objective was
used for sample processing. In addition, 10 Douglas fir tree samples were felled nearby the trial in
monthly intervals, and branch samples from the upper and lower crown sections were collected from
these to confirm the presence of needle cast. The presence of needle cast spores was determined
in the laboratory under an Olympus 110AL 1.5X W61 bincoular microscope (4% magnification).
Determination of ascospores and conidia was carried cut according to Butin [43].

Each tree’s sodal standing within the stand was determined according to Konsel [54] using
the grades 1-dominant, 2—co-dominant, 3-intermediary, 4 overtopped (viable), and 5-dying/dead.
Defoliation rate was determined as an indicator of health status within five percentage point increments
according to the grading system used for SAMNASILVA imventory [55]: undamaged tree (0%), slightly
damaged (1%—25%), damaged (26%—50%), severely damaged (51%~75%), dying [76%—55%%), and dead
{100%:). The occurnence of other fungal pathogens was also evaluated.

A statistical regression model was used to compare the provenances” health states [56]. In this
case, the dependent variable was tree defoliation rate; the explanatory categorical variable was
provenance, and the quantitative explanatory variables were trunk volume, diameter difference
between measurements in 2011 and 2016, and the number of trees. As the data of the dependent
wvariable did not follow a Gaussian normal distribution, a generalized linear model was applied
as an alternative. Approximation using the Poisson distribution was not sufficiently reliable, even
though defoliation had a specific and relatively small number of values. Given the positive values for
defoliation and a histogram skewed to the rfight, a gamma distribution was used for approximation
{gamma GLM]).

Omly trees belonging to classes 1, 2, and 3 [54] and forming the canopy level in both evaluations
(2011, 2016) were included in the analysis. Cases with diameter difference exceeding 1.5 inter-quartile
span (46 individuals) wem excluded because the marked increase in diameter was probably caused
by gaps that formed in the surrounding canopy (usually due to death or harvesting of nearby trees).
The entire 1104 Brookings provenance, as well as the 4th repe titions in provenances 1081 Alder Lake
and 1103 Coquille, were removed due to high mortality.

All double interactions between factors were induded in the initial model. Simplification was done
according to Crawley [57] and Pekar, Brabec [56]. The significance of model factors was determined by
analysis of variance using a conservative F-test at the usual levels of significance: a < 0L05, & < 0.01,
and & < (L0OL The resulting model (1) was selected by minimizing the Akaike information criterion
according to the Occam’s razor principle [57]. For the statistically significant categorical variable
{provenance ), factor levels were also compared using “treatment” contrasts [56,57], for which the
provenance 1102 Upper Soda originating from the southern inland part of the Douglas fir range
and with presumed higher resistance to a drier and warmer climate was selected for comparison.
An advantage of this provenance also lies in the fact that it is one of IUFRE(Ys benchmarks, themeby
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allowing for potential futune comparison with other trials of the international provenance experiment.
Its average values for production and defoliation were also comparable. Provenances 1028 Merrit and
1114 Brookings were excluded from our analysis based on the previous evaluation, which was one of
the worst due to the low number of individuals and high mertality ratio.

For evaluation of factors influence and sorting the provenances according to health status, the
decision tree method was implemented. All significant factors from the previous negression analysis
were adopted (without interactions), and the decision tree was created using the package called ‘rpart’
according to Burger [55]. The final decision tree was pruned and looked at the tree's complexity
parameter. All analyses were performed in the K 3.3.2 environment [59].

3. Results

The results of evaluating R. pseudotsugae and P gaeumannii sporulation by Burkard spore trap on
the locality Hilrky in 2015 (Table 2) confirmed the most significant cccurrence of R pseudof sugae spores
in June (40 pes). Their presence on adhe sive tapes of the spore trap and on collected sample branches
was minimal by July (3 pes). The ocourrence of B gaeumannii based on the numbers of spores captured
on adhesive tapes and in samples was much more frequent (spomes were registered on all sample
collection dates with the exception of April). The highest number of spores (201 pes) were collected in
July. The first finding was recorded in late May, and the strongest infection pressure occurred at the
end of June and in early July (ie., sporulation occurred later than in B psendotsugae). Sporulation of P
greumanii occurred at lower temperatures in comparison with B psaudotsugae.

Table L. Tumang and miensty (number of spores) of needle cast sparulation obtained from the Burkard
automated spore trap on Hilrky trial in 2015.

April  May  June  July  August Total

Fhabdocline psewdotsigae 0 14 41 4 0 59
Phieocryplopis geelmiarn i 0 1 38 201 0 240

The presence of ascospores and conidia of P gaeumannii and F. psaudotsugas was reaffirmed in
2016 on ten trees that were cut purposefully at the close neighborhood to the trial. The conidia of R
psendotsigae were found only in a single May term, the ascospores were confirmed in April, May, and
June. The P greumannii conidia were not detected but ascospores were recorded on all samples, mainly
in April, May, and July.

Average defoliation of trees on the prowvenance trial eached 37% (Figure 2). The greatest
defoliation was observed in provenances 1028 Merritt (20%), 1010 Barriére (61%:), and 1067 Skykomish
(33%). In contrast, the best evaluations weme seen in provenances 1069 North Bend (23%:) and 1089
Cathlamet (24%). A total of 71 trees showed 100% defoliation indicating they all wemne dead.
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Figure 1. Box plot for defoliabion rates of individual provenances. Whiskers epresent 1.5 tines the
inter-quarhle range. The ketter above the provenance means coastal (C) o interor (T)

In the frame of comparison measurement in the provenance trial in 2016, 704 trees were measured
in total. The low est numbers of individuals were recorded (Table 3) in the provenances 1028 Merritt
(15) and 1061 Alder Lake (18), whereas the most were observed at 1067 Skykomish provenance (45).

The average height of Douglas firs during the research trial was 30.1 m (Table 3). The most
substantial heights were reached by the provenances 1075 Enumclaw {33.5 m), 106% North Bend
(32.7 m}, and 1103 Coquille (324 m). The average heights of five other provenances also exceeded
32 m. The lowest average heights were documented in provenances including 1028 Merritt (18.3
m), 1067 Skykomish (25.2 m), and 1078 Cle Elum (25.9 m). The tallest tree (4004 m) was observed at
provenance 1075, while the shortest (16.2 m) one was present at provenance 1067,

The average diameter of all trees in the trial was 30.5 cm (Table 3). The absolutely lowest diameters
werme recorded at provenances 1078 Cle Elum (11.8 cm) and 1025 Nimkish (137 cm), whereas the thickest
individuals were documented at provenances 1102 Upper Soda (55.9 cm), 1013 Eevelstoke (53.9 cm),
1103 Coquille (53.3 am), and 1075 Enumclaw (52.6 cm). The highest average values were found at
provenances 1075 (37.7 cm) and 1069 Morth Bend (35.3 cm), while the least was at 1067 (22.4 cm) and
1028 (15.% cm) provenance.

Standing volume with the bark of all Douglas firs evaluated within the trial was 76554 m".
Average volume per tree was 109 m?. The most massive average volume was achieved by provenance
1075 Enumclaw (1.72 m?), while provenances 1028 Merritt (0.21 m?) and 1067 Skykomish (048 m*)
had the smallest volumes,

Using a gamma GLM, the factors including tree volume, provenance, and diameter difference
between 2011 and 2016, wene determined as significant for defoliation rate, and the inferaction of
volume and provenance (gamma GLM R = 0.65; Table 4) was also significant. Crown defoliation
was significantly influenced by the volume of the evaluated trees. Defoliation showed a decrease
with increasing volume (Figure 3;r = —0.62). The most defoliated trees had volumes around =1 m™,
The relationship between defoliation and diameter difference was also inversely proportional (Figure 5;
r= —{165). Trees show ing <309 defoliation have the most substantial diameter increase. The differences
in defoliation rates among provenances are apparently clear in Figure 2. Undoubtedly, most defoliated
provenances were 1010 Barriére, 1021 I¥ Arcy, and 1067 Skykomish
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Table 3. Mean quaniitative charactenstios determined.
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The provenance was divided into several groups using the decision tree Figume 4, and the extent of
impact on the health status caused by individual factors was assessed. Tree volume was substantially
affected by the defoliation rate. Trees with a volume of over 1645 m” had the lowest defoliation. A
second important factor for well-growing trees was thickness difference that implies little influence
to the needle casts. So wellgrowing and thick trees weme observed to have low defoliation. If the
growth wasn't so good, the provenance might have a higher influence of needle cast. The provenance
with the best growth increase and the lowest defoliation originates from British Columbia—1012 Klina
Klini, 1025 Nimkish and Washington—1050 Marblemount, 1061 Louella, 106% North Bend, and 1084
Cathlamet. On the other hand, provenance with a volume of less than LG75 m® showed a higher level
of defoliation and higher susceptibility to needle casts. The worst health status was documented for
provenance 1010 Barriére and 1021 I¥ Arcy, which were strongly defoliated in spite of their excellent
volume. 5o we can categorize them as sensitive to needle casts. If the volume of the trees is low, the
defoliation is even higher. The more defoliated provenance was 1067 Skykomish, which also belonged
to the worst growing provenances.
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4. Discussion

The Hiirky international provenance trial has previously been evaluated several times, e.g., [1,60].
However, a more in-depth observation of the health status of the provenances was never the subject of
monitoring. In Crech territory, the most substantial losses at the I[UFRO provenance trials occurned
shortly after planting, during 1972/73 and 1975/ 76, due to winter transpiration. However, the losses
were not so high among most provenances specifically at the Hilrky trial. The coastal provenances from
Oregon and Washington were among the most damaged ones whereas those from the inland areas
(.., from British Columbia) were damaged the keast and demonstrated relatively good growth [20].

It is known that the formation and spreading of spores of R psaudotsugae and P gaamannii are
substantially influenced by temperature, wind, and air humidity [31-33,36,37,51]. Periods of spreading
E. pseudotsi gae spores at the Hilrky trial started at the end of April with the culmination in May to June,
which is consistent with published data [43,61,62]. In the case of P gaenmannii, the spores occur in May
and June [43]. At the Hiirky trial, however, the highest occurmence of this needle cast was recorded
only in late June and early July, which corresponds mome closely to the findings in Poland [33].

In addition to the substantial influence of needle cast, there are other risks such as physiclogical
drought and low moisture availability that is regarded as the main threat to Douglas fir stands in the
coming decades. Growth can also be decreased due to drought damage, which was not apparent at first
sight [19]. A partial solution may be to use inland provenances from drier areas of the Morth-Western
US [19] that are bess productive but more resistant to drought. However, the disadvantage for their
planting in Europe is their greater susceptibility to needle cast, and especially to KNC.

In an evaluation of an international IUFRO trial in the Netherlands, Eilmann et al. [63] concluded
that no provenance simultaneously fulfills the criteria of high production and high resistance to
drought. They recommended giving preference to northern provenances at less dry locations and
southern provenances at drier locations. At the Hilrky trial, the result is comparable, and at least
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several production provenances with lower infection rate are available to choose from. In comparisons
using contrasts, the provenances 1021 and 1030 were significantly different. Provenance 1021 had a
volume close to the average for the trial Such volume would cormespond to the mean defoliation rate,
but the defoliation rate determined actually varied significantly. A similar trend was demonstrated in
provenance 1030, which produced high volume under average defoliation

While comparing the results from measurements between 2011 [1] and 2016, there was a decrease
in the number of trees in the research tral from 721 to 704. In 2016, 633 individuals were critical, and
71 were dying or dead. Kair et al. [1] did not evaluate defoliation, and therefore it was not possible to
compare the changes over the last five years. However, the current health status across the provenances
can be considered slightly worse due to the co-influence of needle cast. Years with an ex treme moisture
deficit and drought stress only occurmed recently and had an impact for the first time in the winter of
2015/16. Its impact then continued to the winter of 2016, 17, too. The effect of drought on Douglas fir
health status was therefore primarily eliminated for the analysis.

There is an apparent proportional relationship between volume and diameter increase between
2011 [1] and 2016 (Figure 4). In 2011, the smallest volume production had been documented in
provenances 1028 Merritt, 1067 Skykomish, 1078 Cle Elum, and 1010 Barriere. The new mesults
presented here are analogous. All mentioned provenances did not prove successful in the research
tral. In contrast, provenances 1075 Emumclaw, 1069 North Bend, and 1089 Cathlamet, which had
proven themselves healthy in the previous evaluation, can be recommended primarily due to their
above-average production, favorable diameter growth, and minimal infection by pathogens. There ame
a number of other provenances in the trial with above-average production (e.g., 1036 Alberni) while
showing poorer health status. Moreower, further deterioration of their health status can be expected
in the coming years due to their origin in the coastal areas of British Columbia and Washington (Le.,
higher susceptibility to drought and autumn frosts).

Crown defoliation was negatively cormelated with volume (—(0.6) and thickness difference (—{0L6).
In addition, the vitality (growth potential) of the individual trees can also characterize the resistance of
the tree, which is a useful phenomenon in relation to the resistance to against needle casts. Vitaliby
was not directly measured in the current research, but it could be derfved from growth rates. Thus,
it is clear that the resistance of a tree to needle casts is more relying on the functional health status
of it than a specific provenance that it belongs to. Nevertheless, some provenances showed better
growth and more resistance to pathogens. These include provenances including 1069, 1075, and
1089, which were found to be appropriate in previous measurements [1]. Alternatively, the highest
defoliation, the lowest volume, and the worst vitality were documented in provenances 1010, 1021 and
1067, which were previously not recommended by E&ir et al. [1] for further cultivation. However, in
some rare cases, the extent of tolerance of some provenance against needle casts was demonstrated by
variable and unexpected (higher and lower) defoliation rate relative to the volume found. For example,
provenances like 1004, 1075 and 1100 showed the highest growth and a relatively higher defoliation
rate than expected, and their higher susceptibility to needle casts can be assumed.

Many researchers examined the growth status of the different provenances in their published
studies [20,31,32,49,60,63,64] but no one is considering the problems related to needle casts. Hence, we
can only compare some aspects of our investigated trial with pre-existing studies. Four provenances
{1025, 1050, 1069, and 1100) identical to those on the Hilrky research trial are also represented in
the range of 18 provenances evaluated in the Metherlands [63]. The results are, however, apparently
contradictory due to different natural conditions. The 1025 provenance, somewhat below-average
considering growth at the Hilrky trial, was among the most productive one in the Netherlands in spite
of its higher sensitivity to drought condition. In contrast, higher sensitivity to dry spells was also
shown by provenance 106% North Bend, which was among the best of the positively verified units
at Hilrky.

At research trials in Bulgaria, the needle casts caused by R psendotsugae, and P gaeumannii appear
to be the limiting factor for selecting the Douglas fir stands for planting. They were first found in
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a Douglas fir trial at 17 years of age [64] when they occurred primarily in inland provenances. The
results of evaluating the health status in the trial at 24 years of age [49,65,66] indicate that the coastal
provenances from COmegon and Washington demonstrate faster growth than inland provenances (almost
a third of the trees have died, and 107 had defoliation =60%:) in the local conditions. Among the
worst-rated provenances were, with no exceptions, from the inferior such as Keremeos (Washington),
Whitefish (Montana), Bates (Oregon), and Canyon City (East Cregon) that showed symptoms typical
of needle cast together with decreased vitality [49]. The best-growing and more resistant to both needle
casts [4%,67], which is traditionally recommended for importing of Douglas fir reproductive material
into Central Europe from abowve-mentioned source areas are the provenances namely Mewhalem and
Darrington from the Skagit seed zones in the western part of the Cascades. They are originated from
an altitude between 500 and 1,167 m, which is similar to Central European conditions. Similar results
weme obtained from the coastal provenance Brookings from Oregon Unfortunately, the use of them has
been legally banned in Ceech forestry at present.

‘We have additional data from Poland, w here SNC was found on 3 out of 11 monitored trials [23].
In highly infested stands, defoliation exceeded above 45% in 90% of the trees. A higher infection
pressure was determined in older (35 years) Douglas firs than inyounger (17 years) trees. This does not
commespond to the oft-stated most normal infection age of 10-30 years [37,43,68]. It is, however, partially
confirmed by the results from the Hilrky trial, where high infection pressure in certain provenances
was demonstrated in trees with almost 50 years of age. 5till, the Polish research did not consider
that the needle cast, caused by P gaeumannii, is the most dangerous risk factor for young Douglas fir
plantations [31,37,68). Similar to the findings in the Hil tky mesearch trial, Lakomy and Iwafczuk [33]
have also recorded dying and dead tmees. It is clear, however, that not all losses from recent years can
be attributed solely to the influence of needle casts, as stress caused by drought and other pa s
contributed significantly to it

The spread of pathogen P gaeumannii has also been examined in New Zealand [31,32]. Seven
provenances wene evaluated at seven locations. Active infection (with fruiting bodies on more than
BO%, of needles) was determined at four locations. There were almost no observed differences in
infection rates among provenances. However, the differences were prominent in infection intensity on
the last year's needles. Kimberley et al. [32] demonstrated indirectly that, in their local conditions, B
gaeumannii is the most significant primary pathogen of Douglas fir. Simultaneously, they confirmed
the importance of climatic factors for the spread of needle cast and a positive cormelation between
emperatumne and growth reduction. They determined the period of 815 years from infection start as
the time showing the highest decrease in Douglas fir's growth gain (Le., during the time of maximum
infection pressune].

It is difficult to determine the underlying causes of the increasing magnitude of damage in recent
years, primarily due to P gacumannii [32]. One explanation to consider is climate change that keads
to weakening and subsequent increase in infection. Hansen et al. [37], who reported the infection in
stands spanning of more than 120,000 ha in the coastal area of Oregon, confirmed this. The cause was
apparently the origin of provenances from the higher altitudes and stands with lower natural resistance
to the pathogen (probably partially from inland). 4 comparison of the above-mentioned study with
the Hifrky trial is impossible because no data on tree defoliation was available. The difference in both
pathogenic fungi attack among provenances was not evaluated, and so it is not possible to mention,
which one is causing more damage and which provenances are more susceptible.

It is expected that the changing climatic conditions in Central Europe will probably result in an
increased average temperature along with fluctuating and lower annual precipitation [6%,70]. Hence,
certain provenances from the inland areas may have higher potential applicability despite their lower
productive capabilities and lower resistance to needle cast [4,56]. While there are no provenances
known for the complete resistance to needle cast [4,52], provenance’s with relatively high resistance
and production capability are required. From the range at the Hilrky research trial, especially the
provenances 1069 Morth Bend and 1089 Cathlamet can be considered can be considered viable, in this
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respect. Conversely, provenances 1028 and 1078, which are among the poorest performing for growth
and the most defoliated, appear unfavorable. Moreover, the positive evaluation of provenances 1061,
1069, 1075, and 1089 from the previous investigation supports the present claim [1].

Interestingly, earlier findings supported our claims as to the unsuitability of infroducing P . var.
flauca into Central European conditions due to its low production capability and high susceptibility
to needle cast [10]. The inland provenances like 1010, 1021 are more susceptible than coastal ones.
Whermeas the coastal provenances were evaluated positively in most IUFRO research trials, the results
from the Crech Republic are somewhat less optimistic. This is due to the adverse effects of the local
spring frosts and physiclogical drought on voung Douglas firs [25]. Findings from many parts of
Europe [2,19] have aided in the selection of certain preferred geographic areas for importing seeds
(mainly western Washington and northwestern Oregon). In addition [449] to selecting a suitable
provenance, both needle casts can be partially reduced in stands by removing the most afflicted trees.
This improves the microclimatic conditions to favor the remaining, healthy trees.

5 Conclusions

In a provenance trial with Douglas fir, we confirmed the ocourmence of pathogens from the
genera Rhabdodine and Phaeocryptopus. The highest sporulation intensity was recorded in June for
E. psevdotsugas and June /July for P gasumannii. The determined defoliation indicates a somewhat
poor health status of the Hilrky provenance trial Defoliation has a significant association with
trunk volume in which the most defoliated individuals only rarely reached 1 m?. An inversely
proportional relationship between defoliation and diameter gain was also observed. Among the
compared provenances, it is essential to highlight the Washington provenances 1061 Louella, 1069
Morth Bend, 1075 Enumclaw, and 1089 Cathlamet. All of these have maintained satisfactory gains since
the previous measurement in 2011 and were almost not affected at all by pathogens. Therefore, these
appear most suitable for stands with similar climatic, soil, and topographic conditions. In contrast, the
provenances 1010 Barriére, 1021 D' Arcy, and 1067 Skykomish, in addition to IUFRO standard 1078,
can be considered unsuitable, demonstrating not only lower growth but also poorer health status.
These results correspond well with the evaluation from 2011, with the exception of provenance 1036
Alberni, the current health status of which is considerably poorer and themefore should be placed
among provenances that no longer should be planted.

As climate change becomes increasingly problematic in Europe, interest in replacing spruce with
Douglas-fir is growing. However, as the area of Douglas-fir forest in Europe grows, the connectivity
between stands also increases, along with the risk for pathogen attack. The risk posed by the RNC and
SMC to Central European Douglas stands is likely to increases in upcoming years.
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Specifications table

Subject Area Environmental Science
More specific subject area Plant pkysiclogy
Method name:
Protoood name MNA
Reagents/tools Reagents

liquid nitrogen

methanaol (HPLC grade)

caesium acetate [LC-MS grade)
acetonitrile (HPLC grade)

trehalose dihydrate (anabytical standard)
ethanol (denatured with benzene, GR)

Equipment
Ultimate 3000 HPLC system (Thermo Fisher Scentific, USA) with a triple
guadrupole mass specirometer () Trap 3200; ABSciex, USA)
HIUC {amino) column

Experimental design Analytical method validation was performed using spiked pooled blank
samiples of healthy Morway spruce (Picea mhies) roots.
Foot samples from Monway spruce were taken in the Ore Mountains (KrEné
hory) near Cerverff Hridek (GPS S0-31'00.9°N 13°27°03.07E) in the Czech
Republic. Samples were taken from both healthy (n = 10) trees and trees
affected by the pathogenic fungi Gemmamyces picede causing bud blight
disease (m = 10). Tree age was between 50 and B0 years.

Trial registration NA
Ethics
¥alue of the Protocol - Optimization of the field sampling procedure.

- Trehalose quantitation in ectomycorrhizal spruce roots.

Description of protocol: Method details

Background

The non-reducing disaccharide trehalose (@-D-glucopyranosyl-[1—1}-a-D-glucopyranocside) has
been considered to help plants survive in inconvenient environmental conditions: nevertheless, its
biotic interactions are still little understood [1]. We focused on Morway spruce (Picea abies) affected
by the deadly pathogen Cemmamyces piceae and trehalose content in the roots as the biomarker of
mycorrhizal quality, resulting in higher tree vitality and resistance [3].

In the past, carbohydrates in spruce ectomycorrhizal roots were analyzed as trimethylsilyl
derivatives by GC-FID or by HPAEC-PAD [2). The disadvantages of these technigues are high polarity of
trehalose, insufficient sensitivity, or co-eluting substances (e.g., sucrose). Many discrepancies between
previously published values were probably caused by the use of different analvtical technigues.
Moreover, the different approach in ectomycorrhizal root sampling and trehalose analysis by LC-
MS/MS revealed the source of different published results.

Our research goals were 1) to establish a proper methodology for field root handling followed by
extraction and quantitation of trehalose, and il) to compare trehalose content in the roots damaged
by a fungal pathogen (Gemmamyces piceae) and healthy ones.

Final procedure:

Root sampling

1. Fine roots = 2 mm were collected from a soil sample taken with a soil auger (6 cm id. stuck
15 cm deepl.

2. Excavated roots were extracted from soil samples using tweezers, quickly washed with water and
submerged in a plastic bag into liguid nitrogen.
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3. In the laboratory, samples were removed from liquid nitrogen and stored in a freezer at —80 “C
until further analysis.

4. Within three weeks. the samples underwent freeze-drying (for 196 h; Lyovac GT 2. Steris.
Cermamy .

Sample exmraction

1. 5-7 g of freeze-dried roots were ground in a laboratory mill ([KA, A1l basic, Germany).

2. 25 mg of the root powder was weighed into a 2-ml plastic microcentrifuge tube (Eppendorf,
CGermany) and 1.5 mL methanoljwater mix (80/20 vjv) added.

3. The tube was shaken vigorously for a couple of seconds to wet the sample and placed in a
thermoshaker (T5-100, Biosan, Latvia) for 30 min at 50 °C and 1,000 rpm.

4, The samples were then centrifuged (Eppendorf, Minispin plus) at 12,500 rpm for 10 min and the
liquid phase filtered through a nylon syringe filter (0.25 pm) into a 2-mL HPLC wvial

LC-MS/MS analysis

We developed an optimized extraction procedure for determination of trehalose followed by LC-
MS/MS detection using Cst iom attachment, based on Rogatsky's assay developed for human plasma
[4]. Trehalose analysis was carried out using an Ultimate 3000 HPLC system (Thermo Fisher Scientific,
USA) equipped with a binary pump, coupled with a triple guadrupole mass detector (Q Trap 3200;
ABSciex, USA). The analytes were separated by isocratic elution (with a column flush step) on a Luna
NH; column (150 = 2 mm, 3 pgm, 100 A: Phenomenex, USA). The operating conditions were as
follows: flow rate 350 pl/min; column temperature 25 °C; injection volume 1 gl The binary mobile
phase consisted of (A) 0.1 mM caesium acetate in water and (B) acetonitrile. Isocratic conditions of
20% A and BO% B were kept for 10 min, increased to 50% A and 50% B at 11 min and remained constant
for 1.5 min, then returned to original conditions of 20% A and 80% B and remained there until minute
15. The autosampler was kept at 10 °C. Trehalose (as mfz [M+Cs], e.d. precursor mfz 565, product
mfz 133) was detected and quantified using ES] source operated in positive mode with the following
parameters: Q1 mass 4751 Da;: Q3 mass 133.0 Da; curtain gas 30 psi; collision gas: medium; ion spray
voltage: 5500 V; source gas temperature 600°C; G51 60 psi and G52 60 psi. Data were gathered using
Chromeleon 6.8 and Analyst 1.4 software.

Method validation parameters

Method optimization and validation was performed on spiked blank spruce roots (spike level
15 pg/g). Before spiking, complete removal of trehalose from tested samples was achieved using
naturally present trehalase. Due to co-elution with saccharose in real samples, quantification of
trehalose was based on peak height. A five-point matrix matched linear calibration curve was made
using trehalose dihydrate of 5. 10, 20, 30, and 40 pg/mL Linearity was R® (sguare of the correlation
coefficient) = 0.9989, residuals 4% Limit of detection (as 3 = 5/N) = 1.3 pg/mL which corresponds
to 78 ngimg of sample matrix; limit of guantitation (as 10 = 5/N) = 435 pg/ml, which corresponds
to 261 ng/mg of sample matrix. Average recovery on spike level 15 pglg was 96%. Within-day
precision (4%) and day-to-day precision (8%) are expressed as relative standard dewiation from average
measured value. During method validation the following parameters were optimized: i) extraction
solvent mixture, ii} extraction temperature, and iii) extraction time. The results of these test are
presented in Supporting Information. All validation analyses were performed in triplicate.

Statistical anafysis

The data are presented in pg trehalose/g DW with standard deviation; see Supporting Information
(Table 51). Datasets were tested for homogeneity (Levene test) and normality {Shapire-Wilk test). After
fulfilling the statistical presumptions, one-way ANOVA was used. Differences were tested at the level
of p = 0.05. Tukey HSD test was used for detailed analysis. Statistical analysis was performed using
Statistica 13.3 (TIBCO Software, USA).
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Results from the testing dataset

From our results, it is evident that diseased trees do differ significantly from healthy ones
{p = 0.01). The mean value of trehalose in healthy spruce roots was 73% + 96 pg trehalose/g DW
(mean £+ 5D) as compared to 624 + BB pg trehalose/g DW in the damaged group (Fig. 1).

Conclusion

The key factors for accurate trehalose quantitation in ectomycorrhizal roots samples are swift
material collection, immediate sample cooling in liguid MN;, storage at —80 “C, and freeze-drying.
From the combinations of extracting solvents with varying proportions of either ethanol or methanol
in water, the best extraction yield was achieved with B0Y methanolfwater (vfv) solution (Supporting
Information Table 52). In contrast to this, the methodology based on ethanolic mixtures predominanthy
used in other papers recovered about 10% less trehalose in our experiments. Depending on the nature
of the sample, the extraction efficacy was 90-99%. The optimum extraction temperature lay between
50 and 60 °C, depending on the matrix (Supporting Information Table 53 Previous studies always
used hot ethanol mixes to stop trehalase activity. We minimized the activity of trehalase by putting
root samples into liguid N, immediately after ectomycorrhizal root excavation and by subsequent
freeze-drying. The optimum exiraction time was found to be 30 min, even though a small proportion
of samples was already fully extracted after 15 min (Supporting Information Table 54). Using lower
amounts of sample than 25 mg did not provide reproducible results for trehalose in some samples
(5D = 32% n = 5) and higher amounts are incomvenient due to the large saccharose content, which
then interferes with the trehalose peak.

In trehalose LC-MS analysis the main difficulty is finding out the appropriate conditions for
separation of trehalose from other carbohydrates. In our work, the mobile phase was modified to
achieve good separation. But the novelty of our approach was to develop and optimize extraction
procedure for quantitaion of trehalose in root samples. To the best of our knowledge, there is
no publication where an optimal extraction procedure is described in detail for analysis of spruce
ectomycorrhyzal roots. Because of the complex matrix of plant materials, the optimization of
extraction is quite important.

The wvalidated method was used on set of samples where half of the sampled trees were affected
by Gemmamyces piceae. The results showed that these trees had a lower content of trehalose in root
samples than trees without this pathogen

Declaration of Competing Interest

The authors declare that they have no known competing financial interests or personal
relationships that could have influenced the work reported in this paper

Acknowledgments

This research was Supported by grant "EXTEMIT - K", No. CZ02.1.01/0.0/0.0/15_003/0000433
financed by OP RDE and by grant "EVA4.0", Mo. CZ0Z.1.01/0.0/0.0¢ 16_019/0000803 financed by OP
RDE. Further, it was supported by the Ministry of Agriculture of the Czech Republic, institutional
support MZE-RO031E.
Supplementary materials

Supplementary material associated with this article can be found at doi: 10,1016/ j.mex. 2020, 101207

References

[1] 0. Fermandez, L Béthencourt, A. Quero, RS, Sangwan, C. Clément, Trehalose and plant stress responses: friend or foe? Trends
in Plant Sci. 15 (2010) 409-417.

144



B M. Sulc, I. TomdSkovd and A. Krejsbovd et al MethodsX 8 (2021) 101280

[2] R. Hampp. C. Schaeffer, T. Wallenda, C. Stidlten, P. Johann, W. Einig. Changes in carbon partitioning or allocation due to
ectomycorrhiza formation: biochemical evidence, Can |. Bot. 73 (1005) 548-556.

[3] M. Miederer, W. Pankow, A. Wiemken, Trehalose synthesis in mycorrhiza of Morway sproce; an indicator of vitality, Eur. ]
For. Pathol. 19 [1989) 14-20.

[4] E Rogatsky, H. Jayatillake, G. Goswami, V. Tomuta, D. 5tein, Sensitive LC M5 quantitative anabysis of carbolydrates by Cs*
attachment, |. Am. Soc. Mass Spectrom. 6 (2005) 1805-1811.

Pfiloha 11 Trehalose determination in Norway spruce (Picea abies) roots. Analytics matters

145



Microchemical Jourmnal 174 (2022) 1070595

Contents lists available at ScienceDrect
Microchemical Journal

Joumal homepage: wwisielsevier.comocateim icroc

Microchemical

Development of a novel dispersive liquid-liquid microextraction for the

i

determination of ergosterol in roots and various fungi samples

Alina Kalyniukova ™, Ivana Tomaskova ®, Vitézslava Peskova ®, Filip Pastierovié *,

Michal Samek ®, Jozzef Balog B

* Faculty «f Forery and Wood Scieser, Caech Universicy of Life Seimoes Progee, Fiavgickd 129, OF - 165 21 Praha & — Sachdnl, Csech Republic
"'anuum of Chemdsrry, Universicy of Nydegyhisn, 5o 20 31/8, H-4400 Nyiregrhdss, Humpary
© Deparmment of Anabytical Chemisry, Ushhorod Nasional Dniversicy, Pidimes 66, S5000 Ushiorod, Diknaine

ARTICLE INFO ABSTRACT

Fpwards:

In this wark, a novel dispersive liquid-liquid miooextraction procedure was developed for the determination of

Ergpaneral ergnsternl using high-performance liquid chromatography with phatodiode array detection. The =ffect of several

Ditspessive liquid-liguid microersaction

parameters, such as the selection of extraction and dispersive solvents and their volumes, extraction time, salt

" cancentration and, pH, were studied. Under optimized experimental conditions, the calibration plot was found o
Myearrhlzae b linear in the range of L02-10 pg mL, with a correlation cocfficient of (L9995, The limits of detection and

Liguid chromatography

limit of quantification were found o be (U006 and (LO2 g mL~", respectively. The enrichment factor was 85, The

average recoversss, measursd at two concentration bevels, were in the range of 95 IIZII%I with RS0 less than
14%. The developed method was applisd for the determination of ergosteral as a biomarker of mycarthizae
presence in Morway spruce roots and various fungi samples.

1. Intreduetion

Ergosterol in the major product of sterol biogynthesiz in fungi and
plays an esgential role in their asmobic growth. Ergoeterol az a biomarkers
for fungal biomass or mycorrhiza has proved to be a good indicator of
fungal activity [1]. Traditionally, mycorrhiza iz conzidered to be a factor
b-n-nﬂh.n.g a tres’n rerotance to dmugh.t :.ndh.uv; metals [2-5], but a
pocitive mfluence has also besn recorded for protaction against patho-
genn [6]. Orur ressarch was conductad in order to alucidate the poaitive
relationchip between mypcorrhizal fungus in Norway gpruce rootm, the
zaccharide prn-ducl:.: of their metabolizm and the L:ﬂlt]r; statuz of the
tres. The experiment was focuzsed on Morway spruce infected by Gem-
mamyces piceae (Borthw.) Casagr. which canses bod blight diseaze [7].
Az oligosaccharides play an emential rol= in plant metaboliom, samo-
protection and signaling [5], ouwr study was focused on oligosaccharides
in relation to tree reciztance to the pathogen [9]. Brgoctero] ectimation

waz the firet step in a muoltilayer imvectization az a biomarker of the
presence of fungi in root zamplea.

Commeon methodological approaches: for erpostercl extraction
include high organic solvent consumption that, upon the analysiz of a
large number of samples, leads to serious environmental pollution.
Extraction solvents in comventional extraction methods are athanol and
a mixture of chloroform and methanel [10,11]. In the microwave
extraction method, methanol [12), ethanol [13], nhexans and
dichloromeathame [14] were usad as axtractantz. The main drawbacks of
theoe methods are the high consumption of extraction solvents (5-50
ml) and protracted time of analyzis. However, among environmentally
friendly procedures, matix solid-phase dizpersion extraction [15] and
ultrasound-asmizted extraction [16] were applied for ergosterol analyzis.
In those asoayz, ethanol and a mixture of chloroform:methanol were
uzed 2z an extraction solvent in a volume up to 5 ml. Brgosterol haz been
determinad in wild and adible muchrooms and caterpillar funguz by

Abbreviations: AN, acceptor number; DAD, dicde array detector; DLLME, dispersive liquid-liquid microextraction; DN, donar number; DS, dispersive sclvent; ES,
exraction solvent; GC-MS, gas chromatography-mass spectrometry methad;, HPLE, high-performance Hquid chromatograpby; LC-APCE-MS-MS, liquid chromato
graphic/atmaspheric pressure chemical ionization tandem mass spectrometric method: LOD, limit of detection; LOQ, limit of quantification; LPME, liquid-phass
microextraction; LR, linear range; FDA, photodiode ammay detector; B, recovery; RSD, relative standard deviation; 5D, standard deviation; UAE, ultrasound assisted

extraction; UV, ultraviclet detector.
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high-performance liguid chromatography (HPLC) with UV detector
[10,15], in wild ruffles with an HPLC-diode array detector (DAD) [15],
in prairie natoral wetland by the liquid chromatographic/atmocpheric
presurs chemical ionization tandem maz: spactrometric method (LC-
APCI-MS-MS) [17] and in graimo by the gaz chromatography-maszs
spactrometry method (GC-ME) [15,15].

According to the principles of green chemiotry, dizpersive liquid-
—.Liq_llid. microextraction (DLLME) iz a pwu'flﬂ microaxtraction tech-
nique. In DLLME, an extraction solvent and a dizpemer colvent are
rapidly injected into the cample solution to extract a target analyts.
Afterwardz, a clowdy solution iz formed due to the dizpercion of the
extraction solvent into fine microdropletz. Az a reoult, the surface ar=a
betwesn the extraction solvent and the aqueous sampls increazes, thus
improving the extraction afficiency due to the better trancfer of analytes

L]

150

:I:lnptnnc solvesst vokane, il

m i

Canceatration of ¥aCl, %

to the organic phase [20].

Analyziz of plant matesialz iz a challenging tazk, becaue of the
complexity of the matricez [21]. In recent yearm, studies have bean re-
ported more often on the development of liquid-phase microextraction
procedurez (LPME) for the analyziz of plant materials. Moreover, LPME
allown the consumption of organic solvents to be minimized, providez a
high enrichment factor and say operation, and iz compatible with
variouz detsction techniques [22]. The application of DLLME waz
demonstrated on the sxtraction of phenolic compounds in roots [23] and
lmavag :mpls [24,25], but no microextraction p:\n-:hiur\e has et basn
developad for the axtraction of ergoaterol.

The ohjective of thiz study was to develop 2 “gresn™ DLLME, in
combination with for with the high-performance liguid chromategraphy
with photodiode array detection {HPLC-PDA), for the determination of
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ergogterol that iz suitable not only for extraction of ergocterol from
MNorway spruce rootm, but for various fungi camplea.

2, Materials and methods
21. GChemicals

Standard: ergmun:\l {>08%) obtainad from Acros organics (China).
Solvenm: methanol and acetonitrile (HPLC-grade), acetone (=939 %),
ethanol 96% (>99%), dichloromethane (>99%), haxane (>99%),
chloroform (=99.2%), hydrochloric acid 32 % (>99.9%) and sodium
hydroxide (> 99%) were purchazed from VWE Chemicalz (Prague, Czech
Republic).

2.3 HPLC analysis

HPLC analysin waz performed wping the UldMate 3000 UHPLC
Thermo Fisher (USA) system combined with a photodiode array detec-
tor. The ceparation war achieved wing a Hypemil GOLD C18 column
(150 mm » 2.1, mmi. d., 5 pm) (Thermo Picher, USA) The mobils phaze
conzigted of acetonitile (A) and methanol (B) (v/v, 90/10), and iso-
cratic elution waz applied. The column was thermostated at 25 °C. The
flower rate of the mobile phaze was set 2t 0.3 mL min~', and the injection
volume wasz 5 L. Par argostesol, the monitoring wavelength waz 262 nm
and the retention time 5.5 min (+0.2 min). A Thermo Scientific Chro-
meleon Chromatography Dam Syatem was vsed for data acquinition and
Procesaing.

2.3, Sample collection

In total, 54 camples were taken from 6 forect stands of Norway spruce
covering the moat commeon zites in the One Mtz - acid, fich or gleyed soilz
in highlands or at mountain elevations. In every forest stand 7 camples
from damaged and 7 samples from healthy tress were taken. Samples
ware taben by means of a root auger with an inner diamster of 6 co to 2
depth of 15 cm. Mycorthizas were aspessed following the method
detailed b:; Pezhova & Soulmp {2006) [26]. Rootz were cleaned of the
zoil and immediately wese put into nitrogen. The samples were stored at
—80°C in a freeser and before the analyziz, they were freese dried.

A dizk of pedunculate oak with noticeable rot waz placed into a
humid chamber After zsix weeks of cultivation, white mycelivm grew on
the pamples. According to typical feamures (mycelial thicknes: and
compacmess, presence of clamp connections) microscopic examinarion
revealed thas it was the mycelinm of a wood-dectroying fungus.

Puserizrn (CLP 1865) and Phclmnp:.is [(CCF 3354) .:amp].cz from the
Caollection of Pungal Cultures, Pragus, Czech Republic were used for
chemical analyzes.

2.4 Brostical method

Por otatistically significan: diffarencer between the groups, factorial
ANOVA and the LED test were uzed. The Shapise-Wilk test waz used for
testing the normal distribution data and the Levene and Brown Porsythe
test for homogeneity of the distribution. Data were evaluated on the
level @ = 0.05 uzing Statictica coftwars.

25 Bample premeatment

A zample weighting 25-100 mg waz placed into an Bppendorf tuwbe,
and 1 ml of methanal was added. The st mbes were placed into a
thermo-ghaker (Biosan TS-100, Latwia) for 30 min at room temperabure.
Afterweards, the zamples were cenmifugated at 13,000 rpm for § min.
The supernatant was trancferred to the new Eppendorf tube and uaed in
the further DLLME procedure.

MEcrochemical Fouwrsal 174 (2022) TO70F5
2.6, DLLME procediure

A4 5 pL aliquot of a standard of ergoatesol or 200 pL of the sample waz
placed into a 15 ml test tube and make up with the water up to 5 ml.
Then, 50 L of organic solvent and 100 pL of dizpersive solvent were
rapidly injected into the tect tobe wcing an automated pipatte, and a
cloudy zolution war formed reculting from the dizperzion of the fine
droplets. The solution was then wvortex for 50 o. Por complste phase
separation, the solution wag kept at rect for 2 min. The upper phase waz
dizcarded wing a pactier pipetts. Then 50 pL of the lower layer waz
collacted and tranoferred into a new Eppendorf mube and svaporared
under a nitrogen stream. The recidee was dissolved in 20 pL of methanol
prior to HPLG-PDA analynis.

3. Resultz and dizseusmon
3.1. Zelection of extraction solvent and ity volume

The extraction solvent (ES) playn a key role in DLLME. Four extrac-
tion zolvents — hexane, toluene, chloroform :nd, ethjl aceiate wers
tezted. The extraction ability of ergosterol changes in the following ze-
quences of solvents: chloroform = -:diy] acetats = toluene = hmne:
which iz i.ngu-nd:mmiunmwit]: thair Cunnanna::eptnrmm:h-&n (AN
{keal mal™) 231 = 9.3 = 3.3 = 0. Therefore, chloroform showed the
highest extraction efficiency (Fiz. lal To =xamine the effact of the
extraction solvent volume, different volumes (10-200 pl) of chloroform
were tected. [t was observed (Fip. 1b) that by increasing the volume of
extraction solvent up to 50 pl, the peak area of ergosterol increazed, but
after 50 pl it clightly decreazed. Thuz, 50 pl was selacted az the optimal
extraction solvent.

32 Zelection of dispersive sobvent and its volume

Az a dizperzive solvent (D6), methanol, sthanel, dichloromethane
anid acetone, az organic solvent candidates, were investigared. The re-
oults revealsd that the most effective mathod was adding dichlore-
methans (AN - 204 and CGutman doner number (DN) - 1.0} to
chloroform (AN 23.1 and DN 4.0) (Fig. lc). If to compare the Gutman
donor numbers of the zelect=d mlvcnu: dichloromethans has the lowest
number, while ethanol, methanol and, acetone have highes DN of 3200,
30.0 and 17.0, respectively. Therefore, the application of dizpercive
solvents with higher DN wan found to less effective than a DS with a
lower number for the extraction of ergoaterol. Thus, dichloromethane
waz selected for further analyziz. To amsess the afect of the DS volume on
the extraction efficiency, different volumes of DS in the range of 50-200
L were checked. Ao can be seen from Fiz. 14, the extraction efficiency of
ergocterol in enhanced wp to 100 pL. At volumes higher than 100 pL, the
analytical recponze remained constant Thesefore, 100 pL of dichlore-
methane wan selacted for further analyniz.

3.3. Effect of extraction time

The affect of exmaction time was studiad, with the time-varying from
10 to 180 sec of vortex mixing (Fig. le). The vortex mixing provided a
large contact surface area betwesn the srgosterol and the ES:DS mixer,
created by vortex agitation, which led to an increase in the recponce,
reaching it maxima at 60 2. 5o, 60 ¢ of vortexing wac celacted az the
optimal extraction time_

3.4. Effect of ionic strength

To ztudy the affact of ionic strength on the extraction efficiency, the
agueous phase waz changed to a 1%, 5%, 10%, 20% and 30% solution of
MaCl Az zhown in Fig. 1g, by increasing the NaCl concentration from
0 to 2094, the analytical signal increazed and remained constant up to
308 Thuz, the extraction afficiency of ergosterol from aqueons solution
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Fig. 3. a) The chromatograms af 1 pg ml" ergasterol obtained by 1 - conventional extraction (Extraction condition: extraction solvent
THIME (Extraction conditions: extraction salvent — 50 pl. of chloroform; dispersdve solvent

3; vortexing 60 5.); b) UV-spectra af ergosteral.

to organic solvent waz improved by the zsalting-out effect, decreazing the
hyrdration of ergosterol (R-0H) and improving the extraction ability of
ergoaterol. Therefore, 2 20 % solution of NaCl was chosen az the opti-
mum zalt concertation for further experimentz.

5.5. Bffect of pH

The influence of pH on the ionication form of the analyte could affect
itz extractability; thersfore, the pH in the range of 1-10 waz inveati-
gated. The pH was adjusted waing 0.1 M hydrochloric acid or sodium
hydroxide solution uzing 50 + VicLab pH meter. The recults (Fig. 1h)
zhowed that the higheat analytical responze waz obtained at pH 3. Ata
pH = 5, the B-OH form of argoaterol forms B-07 (Fig. 2}, which hag ionic
character and iz weably extracted to organic solvents. This, 2 pH of 3
was zelected for further experiments.

Summarizing, the optimal conditions for DLLME were the following:
extraction solvent — 50 L of chloroform; dispersive solvent — 100 pl of
dichloromethane: extraction mediom - 5 ml of 20% MaCl pH 3;
extraction time — wortexing &0 a.

5.6. Analyticel fimres of merie

The standard of argosterol at approprizte concentration wao pre-
pared for the construction of the calibration curve for a non-extraction
procedure by plotting the peak area vo. the concentration of the analy-
tez. Jood linearity was obtained in the concentration range from 1.31 to
100 pg mL~', with the fallowing squitation A = 0.2695.C- 00565,
where, 4 — peak area (mAUmin), C - concentration of ergosteral (pg
mL~') and the correlation cosfficient iz 0.9990. For DLLME, the linear
rangs was 0.02-10 pg mL ™", with equation 4= 22.87 -C - 0.6435, where
A~ peak area (mAU-min), € - concentration of exgoaterol (g mL™ ') and
the correlation cosfficient iz 0.9995. The chromatograms of ergoateral
and the UV gpectra of ergosterol are presented in Fig. 3. The limitz of
detection (LOD) and limits ofq_tunti.ﬁ:al:im (Lo, calonlated 2z 3% and
10* the standard deviation of the minimal detectsd concentration (0.05
pg mL~! for the non-extraction method and 0.01 pg mL~" for DLLME)

300 |
A
0 I oy
= | |'l lI
FLL ra \
2 | l,."lr 7
£ | ! II|
= L r
R | . |II
= el \
il a i
MO 0 /A I W MO 30 50
Wavelergih, om
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1 mL of methanod); 2
100 pl. of dichloromethans; extraction medinm - 5 mL of 20% NaCl, pH

Table 1
Results of intra-day and inter-day precision test of ergosteral by DLLME (n— 5).
Spaked Lnter-day Teitra-day
‘conceniralbon, gy
—
Foand RED. R. Foumd R&D. R,
% 8D L. Ll + B L L)
045 04z = 149 L [ R () M
0.0 o
1.00 1.00 = 14.2 1o 0= =4 Er
0.4 a5

divided by the olope, ware found to be 0.39 and 1.31 pg mL™" for the
non-extraction method and 0.006 and 0.02 pg ml™' for DLLME,
regpectively. The enrichment factor was sstimated ac the ratio of the
olope of the calibration plom for DLLME and the non-extraction pro-
cedure and found to be 5. The pre-concentration factor, calculated az
tha ratio Dfrhevu].l.lm.enfaqu.cnunpha.ne (5 mL) and the final volome
subjectad to detection (20 pl), wae found to be 250. The precizion of the
method waz evaluated by inter- and intra-day measurementz at two
concentration levels: 0.45 and 1.00 pg mL~'. The intra~day precizion
waz determined by analyzing samples five times (=ach analyziz wasz
performed 5 times) in one day, and the nter-day precizion was deter-
mined by analyzing the scamples once 2 day on five consecutive dayn. The
intra-day and inter-day BSDe were lesa than 15%, which chowed good
reproducibility of the developed method (Table 1),

3.7. Applicetion of DLLME in recl samples anclysis

To study the applicability of the developad method, different zam-
ples were investigated, including Norway spruce roots, Pugatium zp.,
Phomopaiz op., and mycelivm of wood-destwoving fungus. The samples
matrix iz complex and additional scample pre-treatment was required.
The procadure of sample pre-treatment was previously optimized using
the root camples. Por thiz purpose, paramesters such 20 extraction sol-
vent, solidliquid ratio, extraction time and temperature wers optimized.
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Table 2
Amount of ergosterol in fungi samples, n = 3.
Gaimple Added Found E. RED,
g E= atiom, By = W L.
mLt g
Fusorium sp. o Z4+0.2° EE] 5.0
1o 1530+ 0" 03
Belfyeedium of a o IS0 L6 111 P L]
wined- (2] 5243+ 04 al
destroying
P
Tromeres hirmoy o 6+ 00 a8 0.2
(X c) 1367+ 0.2 .l
Phosmapsds sp. o 22+ 0.1° 100 04
oz 42+0.1° a7
Norway spruce o 60+ 1.3 10 Q.5
roUls o E30.0 = 30 .0
ug ml~",
LT
- |
- _.'
& I} T
7 ol | !
i
E = | =] o
W
i o
1 i
|
i om|
&4 I
| : n
- |
|
m L . . .
A [ Rich

Bdapia: ey

Fig. 4. Ergosterol concentration in Norway sprece roots in different fype of soil
and level of damage of roots (1 - non-damaged, 2 - damaged trees).

Mathanol, Hh:.n.o], meathanol-dichloromethans (70:30) were tegted an
extraction solvents. The highest extraction yield was obtained with
methanol, and it was selected for further experiment (Supplemensery
materials Fig 1. o). Por the selection of the optimal solid:liquid ratie,
zample of 25, 50, 100, and 150 mg were tested, no big difference in
ergoaterol recovery wao found, therafore, 25-100 mg of the cample waz
decided to be suitable for analysiz Bxtraction time and temperature
were tezted wing a thermoghaker The extraction time waz varied from 5
to 45 min (Supplementory matericl: Pig 51, B) and the extraction tem-
perature from 25 to 60 °C (Supplementery matericls Fig 51. ). The highest
recovery was obtained after 30 min of chaking and remained constant
afterwards. The temperature did not influence the extraction recovery of
ergoaterol; therefore, further analyiz was camied owut at room
temperature.

At optimal conditionz, the DLLME procedure wac carried for the

Aerochemiical Jourmal 174 (2023) TO7065

determination of the concentration of ergosterol uzing a standand
addition method. The chromatogramsz of the samples are presented in
the Supplementmry materials Fig 52, All gamples were spiked with
ergocterol at different concentration lewels. Table 2 reveals the obtained
mean value + standard dewiation (D) and recoveries of ergosterol Az
can be seen, RS0 are leas than 10% while the recoverizs are more than
965%. Az a regult, DLLME could be a good altemative assay for the
determination of ergoateral.

Baced on the purpose of thin article, Norway opruce roots were
analyzed in the term of ergogterol actimation 2z a biomarker of the fungi.
The results are in the Supplementory material: Table 51. The value of the
concentration of ergosterol extracted from the rootz of the tree
depending on the type of the zoil (acid, gleyed, and rich) and the degrae
of root damage (non-damage tres and very damage tree) wan compared.
The phytopathological survey revealed the non-branched root system in
trees affected by nectrotrophic fungi compared to a healthy one
Ergosterol concentration was zsignificantly lower in the damaged roomat
rich edaphic category zites compared o healthy treec from rich and
glayed edaphic categories (Fig. 4, Table 3). When the comparison waz
made for all edaphic categories together only insignifican: lower values
for damaged tresg wers found.

3.8. Comparison with other extroction methods

The developed micoextraction procedurs was compared terme of
the matrix, solvent consumption, LR, LOD or LOQ with previoualy
developed procedures for the extraction of ergostesol in Tzble 4. The
reported zolvent extractions required a high amount of extraction sol-
vents from 1 to 30 mL, whersin for DLLME, only 150 pl iz required. The
applicability of the DLLME iz wider bacause it iz posaible to use it for
variouz samples in comparison with other methods, where only one kind
of the sample was suitable for analyzis. In addition, DLLME-HPLC-PDA
provided a2 good senditivity in comparicon with other wwocks
[10,15-17,20].

4. Concluzion

DLLME with HPLC-PDA detection was developed for the determi-
nation of ergocterol in a fungal biomass in Norway cpruce root samplez
anid various fungi matrices. The developed method belonge to “green”
chemiztry methods, what require a low amount of solvent and, are
characterized by good cengitivity and reproductivity. The proposed
amay could be a good alternative to already existing methods.
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LSD test for comparison of ergosteral content in sproce roats (displayed numbers represent p values). Eror Betwesn MS = 4686.2, df = 78.000.
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Table 4
Comparison of developed DILME with other extraction methods.
Sample Extraction method of solvent Detection IR wo'10g’ Rel
Wild mushrooms (A casan, B edulls, C. cbarks, F. Soxhler extraction 5 ml of n-hexane HPLCUV! 31.25 to 2000 03498/ o)
hepasica, I. dalidosus, M. procera and M. esculensa) pgml’ 1.060 pz.
u—l
Wild truffles (T, saslanosponan and 7. aesthom) UAE® 4 ml of chiosoform,/ HPLC-DAD® 0.1-1.0mg 0.023,/0.076 e}
meshanol (2:1) mL™ mgml”
Edible fungl Matrix solid-phase 5.0 ml 70% ethanal wuv 4.21-2527 ug 0.04 /013 g 1s)
dispersion extraction mLt et
Cordyceps sinensls Solvent extraction 1 i methanol/ HPLC.UV 5-300 pg mL™* 0.01,0.08 pg 127)
dictoromethane (75:25) !
Prairie nahural wetland UAE 10 i pentane :,lwcucs- o.lol.l.oopg 0.50 ng (84|
oL~
Norway sproce roots, Psarium ap, Phomopsis sp., DLIME 50 pl. chioreform HPLC-PDA 0.02-10 pg 0.006,/0.02 This
yoedbum of & wood wing fungus, 100 pl. dichloromethane mL* pg ml~" woek
hirsua
¥ LR - linear range, ? LOD - limit of detection, LDQ hmdq:muﬁam uv— Itraviolet d “UAE - ul d assisted ®DAD - diode-array
detectar, "LC-APCEMS-MS - liquid cf Brap 7 izati dem mass sp ic method
original draft. (10} J.C.M. Basreira, ME.PP. Oliveira, LCF.R. Ferreira, Development of 2 novel
methodology for the analysis of esgosterol in mushrooms, Food Anal. Methods 7
= L (2014) 217-223, hesps//doi.org/10.1007/412161-013-9621 9.
Declaration of Competing Interest {11] S.Y. Newell, T.L. Arsuffi, R.D. Fallon, Fund for -
cantent of d @ plant by uid ek Appl-
Tl!lnl Aot that l I o} ing 6 il mwumHMIm tempa//dol.org/10.1 128/AEM.54.7.1676.
] relati that could have appeared to influence {12} K. StuperSzab 1. ikt J. T o atioe of pine and
d:vmknponedmthupaper birch wood dust with fungi and of Its stesol
Arh. Hig. Rada Toksikol. 68 (2017) 127-134, hrzpe://dol.oeg/10.1 515/aih.201 7
682224,
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Appendix A. Suppl

tary data

Supplementary data to this article can be found online at heepe://doi.
org/10.1016/j.microc.2021.107095.
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— a review
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ABSTRACT

In recent years, European forests have been endangered by rising temperatures and more frequent
weather extremes. In the Czech Republic, the warm and dry period between 2015 and 2019 led
to the weakening of many trees and activation of harmful biotic agents, including fungal and
other pathogens. These factors led to the death and decline of many trees and forest stands.
The most important pathogens of forest trees in the Czech Republic are Armillaria ostoyae
(Romagn.) Herink; A. gadfies Marxm. & Romagn.; A. eepistipes Velen.; A. melfez (Vahl) P Kumm;
Hetervhasidion anmosum (Fr.) Bref; H. parciporsm Niemeli & Korhonen; H. afiesingm Niemeld
& Korhonen; Opbiostoma wove-wimi Brasier; Hymenoscyphus fraxinens (T, Kowalski) Baral, Queloz
& Hosoyay, Crypragtroma corticale (Ellis & Everh.) PH. Greg, & 5. Waller; Ewtypelia parasitica
RW. Davidson & R.C. Lorenz; Cwanrditaria piceae Borchwe: Phytophthors alni species complex;
P cactorum (Lebert & Cohn) J. Schrit P combivora (Petri) Buisman; P oinnamomi Rands.;
P plurivera 'T. Jung & T.1. Burgess and # ramorwem Werres, De Cock & Man in “t Veld. Other
important forest tree pathogens with potential for spreading in the Czech Republic in the coming
years are Neoneatrig coceinea (Pers.) Rossman & Samuels; Inonotus spp.; Sphaeropsis sapinea (Fr.)
Divko & B. Sutton; Cenangiwm ferruginosum Fr. and Lecanosticta aciealds (Thiim.) Syd. The effects
of most of the above-mentioned pathogens are expected to be similar or greater in the future.
Moreover, the introduction of new invasive pathogens cannot be neglected. Measures against
dangerous fungal and fungal-like infections should include long-lasting management decisions.
It is crucial to strengthen the overall resilience of forest stands by increasing their species, age
and spatial diversities; planting site-suitable tree species and focusing on dmely interventions
against pathogens and the prevention of their spread, all in relation to the integrated pest man-
agement plans.
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Introduction

Fungal pathogens cause significant damage to forest ecosystems worldwide (Stenlid and Oliva,
2016). These pathogens can cause massive economic loss, such as damage caused by Heterobasidion
root rot, which exceeds 800 million curos in Europe annually (Brunette and Caurla, 2016). Global
climate change also has a significant effect on the development of pathogens. [t can be a limica-
tion factor in the life cyele of pathogens, and in some cases, worsen their spread. Owing to global
climate change, European forests face changes in average climatic factors and increasingly extreme
weather fluctuations, such as prolonged droughe, storms, floods (Lindner o o/, 2008, 2010) and
extreme heat (Lorenz ef &, 2019). In the Czech Republic, the mean annual temperature dur-
ing 2015-2019 was approximately 1.3°C higher than the mean annual temperature during 1980-
-2010. Moreover, the annual total precipitation was 78% in 2015 and 76% in 2018, compared to
annual total precipitation during 1980-2010 (CHMU, 2020). These changes lead to an increase
in drought frequency as a stress factor, causing a reduction in the assimilation apparatus, which
reduces the carbon content in woody plants. This subsequently weakens their resistance to biotic
pests (Oliva e all, 2014), including fungal and fungal-like pathogens (Desperez-Loustau o &/,
2006). These weather conditions have negatively affected the health of forest stands (Novorny,
2020) and led to the activation of several harmful biotic factors. Overgrowth of bark beetles,
combined with the neglect of timely search and sanitation of infested trees, has led to a wide-
spread decay of many stands {Lubojacky and Knizek, 2020). In addition, the damage caused by
fungal and other pathogens through primary or secondary participation has increased (Lorenc,
2020b). Moreover, invasive pathogens have massively spread due to the increasing frequency of
global trade and transportation. The most important being the timber, wood products, wood
packaging and *plants for planting” pathways (Potter and Unguare, 2017). The most significant
invasive pathogens that have uncontrollably spread in the Czech Republic in recent years are
Hymenoscyphus fraxinens (1. Kowalski) Baral, Queloz & Hosova; Cryptegtrema corticale (Ellis &
Everh.) PH. Greg. & 5. Waller; Ewtypella parasitica R.W. Davidson & R.C. Lorenz; Cucurbitaria
piceae Borthw. and Phytophthers spp. These, along with other important pathogens and their life
cyeles, are deseribed in detail below. Some other potential pathogens are also briefly men-
tioned.

This review aims to summarize the present and possible future pathogens, which can be
a significant treat for trees in Czech forests, Presented data about the volume of harvested wood
and damaged area from the Czech Republic (MZE, 2015-2021) are based on the data received

from forest managers (KniFek and Liska, 2021) and recalculated to represent the whole Czech
Republic (MZE, 2021).

Basidiomycete fungal pathogens

The most significant long-term pathogen in Czech forests is honey fungus Arwillaria spp.
The Crech Republic comprises five Anmillaria species: 1) A, asfoyae (Romagn.) Herink, which
threatens mainly spruce plantations but can also occur on other conifers and broadleaves; 21
A. galfics Marcm. & Romagn., which threatens mainly vak stands but can also occur on other
broadleaves and conifers (Jankovsky, 2003, Dilva and Sedlik, 2020); 3) A, spigipes Velen.,
which is predominantly a saprotroph (less often parasite) which occurs on broadleaves and rarely
on conifers, mainly in hilly and lower montane beech forests; 4) A, malles (Vahl) B Kumm.,
which occurs on broadleaves, including fruit trees and 3) A. dorealis Markm. & Korhonen, which
is predominantly a saprotroph (rarely a parasite) of both broadleaves and conifers, with no major
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economic importance {Jankovsky, 2003). Armillaria spp. causes severe damage mainly in Silesia
and northern and central Moravia. The most endangered planes are monoculture plantations
(Dilya and Sedlik, 2020), especially non-native spruce stands (Cerny, 1988) on compacted soils,
with a lack of nutrients and soil pH values <5 (Lindner e o/, 2008). Volumes of harvested spruce
wood from sabvage cuttings due to Armillaria sp. infestation in the Czech Republic were (in m¥):
304K in 2020, 210K in 2019, 250K in 2018, 430K in 2017, 731K in 2016 and 423K in 2015 (MZE,
2016-2021). The areas most affected in the long-term are Silesia, North Moravia and South
Moravia (MZE, 2016-2021). Research on Picea abies (L.) H. Karst. in the Czech part of Silesia in
2015 showed that, among the trees with confirmed honey fungus infections, 56% were infected
by A. asoyae, 32% were infected by A. apistipes and 1% were infected by A gallica (HoluZa et al.,
2018). The symptoms of infestation of woody plants by Armillaria spp. include resinous outflow,
white rot of wood (mainly in the roots and lower part of the trunk), bottle-thick bases of runks,
light grey-green or yellow-green colouring and subsequent fall-off of needles, the presence of
fruiting bodies near infested trees and the presence of brown or black cord-like rhizomorphs on
and around the roots (Soukup, 2005). The effect of Armilfaria spp. increases with higher tem-
peratures and lower precipitation during the growing season (Lindner & a/., 2008). Therefore,
under the current and future predicted climate conditions, continuing significant damage to woody
plants by honey fungus can be expected. Spruce stands have lower pH compared to beech and
beech-spruce mixed stands (Cremer and Prietzel, 2007). Therefore, in monoculeural spruce
plantations, an effective measure can be the planting other tree species (e, Fagws sploatics) that
increase soil pH, which is less favourable to Armillaria species (Holuda & al., 2018). Forest man-
agers should be prepared to convert spruce stands to near-natural forests instead of monocul-
ture plantations (Holusa er g/, 2018), as this can significanty reduce the rate of infestation by
Armillaria spp. as well as other wood-decay fungi (Morrison ef al., 2014; Dilva and Sedlik, 2020).
Stump removal and root raking are other measures thar reduce mortality and can be used in the
efforc against Armillaria spp. (Morrison & ai., 2014). Pre-commercial thinning seems to be unnec-
essary in areas where spruce planeations are highly stressed (Holusa & 2/, 2018). The most frequent
biocontrol agents are based on the fungus Trichederma spp., which may efficiently employ diverse
antagonistic mechanisms against fungal plant pathogens (Percival # all, 2011; Chen et al., 2019,
Rees ef al., 2021).

The second most crucial fungal pathogen causing root rot in the Czech Republic is
Heterabasidion annesum sensu stricto, which includes three Eurasian species: 4. annasum (Fr.) Bref;
H. parviporum Niemeld & Korhonen and &. abietingm Niemeli & Korhonen (Niemeli and
Korhonen, 1998). In the Czech Republic, the H. annosumr species is most common and occurs on
many conifers and broadleaves. H. paroiporwm occurs mainly on Pieea spp. (Sedlik and Tom3ovsky,
2011) and other conifers, but less on broadleaves (CABL, 2021a). H. abiatimim occurs only on conifers
(Sedlik and TomSovsky, 2011} These pathogens cause the most serious damage in stands on
forested former agricultural land. In P afier stands on former pastures and meadows, the primary
infection caused through H. parcigerum spores is dominant, but secondary infection increases
with stand age. H. parviperum can form large (over 100 m®) territorial clones, causing extensive
tree dieback and mortality (Klavina « al, 2021). Symptoms caused by Hetersbasidion spp. vary
depending on the pathogen species involved, the tree species infected, the age and previous
use of the forest stand, the soil type, the local climate, and possibly atmospheric pollution. Even
50, it is possible to consider the general main symptoms of infestation by Hetersbasidion spp. to
be oot rot, subsequent rot of the thizome of the tunk, and resinous outflow. When disintegration
of sapwood starts, the crown begins to thin. Infected rees occur in clusters in the stand and are
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highly sensitive to windthrow. Fruiting bodies of Heterebasidion spp. grow on roots, stumps, and
dead wrunks (Soukup, 2011). Climate change towards a milder winter with prolonged periods at
temperatures above 3C can increase the sporulation and infection of Heterobasidion spp. (La Poma
& al., 2008). Drought can predispose conifers to Hetersbasidion attack through the reduction of the
endogenous defence mechanisms of trees (Lindberg and Johansson, 1992). Therefore, contin-
uing serious damage of conifers by Haerabasiaion root rot can be expected in the Czech Republic
and beyond, because the fungus may remain active in dead stumps and in the oot systems for
decades. Stumps after thinning can be infected by the pathogen through spores (Pratt and
Greig, 1988). Stump removal with the careful removal of all roots is the only effective control
strategy against Haterobasidion root and butt rots on heavily infested sites (Cleary o ., 2013
Garbelotto and Gonthier, 2013). However, it is an expensive and time-consuming control
method that requires the use of machines, making it unsuitable for most forest stands. Potential
solutions are chemical and biological control agents (especially biological preparations based on
Phiebia giganrea [Fr.] Donk.), which were proved to be effective and are recommended for use
{Holdenrieder & 4/, 1998; Klavina & &, 2021). A long-term alternative is to change the tree

species composition to a mixture forest, with the use of planting near-natural forests (Worrall &
al., 2010).

Ascomycete fungal pathogens

The Dutch elm disease affecting elms (Umus spp.), caused by the fungus Opbiostoma wlmi
{Buisman) Nannf., was first recorded in the Czech Republic's present erritory {the former
Czechoslovakia) in 1932 (Poldk, 1932). It spread in the following years, especially in floodplain
forests in the lowlands (Kalandra and Pfeffer, 1935). A new and more aggressive species,
(). movo-wlmi (Brasier, 1991), spread widely in the 1970s (Jantatik, 1976), causing the massive
death and disappearance of elms from many areas. The occurrence of 0. wevo-wimi on elms in
the Czech Republic was confirmed by Dwvoldk o @, (2007) using molecular biology methods;
the presence of both subspecies O, wovo-wlmi subsp. movo-wimi Brasier (indigenous in the arcas
of Ukraine and Moldavia) and O meve-wimi subsp. americana Brasier & S.A. Kirk (indigenous in
North America) and its hybrids was recorded. No strain belonged to O, sl ( Dvolik o al., 2007).
The spores of both pathogens are mainly spread by subcortical insects, especially Soofyius spp.
{Prihoda, 195% Jiirisoo & af, 2021). The pathogen's hyphae block the conductive tissues of the host
(Ptihoda, 1939). The host subsequently defends itself against the penetration of the pathogen
and its toxins by forming clumps of accompanying parenchymal cells, which leads o furcher
blockage of the conductive tissues (Janéatik, 1999). During the acute course of the disease, the
leaves wither, curl and dry but do not fall off, and the wee dies during one growing season. In some
cases, the branches of the infested trees dry from one side of the crown to the centre over many
years. The process of dying can take many years, without any symptom (Ptthoda, 1939). In recent
years, there has been no noticeable increase in the Dutch elm disease in the Czech Republic.
Nevertheless, it remains a significant threat. Rising temperatures can favour bark beetles which
are vectors of 0. sevo-wmi (Santini and Faccoli, 2014). However, it is unclear how ongoing climate
change will affect elms (Martin ef &, 2019) as well as interactions among the fungal pathogen,
its imsect vectors, and the host trees (Santini and Faccoli, 20014). The most effective measure
against this disease is integrated pest management, which lowers the fungal inoculum levels
and vector densitics. Prompt sanitation is the best single method of containing the disease.
Biological protection can also be used via biocontrol products based on Verticlfiam albo-atrum
{Postma and Goosen-van de Geijn, 2016). Chemical conerol, especially fungicides injected pre-
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ventively or curatively, play an important role when other methods cannot be implemented
(Stipes, 2000). Using non-native, resistant genotypes or material bred wich higher field resiste-
ance could be used w re-establish European elms (Solla & of., 2005; Martin e of., 2021).

Ash dieback is one of the most concerning and fastest-spreading fungal diseases of woody
plants in Europe, including the Czech Republic. The causative agent of ash diehack, the fungus
Hymenoscyphus fraxinens (anamorph Chalarg fraxines Kowalski), was first recorded in the Czech
Republic in 2007 (Jankovsky and Holdenrieder, 2009), but it has possibly occurred there before.
The discase spread from the northeast to the southwest of the country and affected mainly
young trees. Nowadays, it occurs in practically the whole of the Czech Republic on both young
and old wrees (Havrdovd and Cerny, 2012). In the Czech Republic, H. fraxiness attacks the native
ash species, Fravivus excelsior L., more often than native & angustifolie Vah] (Havrdovi & af,
2016b). Non-native I ormas L. is less susceptible wo H. fraxivess infection than both native Czech
ash species (Queloz ef &, 2011). The pathogen is the most serious in plantations with a higher
proportion of ash wees — especially in ash-alder alluvial forests, hardwood alluvial forests, riparian
stands (Havrdovd and Cerny, 2012) and urban plantings. Typical symptoms of ash dieback are leaf
spots, premature leaf drop, drying of shoots and branches, excessive formation of preventive
shoots, secondary crown development (including growth on the trunk), colouring of wood, and
necrosis of surface tssues at the base of the trunks and roots (Cemy & al., 2016a). Recorded
occurrence of ash decline (dominantly due to H. fraximeus, less due to other fungal pathogens
ef., Armillaria spp. and Ganoderma applanatum [Pers.] Pat) in forests of the Czech Republic
were (in ha) 3.5K in 2020, 6K in 2019, 3K in 2018, 4K in 2017 and 4K in 2016 (MZE, 2017-
-2021). The damage caused by ash dieback increases with wee density, proportion of ash in
stands, nutrient and water availability and temperature (Havedovi & g, 2016a). Juvenile trees
are more exposed o competition with other vegetation and thus more predisposed w die-off if
they are infected by ash dieback (Cech, 2008). In contrast, spore density of H. fraxiness decreases
with increasing height of the stand (Timmermann & &/, 2017) and damage by ash dicback
decreases with distance to other ash stands and increasing slope {Havrdovd & o, 2016a). Infected
trees appear to be more susceptible to other pathogens, especially Armillaria spp. (Timmermann
e al., 2017). The most significant potential damage areas are warm and wet arcas in the Silesia
and Western Carpathians (Havrdovd ef af., 2016a). Due to the rapid spread of H. fraxinews, the
cultivation of ash trees remains problematic and the establishment of new ash stands is often
abandoned. The survival of . fraximens at temperatures above 35°C is limited; thus, as warming
progresses, this pathogen can recede in the warmer regions of Europe (Grosdidier e af., 2018).
In the Czech Republic, where such temperatures are still rare (CHMU, 2020), it can be assumed
that ash dieback will continue to be a crucial limiting factor to ash growth in the coming years.
Thinning for supporting vital ash trees can improve the health status of the stand. All mees with
a dead rerminal or seriously damaged top part of the crown, with necrosis of the base and a seri-
ously damaged trunk, should be removed. Planting mixed stands rather than monocultures is
also recommended. At high humidity sites favourable for H. fraxinews, the proportion of ash
trees should be low, allowing their replacement by another tree species in the case of ash dieback
(Cemy & al, 2016a). The use of fungicides is acceptable only for the control of individual valuable
trees in the countryside, as well as in urban areas (Rozsypdlek ef ., 2017) and forest nurseries
(Cerny & al, 2016a). Models predicting environmental suitability can be useful for making
long-term strategic decisions (e, identifying areas where furure ash regeneration and cultiva-
tion may be unsuccessful) (Chumanovi & af, 2019).
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A possible threat to maples (Aeer spp.) is the soory bark disease caused by the fungus
Cryptostroma corticale. This disease was first recorded in Grear Britain in 1945 on AL peeudapdatamus L.
{Gregory and Waller, 1951), but £ corticale was first recorded in North America as a saprotroph
on the barks of A. psewdaplatanus and A. saccharum Marsh. (Ellis and Everhare, 1889). The disease
most commonly affects A. peavdsplatants and rarely A. platawsides L. (Kelnarovd et al., 2016). In the
Czech Republic, this disease was first recorded in 2005 on a maple in urban greenery in Prague
{Koukol ef @, 2014). Subsequently, €. corticale was confirmed in the city parks of Prague and
the floodplain of the Vleava River (Koukol & &', 2014). Another survey conducted in Prague
recorded O corticale in 25% of the 112 surveyed localities, with more frequent occurrence in
localities on steep slopes, with higher altitude, with more substantial nitrogen oxide pollution
and with a denser network of roads and paths (Kelnarovid e @/, 2017). The first occurrence of ¢
corticale in Czech forests was documented by Cemy & a/. (2013). However, . corticale probably
occurred in the Czech forests earlier and escaped atention due w its largely hidden way of life,
occuring in the host tissues without any visible manifestation of the disease (Kelnarovi o o/,
2016). Recentdy, infestation by . corticae (accompanied by the ascomycerous fungus, Proghadum
pyriforme Jaklitsch & Voglmayr) has been confirmed on A. prendsplatanas in several stands of the
Czech forest in North Bohemia (Lorenc, 2020a). In recent vears, O, corticale has spread in Evrope
{including the Czech Republic) in response to higher temperatures and repeated periods of
drought (Longa ef al., 2016). The first symptoms of sooty bark disease include wilting and
branch dieback. Later, a greenish-brown stain can be observed in the cross-sections of the
trunk. Where the pathogen reaches the bark, subcortical stromata are produced. Ultimartely,
dark spore masses are visible under peeled, necrotized bark and the dead host remains covered
with dark stroma (Gregory and Waller, 1951). Inhalation of large amounts of €. cortiaale spores
can cause a hypersensitvity pneumonitis called “maple bark disease” in humans. Persons who
have intensive contact with infested trees or wood (e, woodman, foresters, sawvers, or paper
mill workers) are particularly at risk (Braun er g, 2021). Optimal growth temperature was deter-
mined at 25°C (Ogris & o/, 2021). & corficale is 2 mostly weak and opportunistic pathogen, but
increases in severity under hot and dry conditions (Ogris ef @/, 2021). In the event of widespread
planting of maples and an increase in summer droughts and temperature, a significant spread of
this pathogen in the Czech Republic can be expected. Removing necrotized branches and
infested individuals from the stand and ensuring higher air humidicy when processing or storing
necrotized wood are desirable to prevent the release of spores (Kelnarovd, 2015). To avoid contact
with . corticale spores, persons working on infested trees or wood should wear personal protec-
tive equipment (Braun & &, 2021). [t is suitable to replace the removed trees with other species.
When planting sycamore maples in new localities, it is necessary to focus on the habitat require-
ments of the ree species (Kelnarovd, 2015). No effective fungicides nor biopreparates against
€. corticale are available.

Maples are also threatened by the fungus Ewtypella parasitica, which causes Entypella canker
and brown rot of maple hearrwood. The pathogen is native to North America and it was first
recorded in Europe in 2005 on Acer peewdaplatanus in Slovenia (Jure & @/, 2006). In the Czech
Republic, it was first recorded in 2015 in Silesia (Cemy & /., 2017). Subsequently, it was recorded
in natural stands of various ravine and alluvial foreses, other natural or commercial foreses, riparian
stands and open landscapes in the Czech and Polish parts of Silesia. The proportion of infested
maples here was found to be 1-50%. The most common host species were A, prewdaplatanus, and
rarely A. platansides and A. campestre L. (Cerny ot al, 2017). Symptoms of Ewtypella canker are

distinctive oval bark lesions on the trunk. The bark remains in place, except at the oldest part
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in the centre. This canker is mainly located on the lower portions of the trunks. White to light
cream-coloured mycelial fans of E. parasitics are present in the bark, mainly along the advanc-
ing edge of the lesions. Fruiting bodies (perithecia) of the pathogen are present on the older
parts of the canker (Jurc & al., 2006). Spores of the pathogen are dispersed by wind (EPPO,
2008) and show dissemination for a short distance (Johnson and Kuntz, 1979). A potential prob-
lem could be the trade of plants, which can lead to the spread of the disease (EPPO, 2008).
E. pargsitics damages the most valuable sycamore timber and represents a clear risk for maple
cultivation (Cemny & a/., 2017). Extensive areas covering the natural distribution of maples in
Ewrope, including the Czech Republic, are at considerable risk from E. parasiticr infection (Oxgris
e af., 2006). Discharge of spores is heavily affected by rain, high humidity, and high tempera-
tures (minimum 4°C, optimum 24-28C, maximum 36°C), which is important for spore germina-
tion and pathogen development (Johnson and Kuntz, 1979). Therefore, areas with a warm and
humid microclimate and overgrown stands are particularly threatened (Chumanovd o af., 2019).
Branches affected by Ewtypella canker can be pruned, but there is hardly any treatment possible
for trunk cankers. In an urban environment, adequate watering and fertilization may help trees
to resist infection (EPPO, 2008). No effective fungicides nor biopreparates against E. parasitica
are: available.

Stands of a substitute tree, Piea pungens Engelm., especially in the Ore Mountains, are ser-
ously damaged by the Gemmanyces bud blight caused by Cwawrditaria piceae. The pathogen was
first discovered in Scotland in 1906 {Borthwick, 1909). The main host trees of this pathogen are
Picea spp. and rarely Adies spp. (Borthwick, 1909). In the Czech Republic, . piceas was first
identified in P pungens in the Slavkovsky les Mountains (Western Bohemia) in 1917, but a dis-
ease with symptoms corresponding to Gemmamyees bud blight had already been observed there
in 1909 (Kick, 1918). The widespread death of P pusgens due to Gemeranryees bud blight began
in the Ore Mountains in 2009 (Soukup and Peikovd, 2009). Subsequently, €. picear has been
commonly observed on # pesgens in the Ore Mountains and Jizera Mountains, but lesser planta-
tions of the trees affected by the pathogen are distributed from mountains w lowlands over the
whole Czech Republic (Zyka & all, 2018). The pathogen occurs on B adiss, in the Ore Mountains,
Lusatian Mountains, Sumava Mountains and Kralicky $n&nik, but it probably also occurs in
other regions (Zyka & af., 2018). The occurrence of O piceae on P abies is low, and infected trees
are usually not seriously affected (Soukup and Peskova, 2009). However, a significant increase
in the number of trees with a higher proportion of infested buds has been observed in the Ore
Mountains since 2014 {(Modlinger and Peikovd, 2017). The infection occurs during the growing
season. The dominant infectious agent is probably conidium, which spreads in humid weather
(Cemy & al., 2016b). The main svmptoms of infestation on Pieea spp. and Adbies spp. are twisted
shoots and swollen buds, where black stroma with small spherical fruiting bodies appear
(Soukup and Peskova, 2009). . piceae is a psychrophile, as indicated by the following cardinal
temperatures: 0°C (minimum), 13-18°C (optimum), and 25°C (maximum) (Cerny o a/., 2016h).
Higher damage of P panges by Genmanryees bud blight has been recorded on sites with higher
total precipitation and on moist soils with low nutrients. The opposite effect is observed in
higher air temperature and southemn exposure (Zvka o a., 2008). However, €. pireae has recently
moved to warmer, less climatically suitable areas (Cemy & al., 2016b). Therefore, it is difficult to
predict the occurrence of this pathogen in the Czech Republic in the coming years. In the severely
affected Czech P pungens stands, only thinning, gradual suppression of P pangens and change of
species composition can be considered. In ornamental plantings with a low disease incidence,
the removal of affected twigs, branches and highly affected individuals can be recommended.
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For more severe damage, fungicide should be spraved before or during bud opening, and again
during the spore transmission phase. Preventing the introduction of this pathogen to North
America, the homeland of the most susceptible Picsa species (P pungens and P enpelmanmnii Parry
ex Engelm) through the inspection or regulation of susceptible plants, is also recommended
(Cerny e al., 2016b).

Fungal-like pathogens
One of the most serious threats to woody plants are organisms of the genus Phwopdtdons. [tis now
classified in Oomycetes, in the Straminipils lincage within the Straminipila-Afoeolata-Rhizaria
(SAR) eukaryotic supergroup (McCarthy and Fitzpatrick, 2017). Phytoplthora species can survive
under adverse environmental conditions with the use of resting structures (mainly sexual
oospores), vegetative chlamydospores and hyphal aggregations (Jung er @/, 2018). Soilborne
Phytophithara species leg, P alni species complex; P cambivers (Petri) Buisman; B cinwamani
Rands. and £ plurivers T. Jung & T.1 Burgess) infect fine roots, the bark of suberized roots, and
the collar region with mobile zoospores under wet soil conditions. Aithorne Phytapdthars species
leg., P oromoram Werres, De Cock & Man in ‘t Veld) infect leaves, shoots, fruits and bark of
branches and stems with sporangia, that are produced under humid conditions on infected plant
tissues and dispersed by rain and wind splash (Jung & ., 2018). Typical symproms of plants
affecred by Phtopdrborg spp. are crown thinning, chlorosis and dieback caused by extensive fine
root losses and/or collar rot (Jung ef af., 2015). In a large-scale study conducted in 732 European
nurseries plus 2325 areas in which trees and shrubs were planted, 49 Phytopbebors taxa were
recorded in 91.5% of the nurseries and 66% of the other tested areas (Jung & o/, 2015). In the
Czech Republic, Phwopbthora diseases on woody plants and Phyrapdthors diversity were over-
looked until 2000 (Cemny e# 2/, 2011). The most dangerous invasive Phytaphthora species for forest
trees recorded in the Czech Republic are potentially P alni species complex (Cemny ez al., 2003),
P, cactorum (Erwin and Ribeiro, 1996), P cambivora (Cerny et al., 2008), P cinnamomi (Cerny o al.,
2011), P plurivora (Mrizkovi ef al., 2010) and P ramorum (Cemy & al., 2011). Between 2006 and
2010, 16 Péytophthara species in the Czech Republic were detected on more than 20 investigated
woody plants — most frequently P alwi species complex, P plurivons and P cactorum (Cemy o al.,
2011). The most serious invasive Phytephdtboras pathogen on woody plants that has not yet been
recorded in the Czech Republic is P kernoviar Brasier, Beales & S.A. Kirk (UKZUZ, 2014-2021).
The impact of future changes in temperature and precipitation patterns on the spread and activiey
of Phytophthera remains unknown (Hung ef @/, 2018). However, due to the interaction between
Phytaphthora-caused fine root losses and droughts, as well as the multicyclic spread of Phwapdthora
zoospores and sporangia under persisting humid conditions, rising temperatures and increased
summer droughts, aleernating with periods of unseasonal heavy rain, will most likely intensify
the root and collar rot incidences (Jung & 4., 2018). The control and management of Péytapdrdora
pathogens and diseases should mainly focus on the prevention of their introduction and slowing
down their spread once they are inroduced (Jung o &', 2018). Products based on propamocarb,
metalaxyl, foseryl-Al or dimethomorph can be used against oomycetes, including Phytopdtbora
species. Propamocarb and metalaxyl-based products are suitable for soil applications. Potassium
phosphonate {phosphite) showed a positive effect on reducing infection pressure, but a major
drawhack is the need to repeat treatments due to its shore shelf life (Hardy e /., 2001; Tynan & ail,
2001; Daniel & &/, 2005). Phosphite-Al-based fungicide can also reduce Phvfopdefors development
and thus mitigate the impact on forest stands (Gonzilez o all, 2017). Although the success rate
of phosphonate use is inversely proportional to the stage of infestation (Gentile & af., 2009), the
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efficacy of foseryl-Al injection against £ cimwamoni has been demonstrated (Gonzdlez ef af,
2017).

The £ aini species complex, which causes Phytapdthora disease of alders, has spread in Europe
since the 1980s and later to the Czech Republic. The pathogen mainly attacks the root neck of
trees and causes the mass dying of alders (A/was spp.) (Cemy and Strnadovd, 2010). The P alni
species complex was first identified in 1995 (Brasicer & a/l., 1995) where it was recorded only on
alders (Hansen, 2012). The pathogen currently occurs in most European countries {Jung and
Blaschke, 2004). [n the Ceech Republic, it was first isolated from damaged A. glwtinasa (L.} Gaertn,
In western Bohemia (Cemy ef af, 2003), it occurs on the native alder species, A. glatinasa and
A. imcana (L) Moench. lts occurrence is expected in the whole territory, but mostly in Southern
Bohemia (Cerny e @, 2010). Within the P a/ni species complex, there are three known species:
P alwi, B s multiformis and £ wwiformis (Brasier o o, 2004; Husson & 2., 2015). Of these, £« alni
is the most aggressive and constitutes approximarely 88% of the population of the complex
{St&pinkovid ef al., 2013). The main causes of the massive spread of infestation are the transfer
of planting material from nurseries (Jung & &, 2007) and spontaneous spread through water-
courses (Jung and Blaschke, 2004). The P alwi disease of alders has been observed to increase
with the mean summer temperature of the river water (Thoirain e 2/, 2007). B = alwi is a ther-
mophile with optimal growth temperature ranges above 22°C (Brasier ef ad., 1995). On the other
hand, high summer temperatures may favour antagonistic microflora populations {(Garrett ef ail,
2011), resulting in unfavourable conditions for P« afei (Aguayo o af, 2014). Low winter air
temperatures promote tree recovery because of poor pathogen survival (Aguayo & af, 2014).
Extreme drought can accelerate the Phytopbthorg disease process, due w reduced vitalicy of the
host tree (Jung and Burgess, 2009). Depending on the European area, climare change can either
enhance or decrease the severity of alder decline (Aguavo & af, 2014). Measures against the
Phytapdthora disease include performing controls and keeping records of the occurrence of the
disease, avoiding discharge of the pathogen to water sources and healthy vegetation, and using
healthy and controlled material when planting alders. In nurseries, it is possible to change the
planted species, change cultivation practices, change the source of irrigation water and use
fungicides. In stands, the removal of infested alder trees, replacing alder trees with different
plants (even temporarily) and felling downstream in winter, from healthy to damaged stands,
is recommended. The infected material should be discarded and working tools and machines
should be cleaned (Cemy and Strnadovid, 2011).

P cagtorum is 2 well-known pathogen of many plants with both a soil- and an airborne lifecvele
(Jung « i, 2018). In the Czech Republic, the pathogen was first recorded on Fagus spfoarica L.,
A. hippacastanwm L. and Popalus alha L. as the causal agent of bleeding cankers (Cerny & a/., 2000).
The main host tree of the pathogen in the Czech Republicis F sWvatice, and rarely Queraus spp.,
Tilia spp., Acer spp., Larix spp., Pseudotsuga spp., Abies spp. or Picea spp. (UKZUZ, 2014-2021).

P cambivers is a soilborne pathogen (Jung e af., 2018} of both conifers and broadleaves
(CABL 2021b}, long-established in many European countries (Santini & ., 2013). In the Czech
Republic, the pathogen was first recorded on Castanea saffioa Mill. as the causal agent of ink dis-
ease (Cerny ef al., 2008). The main host trees of the pathogen in the Czech Republic are Fagus
spp.. Qwercus spp. and Castanea spp. (UKZUZ, 2014-2021).

The most feared Phyropbthors species worldwide is P ainmamoni. 1t is a soilborne pathogen
(Jung & ai., 2018) which has a wide range of plant hosts, mainly woody planes. In southwestern
Awnstralia, tens of thowsands of hectares of Escalyprws forest have been destroved by the
pathogen (Podger, 1972). Within the European trees, B anramomi mainly affects Quwercns spp.
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(Bergor e af., 2004). In the Crech Republic, the pathogen was first recorded on Rbododendron
spp. and Vaccinium corymbosum L. (Cerny e a/., 2011). In case of longer drought periods (Lindner
& ai., 2008) and higher winter temperatures, expansion of P awsamemi can be expected (Bergot
a al., 2004).

P plurivera is a soilborne species (Jung & &', 2018) whose isolates were previously rou-
tinely identified as P dtricols (Jung and Burgess, 2009). The pathogen is native in Europe and
has probably spread globally through the nursery trade of diseased plant material (Schoebel
a al., 2014). In the Czech Republic, Mrizkovd & af. (2013) isolated P plurioors from 20 hosts,
predominantly from Rbsdodendron spp., deer spp., Onercus spp., Fravinws spp. and Tiia spp. The
P plurivora isolates from forest trees were more aggressive towards such trees than isolates from
ericaceous ornamental plants. This pathogen is found in a broad range of elevations and envi-
ronments, including forest and riparian stands, and has potentially become naturalized (Mrizkovd
e al., 2013).

P ramorum is an airtborne species (Jung o al., 2018) with a wide range of both broadleaf and
conifer hosts (EPPO, 2021). The pathogen is also a causative agent of Sudden Oak Death (Goheen
at al., 2002) and Sudden Larch Death (Brasier and Webber, 2010). In the Czech Republic,
P ramorum was first recorded on Rhododendron spp. in 2009 (Cemny & af, 2011) and subse-
quently, records of the pathogen came mainly from imports of Réodsdenaron spp. Eradication of
the pathogen has been successful and since then, no P resvorem has been recorded in the Czech

Republic (TKZUZ, 2014-2021).

Conclusions

The above-mentioned pathogens are juse a few potential threats that are well known. Some
other important pathogens that can be problematic are Neowedtria cocoivea (Pers.) Rossman
& Samuels, Inonotus complex, Sphaerapsis sapinea (Fr.) Dyko & B. Sutton 1980, Cenangium
ferruginosum Fr. and Lecanosticta acicola (Thiim.) Syd. Some of these have caused serious prob-
lems le.g., a combination of drought and pathogens on Pines spp.) and others can present future
issues with Fagus spp. and Qwercus spp.

Climate change is likely to have a deep impact on plant - pathogen interactions and rep-
resents one of the biggest challenges for the ecological and functional stability of forests in the
coming vears. Several fungal diseases on trees may become more devastating because abiotic
stresses predispose trees to pathogens (La Pora e af., 2008), &g, Heterobasidion spp. (Lindberg
and Johansson, 1992) and Sphaeropis sapineas (Vornam & af., 2019). Increasing temperature and
moisture positively affect sporulation and dispersal of cerwain pathogens (La Porta o af., 2008),
e, Hymenoscypdus frvdness (Havrdovd & &', 2016a; Grosdidier & &, 2018). Migration of pathogens
triggered by climatic change may increase disease incidence or geographical ranges. New threats
may appear either because of a change in wee species composition or because of invasive
species (La Porta & af., 2008). Invasive pathogens, eg, H. froviesus and several Phwopbthora
species, have the porential to radically reshape native woods and forests, (Porter and Unguarr,
2M7).

It is necessary to make long-lasting management decisions, even if uncertainty about climate
change impacts is still large. Forest management requires expert knowledge and enhanced
efforts to provide science-based decision support (Lindner & &/, 2014). To strengthen the adaptive
capacity of temperate forests in Europe, it is recommended to increase tree species richness,
increase structural diversity, maintain and improve genetic varation within tree species,
increase the resistance of individual trees to biotic and abiotic stress, replace high-risk stands
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(especially non-native spruce and pine monocultures in lowlands) and keep the average growing
stocks low (Brang « o, 2014). Forest adaptation can include intermixing of native and non-native
tree species as well as non-local genetic strains, which can adape beteer to future climate condi-
tions (Bolte & 4., 2009). Picea abies and Pinas splvesris L. will likely become unprofitable and,
consequently, their abundance in Central European lowland forests during the anticipated cli-
mate change will significantly decrease. Fagus sWfoatios and Quercus roduer L. may endure in large
parts of Central Europe. Potential alternative tree species, such as (werous ilex L., Pinus wigra |.E
Arnold, P dalepensis Mill, P pinaster Aiton and Castanes sativa can be considered a meaningful
replacement of locally declining tree species (Buras and Menzel, 2019), However, the introduction
of new species has a risk of uncontrolled spread (Lombardero e 2., 2008,

The phenotype, and hence phenorypic maladapration, evidently plays a significant role in
a tree disease. Biotic factors are key in limiting the capacity of trees to use all their potential
phenotypic plasticity and plastic responses. We still know litdle abour the physiological mecha-
nisms behind phenotypic tree resistance (Stenlid and Oliva, 2016}, The biggest problem is that
we do not know how pathogens kill trees, because it is a complex process. Pathogens can estab-
lish a large array of interactions with the host with differing physiological consequences. Our
understanding of how pathogens kill trees is often mislead due to an interaction with other abi-
otic factors that lead to the killing of trees.

The most cost-effective measurement against both native and invasive species is to pre-
vent their establishment. Regional and international regulatory programs that can restrice the
predicable pathways of pathogens can be useful wols (Hansen, 2008). Specifically, it is impor-
tant to manage imported plant material, control the seeds and planting material in forestry,
ensure timely application of suitable chemical preparations or bio-preparations in forest nurs-
eries (preventively and in case of pathogen attack), apply adequate watering, plant individual
tree species in suitable habitats, ensure timely removal of infested plants or their parts and plant
interventions, creating less suitable conditions for the pathogens.
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