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Abstrakt

V poslednich n¢kolika desetiletich se zvysil vyskyt vétrnych disturbanci. Pfemnozeni
ktrovcl na tyto disturbance navazuji pfedevsim proto, ze fyziologicky oslabené nebo

mechanicky poskozené stromy poskytuji vhodné prostiedi pro vyvoj kiirovet na smrku.

Disertacni prace se vénuje faktorim, které ovliviiuji vyskyt antagonistl
Vv populacich kiirovcovitych. Cela prace je rozd€lena na tfi ¢asti. Prvni dvé se vénuji
jednotlivym druhim — Ips typographus, Ips duplicatus a posledni ¢ast je vénovana rodu
Trypodenddron. U druhu 1. typographus byla v ramci studované problematiky nejprve
provedena meta—analyza ze zjisténych dat a nasledné na 4 lokalitach v Tatrach (Tatransky
narodny park, Tatrzanski Park Narodowy) probéhl samotny terénni vyzkum. Pro druh
I. duplicatus a dievokazy rodu Trypodendron bylo uskute¢néno terénni Setieni. Patogeny
. duplicatus byly studovany na 21 lokalitach; ¢tyii v Ceské republice, pét v Rumunsku,
osm v Polsku a étyfi ve Svédsku. Jednotlivé druhy dievokazti byly sledovany na deviti
lokalitaich v Ceské republice, péti lokalitich v Polsku a jedné lokalité v Rakousku.
Za Ucelem analyzy patogennich organismi byla odchycend imaga pitvana. Stfevni organy

dospélct byly prohlizeny pod svételnym mikroskopem.

Intervence vV lesnich porostech byla dlouhodobé povazovana za jeden
z vyznamnych faktort vyvijejici tlak na populace a antagonisty lykozrouta smrkového.
Statistickym srovnanim jednotlivych lokalit bylo zjisténo, ze vétSina béZnych patogenil
se skutecné vyskytuje ve vysSich infek¢nich hladinach na lokalitach bez intervence.
V navazujicim terénnim vyzkumu bylo potvrzeno, Ze intervence v narodnich parcich
ve Vysokych Tatrach vyznamné neovlivnila populaéni hustoty I. typographus, troven

parazitismu, infek¢ni hladiny patogent ani predace.

Bylo zjisténo, ze infekéni hladina L. duplicati u populace lykozrouta severského
klesd se zemépisnou Sitkou, kdy nejvyssi hladiny byly zjistény v ptivodnim areédlu

v dlouhodobych ohniscich anejniz§i na jihu vnovych gradac¢nich oblastech,

kde se lykozrout zacal vyskytovat a pfemnozovat teprve nedavno.

U drevokazti rodu Trypodendron jako druhl s odliSnou bionomii v porovnani
s lykozrouty bylo poprvé popsano druhové spektrum patogent. Piedlozené vysledky
dokumentuji velmi nizké tGrovné infekéni hladiny patogend a hlistic ambrosiovych

karovci Trypodendron lineatum, Trypodendron laeve a Trypodendron domesticum.

Klicova slova: Ips, Trypodendron, intervence, antagonisté



Abstract

In recent decades, the number of wind disturbances has risen. Bark beetle outbreaks
follow up on wind disturbances as physiologically stressed or mechanically damaged

individuals provide a suitable environment for bark beetle development on spruce.

Dissertation thesis is aimed at factors, which influence the presence of the bark
beetles antagonists. The thesis is divided into three parts. First two are aimed
at the species — Ips typographus and Ips duplicatus. The third part is dedicated
to the Trypodendron genus. For the I. typographus, a meta—analysis of previously done
research was the first priority, followed by field research on four locations in the Tatry
mountains (Tatransky narodny park, Tatrzanski Park Narodowy). Field observation was
concluded for I. duplicatus (on four sites in the Czech Republic, five in Romania, eight
in Poland and four in Sweden) and Trypodendron was studied on nine sites in the Czech
Republic, five in Poland and one in Austria. The intestines were inspected under the light
microscope for analysis of the pathogens, obtained imagos were dissected,

and the intestines were inspected.

For a long time, the intervention was considered a significant factor for creating
pressure on the population of I. typographus and its antagonists. Statistical comparison
of research sites showed that most common pathogens are present on higher infection
levels on sites without intervention. Following field study showed no influence
if intervention in Tatry mountains national parks on the population density

of I. typographus, levels of parasites, pathogen infection nor predation.

Infection levels of L. duplicati decreased with latitude, where higher levels were
observed on the original area of longterm focus points, and lowest was observed
on the south in new outbreak areas, where L. duplicati started to appear to overpopulate

only in recent years.

For the Trypodendron genus, as a species with different bionomy compared
to the Ips genus, the pathogen spectrum was described for the first time. Presented results
show low levels of infectious pathogens and nematodes of the ambrosia beetles

Trypodendron lineatum, Trypodendron laeve a Trypodendron domesticum.

Key words: Ips, Trypodendron, intervention, antagonists
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1 Uvod

Lesni ekosystémy po celém svéte jsou poSkozovany riaznymi Skodlivymi Ciniteli, coz méa
za nasledek odumirani jednotlivych stromli a n€kdy i rozpad celych lesnich komplext
(Perry et al., 2008; Nikolov et al., 2014). Reakce lesnich ekosystémti na ménici
se klimatické podminky nejsou jednotné a mohou se vyznamné liSit podle veékové

a druhové skladby (Kint et al., 2012).

Smrk ztepily [Picea abies (L.) H. Karst.] je jedna z nejrozsifenéjSich dievin
ve stiedni a severni Evropé (Jonsson et al., 2012). V Ceské republice zastoupeni smrku
stale dosahuje vice nez 50 %. V soucasné dob¢ se jevi jako jedna z nejvice ohrozenych
dievin v dusledku zmény klimatu (Hanewinkel et al., 2013). Vzhledem k vysokému
rustovému potencidlu, kvalit€ a pouZitelnosti dieva a pomérné nizkym pozadavkim
na kvalitu lokality se smrk stal jednim z hlavnich komer¢nich dfevin ve stfedni Evropé
(Yousefpour et al., 2010; Hanewinkel et al., 2013). Mnohé porosty byly vysazeny mimo
pfirozeny areal, coz je jeden z diivodi jeho nizké adaptace a odolnosti (Spiecker, 2000;

Brosinger & Ostreicher, 2009; Thiele et al., 2017).

V poslednich nékolika desetiletich se zvysil vyskyt vétrnych disturbanci
(Qkland & Berryman, 2004; Wermelinger, 2004; Marini et al., 2013; Havasova, 2017)
a prodlouzeni obdobi srazkového deficitu a tyto dva jevy se staly hlavnimi spoustéci
vzniku pfemnozeni kiroveu (Qkland & Bjernstad 2006). Pfemnozeni kiroved na tyto
disturbance navazuji ptfedev§im proto, Ze fyziologicky oslabené nebo mechanicky
poskozené (zlomené nebo vyvracené) stromy poskytuji vhodné prostiedi pro vyvoj

kirovcl na smrku (@kland & Berryman, 2004; Wermelinger, 2004; Nikolov et al., 2014).

Lesnictvi Ceské republiky piekonalo nékolik disturbanénich period, jako
napiiklad v letech 2006-2008, kdy se zpracovavaly nasledky vétrnych bouti Kyrill
a Emma. I pfes intenzivni zpracovavani takovych udalosti se od 70. let 20. stoleti
v evropskych lesich zvysil rozsah poskozeni porosti ktirovei az sedmkrat (Seidl et al.,
2014; Dobor et al., 2020). Nejnovéjsi vyzkumy predikuji, ze budouci zména klimatu bude
dale evokovat vznik rozsahlych pfemnozeni ktrovct (Jonsson et al., 2009; Seidl et al.,
2017; Dobor et al., 2020), coz muze mit nepfiznivé dopady na udrzitelné poskytovani
ekosystémovych sluzeb spolecnosti (Morris et al., 2018; Dobor et al., 2020). Dlouhé
obdobi sucha mezi lety 2015-2018 vyrazné oslabilo lesni porosty a vedlo k dal§imu

namnoZeni a S§ifeni podkorniho hmyzu (Zprava o stavu lesa CR vroce 2018).
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V soucasnosti Celime historicky nejvétsimu premnozeni kiirovell na smrku, pficemz
aktudln¢ dosahuje objem vytézeného klrovcového smrkového diivi desitek miliont

kubik® ro¢ng, a to pouze pro tzemi Ceské republiky (Zprava o stavu lesa CR v roce

2019).

Kirovci (Coleoptera: Curculionidae: Scolytinae) na smrku se obecné¢ fadi mezi
nejintenzivnéji zkoumané druhy lesniho hmyzu. Publikace se zabyvaji jak komplexni
tématikou téchto druhti, tak i monografickymi studiemi (napi. Zumr, 1985, 1995;
Skuhravy, 2002; Lieutier et al., 2004; Wermelinger, 2004; Grodzki, 2013;
Fettig & Hilszczanski, 2015; Hilszczanski et al., 2017). Stale vSak existuje fada otazek

souvisejicich s dynamikou nebo druhovym slozenim antagonistl kiirovct.

V soucéasné dobé je popsano vice nez 7 000 druht kirovct (Bright & Skidmore,
2002; Némethy et al., 2018). Pfedlozena disertacni prace se vénuje nejvyznamnéjsSim
druhim kiiroved na smrku s riznymi bionomickymi charakteristikami, kterymi jsou:
1) lykozrout smrkovy Ips typographus (Linnaeus, 1758), ii) lykozrout seversky Ips
duplicatus (Sahlberg, 1836) a iii) dfevokazi rodu Trypodendron.

Zatimco lykozrout smrkovy je nejbéznéjSim druhem karovce v Eurasii
S puvodnimi i novymi pfemnozenimi a pomérn¢ ucelené prozkoumanym komplexem
ptirozenych nepratel, stale nejsou jednoznacné dikazy na vliv lesnického managementu
na tyto antagonisty a zaroven jejich vliv na populace lykoZroutll v lesnich porostech
sruznymi rezimy (viz kapitola 3.5 Antagonisté kurovct). Lykozrout seversky je
na druhou stranu druh recentné pfemnoZzeny a na nova Gzemi $ifici se druh, u n¢hoz je
sice zndmo, jaké druhy antagonistl jej napadaji, ale neni jasné, jak rychle se dokazi Sitit
a reagovat na novych Gizemich. Ttetim studovanym objektem byli ambrosiovi dfevokazi
rodu Trypodendron, ktefi se na rozdil od pfedeslych druht vyvijeji ve dieve, zivi
se houbami a nebyvaji primarnim faktorem zptisobujicim odumfeni porostti. Také proto
je jejich bioregulacni komplex nejméné zndm a chybi ucelena prace o sloZeni jejich

patogennich organismi.
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2 Cile prace

e Srovnat tlak antagonisti a parametry populace Iykozrouta smrkového
na lokalitach s riznym lesnickym managementem.

e Analyzovat infekéni hladinu Larssoniella duplicati u Ips duplicatus v puvodnim
arealu a novych gradacnich oblastech v Evropé.

e Analyzovat patogeny dievokazi rodu Trypodendron ve stiedni Evropé.
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3 Rozbor problematiky

Pii naletu lykoZrouti na zivé stromy jsou imaga a souvisejici mikroorganismy
konfrontovany s riznymi mechanismy obrany stromii (Franceschi et al., 2005; Krokene,
2015; Schroeder & Cocos, 2018). K piekonani obrany zdravych stromi je tedy nutné
koordinované  hromadné  napadeni mnoha  jedinci  (Berryman,  1982;
Mulock & Christiansen, 1986; Schroeder & Cocos, 2018). Tento urcity pocet imag je
Casto oznaCovan jako kriticky pocet, ktery je nezbytny pro UspéSnou reprodukci
(Berryman, 1982; Raffa & Berryman, 1983; Mulock & Christiansen, 1986;
Schroeder & Cocos, 2018). Kriticky pocet je u jednotlivych druhl stromid odlisny
v disledku rozdilt jejich obrannych vlastnosti a schopnosti lykozrouti produkovat
feromony (LOyttyniemi et al., 1979; Austara et al., 1983; Schroeder & Cocos, 2018).

Vyvoj kiirovct probiha pod kirou stromil, kde se vyskytuji vSechna vyvojova
stadia. V dusledku pozirani lyka brouky a larvami dochazi k naruSeni vodivych pletiv
a hostitelské stromy postupné umiraji (Lie & Bakke, 1981; Anderbrant et al., 1985;
Capinera, 2004; Némethy et al., 2018).

Prostorova orientace u kirovcu je uskuteCnovana prostiednictvim slozitych
a specializovanych cCichovych signalt, kterymi dokazi identifikovat vhodné stromy
pro kolonizaci, jakoz i stromy jiz zcela napadené (Schlyter & Birgersson, 1999; Byers,
2004; Byers & Zhang, 2012; Duduman, 2014). Témito signaly mohou byt feromony

a kairomony.

Primarnimi volatilnimi latkami jsou kairomony, které vydava strom. Sekundérni
latky jsou vyluovany samotnym dospélcem, Ktery po napadeni hostitele vylucuje
feromony obsahujici terpenoidy syntetizované konverzi pryskytici (Rudinsky et al., 1971,
Némethy et al., 2018). Agregacni feromony maji nejvétsi vyznam pii koordinaci naletu
hmyzu na hostitelské stromy (Rudinsky, 1962; Wood, 1982; Blomquist et al., 2010;
Duduman, 2014).

Télesna teplota imag souvisi s okolnimi podminkami. Délka vyvoje jednotlivych
stadii (vajicko, larva, kukla, imago), zaCatek jarniho rojeni a velikost populace zéavisi
nateploté prostiedi (Wermelinger & Seifert, 1998; Fleischer et al., 2016). Vyvoj
jednotlivych stadii v rdmci populace lykozroutl je ovlivnén rovnéZz také parazitoidy

a prirozenymi nepiateli (Kenis et al., 2004; Wermelinger et al., 2013). Jaky vliv
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a disledky bude mit gradace na dany porost a lesni biodiverzitu zalezi na pocate¢nim

stavu porostu, typu gradace a jeji intenzité (Kulakowski, 2016).

Velké mnozstvi hmyzu v oblastech mirného pasma prochazi béhem svého vyvoje
stavem diapauzy a kirovci nejsou vyjimkou. Diapauza nastava v obdobi nepfiznivych
podminek pro vyvoj daného druhu. Béhem tohoto obdobi dochazi ke snizeni
metabolismu, jedinec je odolnéjsi vuci chladu a zastavuje se jeho vyvoj (Lees, 1956;
Tauber & Tauber, 1976; Tauber et al., 1986; Danks, 1987; Denlinger, 2002; Kost’al, 2006;
Schebeck et al., 2017). Diapauza spolu s letni teplotou a nadmotskou vySkou rozhoduje
0 poctu generaci v daném roce. Pocet generaci za rok vyrazné ovlivituje rist a dynamiku

populace daného druhu a s tim souvisi i vliv hmyzu na porost (Schroeder & Dalin, 2017).

Mezi klasické metody obrany proti kiiroveum se fadi sanitarni kaceni, lapaky,
trojnozky, trinety a feromonové lapace, skrapéni skladek ¢i vyuziti EDN. Tyto metody
nezastavi gradaci, ale napomahaji zmirnéni pribéhu gradace (Grodzki et al., 2006;

Zahradnikova & Zahradnik, 2015; Jakus et al., 2015).

3.1 Vyznam managementu lesa v popula¢ni dynamice kirovci

Pojem ,,Management® (dale téz intervence) V angli¢tiné obsahuje vice vyznamu nez jen
kontrolu. Mezi hlavni ¢innosti a cile spojené s timto pojmem patii omezeni vyvoje hmyzu
a zamé&feni se Na sniZeni jeho dopadu na ekosystém (Hilszczanski et al., 2017). Jednotlivé
typy managementu Ize jen velmi slozité odlisit. Lisi se intenzitou a rozdily v pouzitych

metodach. Mizeme rozliSit dva krajni typy (Kulakowski et al., 2017):

- pasivni management (=bez intervence) je typicky pfirozenymi procesy, které
tvaruji dynamiku lesa bez intenzivniho zasahu. Jedna se tudiz o lesy, které nejsou
lesnicky obhospodafované. Obvykle je v bezinterven¢nich oblastech vice
mrtvého dieva nez v oblastech s intervenci,

- intenzivni aktivni management (=intervence) znamena sanaci, kaceni, t¢Zbu dieva

a mnoho dalSiho. Obecné 1ze tyto porosty hodnotit jako obhospodafované.

Oblasti smrkovych porostil bez intervence a s intervenci spolu velmi ¢asto sousedi
a mnohdy neni jasna ostra hranice, ktera by je oddélila ve vétSich vzdalenostech tak, aby
dospélci nebyli schopni letovou aktivitou tyto vzdalenosti ptekonat (Grodzki et al., 2006;
Montano et al., 2016; Havasova, 2017; Thorn et al., 2017).
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Aktivni management, zamétujici se na udrzeni populaci kiirovell na endemické
urovni, znamend rychlé odstranéni stromti padlych vétrem (zachranné prace)
a odstranovani stromt napadenych kirovcem (sanitarni tézba) (Stadelman et al., 2013;
Mezei et al., 2017).

V ptipadé propuknuti gradace se opatfeni zabyvaji vcasnym odhalenim
a odstranénim napadenych stromi ktirovcem. Déle se vyuzivaji feromonové lapace, které

slouzi rovnéz i pro kontrolu poc¢tu ktrovet (Jakus, 1998; Mezei et al., 2017).

V porostech bez intervence, v piipadé vzniku disturbance a nasledné gradace
ktirovctl, jsou napadené a polamané stromy v porostu ponechdny jako mrtvé dievo
a ktirovci jsou povazovani za keystone species = kli¢ové druhy (Miiller et al., 2008; Wild
etal., 2014; Bace et al., 2015; Macek et al., 2016; Mezei et al., 2017).

Porosty s aktivnim managementem se li§i od porostl s pasivnim managementem
v konstrukéni slozitosti, abiotickych podminkach a ekosystémové dynamice v tom
smyslu, Ze rozmanitost typi ptirodnich stanovist’ je vyrazné¢ omezena (Korpel, 1995;
Bobiec, 2002; Lonsdale et al., 2008; Brunet et al., 2010; Floren et al., 2014). Védecké
modely, jak by m¢l vypadat management, nejsou mnohdy dostate¢né propracovany, aby
mohly byt pouzity v lesnické praxi (Hanewinkel et al., 2010; Thiele et al., 2017).

V soucasné dob¢ se pii stanoveni nejvhodnéjsiho managementu usiluje o dva

hlavni cile (Thiele et al., 2017):

1) vytvofit systém, ktery by propojil dalsi podsystémy, které jednotlivé popisuji
interakce napf. mezi lesem aklimatem, pudou a podnebim, abiotickymi
a biotickymi riziky, a ekonomické ocenéni. Celkovy systém by se nevénoval
pouze jednotlivym dil¢im problémlim, ale propojil by je a vSechna rizika
by se fesila komplexné,
2)  prokazani schopnosti systému nabidnout ekonomicky vhodné moznosti planovani

V ramci péstovani, tézby a ochrany lestu v ramci zmény klimatu.

3.2 Bionomie Ips typographus

Lykozrout smrkovy Ips typographus je jednim z nejrozsifenéjsich a nejvyznamnéjsich
kiarovcl vazanych na Picea abies v Eurasii (Christiansen & Bakke, 1988;
Holusa & Lukasova, 2017). Kontrola populace hromadnym odchytem se provadi vice nez

200 let. Stromové lapaky byly jedny z prvnich, které se pouzivaly, byly vsak velmi
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nakladné a v nékterych piipadech obtizné aplikovatelné (Bakke et al., 1983; Paraschiv et
al., 2012). Protoze bylo v minulosti zjisténo také slozeni agrega¢niho feromonu (S-cis-
verbenol, 2-metyl-3-buten-2-ol nebo ipsdienol) lykozrouta smrkového, jsou v soucasné
dobé hojné vyuzivany feromonové pasti-lapace, které vyuzivaji odparniku obsahujiciho
agregacni feromony K nalakani I. typographus (Hulcr, 2004; Reddemann & Schopf, 1996;
Zhang et al., 1999).

Kolonizace stromu je zahdjena samcem, ktery vykousSe snubni komirku. Jeden
samec nalaka a pafi se s 2-3 samicemi. Jedna samice naklade az 80 vajicek (podobné jako
u sesterského rojeni) (Heidger, 1994; Wermelinger 2004). Larvy a tzv. zluti jedinci
(nedospéla imaga) se zivi lykem (Paynter et al., 1990).

Pomér pohlavi potomkl zévisi na fdzi gradace. Podle dostupnych studii je
zjisténo, ze na pocatku vypuknuti gradace (progradace) se podil samic zvysi 0 vice nez
50 % a znovu se piiblizi na aroven 50 % ke konci grada¢niho cyklu (retrogradace)
(Lobinger, 1996; Wermelinger, 2004). Z toho se odviji poc¢et samic na jednoho samce.
U vitalnich jedinct byla rodina-harém jednoho samce vétSinou tvoiena tfemi samicemi,
se kterymi souvisi i odpovidajici pofet mate¢nych chodeb. Samice ve vysSich
nadmoiskych vySkach produkuji méné intenzivni sesterské rojeni nez ty Vv nizSich

nadmofiskych vyskach (Netherer et al., 2001; Wermelinger, 2004).

Dospélci lykozroutli nejsou schopni se vyhnout velké konkurenci na jednom
stromé&. ZvySena hustota tak Casto vede ke snizeni poctu vajicek nakladenych jednou
samici (Beaver, 1967; Thomson & Sahota, 1981; Lekander, 1972; Ogibin, 1973;
Anderbrant et al., 1985). Produkce vajicek zavisi rovnéz na teploté. Linearni model ma
niz$i teplotni prah 11,4 °C. U nelinearnich modelii byla vypoctena optimalni teplota
30,4 °C pro juvenilni vyvoj a 28,9 °C pro reprodukci (Wermelinger & Seifert, 1998,
1999; Wermelinger, 2004). Tyto tdaje jsou nezbytné pro vytvoreni simula¢nich modelt

dynamiky populace I. typographus.

Mortalita zaznamenana v zim¢ muze byt pfi¢itana jak biotickym, tak abiotickym
Cinitelim. Mira mortality zhruba 50 % je zpiusobena ptaky, jelikoz I. typographus
prezimuje na padlych stromech, kdy se teplota vzduchu pohybuje do — 10 °C (Faccoli,
2002; Wermelinger, 2004). Nedospéla stadia maji vy$si mortalitu béhem piezimovani nez

dospéli jedinci (Forsse, 1991; Wermelinger, 2004).
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Klimatické podminky (teplota) urcuji voltinismus |. typographus a maji rovnéz
vliv na letovou aktivitu a vyvojovou rychlost (Jonsson et al., 2012). V oblastech
s teplej$im klimatem jsou obvyklé tfi generace v ramci jedné aktivni sezony, naopak
v chladnéjsich oblastech se vyskytuje pouze jedna generace (Jonsson & Barring, 2011;

Jonsson et al., 2011; Jonsson et al., 2012).

Denni letova aktivita probiha pfiblizné od 9:00 do 21:00 hodin
(Funke & Petershagen, 1991; Wermelinger, 2004). V ojedinélych piipadech se muze
odliSovat, jelikoz zavisi na teplot¢. Minimalni teplota vzduchu pro let je 16,5 °C
a optimalni teplota se pohybuje v rozmezi 22 °C az 26 °C (Funke & Petershagen, 1994;
Lobinger, 1994; Wermelinger, 2004). Horni prahova hodnota je 30 °C (Lobinger, 1994;
Wermelinger, 2004). Samci za¢inaji 1état diive nez samice, coz je spojené s tim, Ze samci
jakozto pionyfi musi nalézt a kolonizovat vhodné stromy (Zuber & Benz, 1992;
Wermelinger, 2004). Pro uspésnou kolonizaci stromu jsou zapotiebi na jafe nejméné tii
az CGtyfi teplé dny v fadé s teplotou nad urovni prahu rojeni (Weissbacher, 1999;
Wermelinger, 2004). V opa¢ném piipadé muze let snizit pravdépodobnost uspésného

ptekonani obrannych mechanismu zivého stromu (Wermelinger, 2004).

O vzniku pfemnozeni rozhoduje informace o dostupnosti zivych stromd,
pocatecni velikost populace a odhady reprodukéniho uspéchu pfi rtiznych hustotach
napadeni (Anderbrant et al., 1985; Anderbrant, 1990; Jonsson et al., 2012). Zvysené letni
teploty a dlouha obdobi sucha snizuji obranyschopnost stromi a vznika tak vyssi riziko
napadeni |. typographus (Rouault et al., 2006; Jonsson et al., 2012). Kombinaci vSech
faktordi 1ze predvidat zmény velikosti populace a moznost usmrceni stromd (Jonsson
et al., 2012). Aktivita imag je vyssi i v zimnim obdobi, a to z divodu zvysenych teplot.

S tim je spojené i Cerpani tukovych zasob (Dworschak et al., 2014; Mezei et al., 2017).

V latentnich podminkach 1. typographus (endemicka populace) napada zejména
oslabené a stresované stromy, které se nedokdzi dostatecné bréanit (Chararas, 1962;
Lindelow et al., 1991; Sallé et al., 2005). V pribéhu gradace, kdy je velmi vysoka
populacni uroven, jsou dospéli jedinci schopni zautoCit i na zdravy strom
(Mulock & Christiansen, 1986; Sallé et al., 2005; Jonsson et al., 2012). V ptipadé nizké
hustoty ma pocetnost Kladny vliv na preziti larev I. typographus. V opa¢ném piipadé
vznika zna¢na vnitrodruhova konkurence, ktera svym projevem muze byt hlavnim
faktorem regulace populace I. typographus (Qkland & Berryman, 2004; Sallé et al.,

2005). Vnitrodruhova konkurence ma rovnéz negativni vliv na velikost tukového télesa
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imag (Atkins, 1975; Botterweg, 1983; Anderbrant et al., 1985; Sauvard, 1989;
Anderbrant, 1990; Amezaga & Garbisu, 2000; Sallé et al., 2005). Vysoké hustoty vedou
ke kratSim pozerkiim a u samic tak nastava redukce ovipozice (Anderbrant, 1990;
Weslien, 1994; Wermelinger, 2004).

3.3 Bionomie Ips duplicatus

Lykozrout seversky Ips duplicatus (Coleoptera: Curculionidae, Scolytinae) je jednim
m n.m. ve stiedni a jihovychodni Evropé. V této oblasti je lokalné pfemnozen zejména
ve smrkovych lesich, Kkteré jsou vysazeny mimo svij pfirozeny areal
(Knizek & Zahradnik, 1996; Stanovsky, 2002; Grodzki, 2003; Hrubik, 2007; Olenici
et al., 2009; Duduman et al., 2011; Olenici et al., 2011; Duduman, 2014). I. duplicatus
se nevyskytuje pouze v Evrop¢, ale ma eurosibifsky areal, piicemz ho lze nalézt také
vV Mongolsku, kde je rovnéz povazovan za hlavniho $kidce smrku Picea mongolica
W. D. Xu (Schlyter et al., 2001; Zhang et al., 2001; Duduman, 2014).

Pavodné byl I. duplicatus rozsifen v borealnich lesich Skandinavie a Sibifské
tajgy az po Kurilské ostrovy (Wood & Bright, 1992; Pfeffer & Knizek, 1995; Davidkova
& Dolezal, 2019). Ve stfedni a jihovychodni Evropé byl zaznamenan po roce 1920, kdy
byl povazovan za invazni druh (Wanka, 1927; Zubrik et al., 2006; Vakula et al., 2007,
Daise, 2009; Duduman, 2014).

V Evropé je |. duplicatus spojovan stejné jako I. typographus s P. abies jako
se svym hlavnim hostitelem. Velmi ¢asto jsou Skody zanedbavany a pravdépodobné
I podcenovany, jelikoZ ma morfologické znaky a poZerky velmi podobné s Iykozroutem

smrkovym (Schlyter et al., 1992; Lakatos et al., 2007).

Mezi dal§i hostitelské stromy se tfadi smrk ajansky — Picea jezoensis
(Siebold & Zucc) Carriére 1855, Picea mongolica a smrk sibifsky — Picea obovata
(Ledeberg, 1833) (Escherich, 1923; Pfeffer, 1989; Mrkva, 1994, 1995; Zhang et al., 1995;
Holusa & Grodzki, 2008; Kasak & Foit, 2015). Dale je pravidelné uvadén, i kdyz
mnohem méné ¢asto, na borovici lesni — Pinus sylvestris L. a borovici sibifské — Pinus
sibirica (Du Tour), jedli bélokoré — Abies alba Mill., jalovci — Juniperus sp. L., modiinu
opadavém — Larix decidua Mill., modiinu dahurském — Larix gmelinii (Rupr.) Kuzen.,

modfinu sibifském — Larix sibirica Ledeb., borovici limbé — Pinus cembra L., borovici
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korejské — Pinus koraiensis Siebold & Zucc. a borovici vejmutovce — Pinus strobus L.
(Spessivtseff, 1921; Saalas, 1923; Mrkva, 1994; Holusa & Grodzki, 2008; Kasak & Foit,
2015).

Lykozrout seversky kolonizuje zejména horni ¢asti kment, ve vétSin¢ ptipada
jsou stromy napadeny rovnéz lykozroutem smrkovym (Karpinski, 1935). Spole¢ny
vyskyt obou druhil je regulovan konkuren¢nimi mechanismy a preferenci specifickych
narokt na lyko (Schlyter & Anderbrant, 1993) a v neposledni fadé¢ semiochemickymi
mechanismy (Schlyter et al., 1992; Grodzki, 2012). Dosavadni studie potvrzuji shodny
zivotni cyklus I. duplicatus, ktery lze popsat fenologickym modelem podobnym
I. typographus. Letova aktivita obou druhti zacina souc¢asné a matematické modely, které
pocitaji potencialni nebezpeéi vzniku pfemnozeni, mohou byt identické (Holusa et al.,
2003; Holusa et al., 2012; Davidkova & Dolezal, 2019). Severni pivod a mensi télesna
velikost I. duplicatus vsak naznacuji, ze tepelné pozadavky by mély byt nizsi nez
pozadavky . typographus (Holusa et al., 2012; Davidkova & Dolezal, 2019).

Podle jiz zjisténych vysledku se agrega¢ni feromon I. duplicatus sklada ze dvou
hlavnich slozek: ipsdienol (Id) a E-myrcenol (EM) (Bakke, 1975; Schlyter et al., 1987,
1992; Byers et al., 1990; Zhang et al., 2007). Pomér téchto dvou slozek neni stejny
ve vsech regionech vyskytu I. duplicatus (Schlyter et al., 2001; Zhang et al., 2007).

Spravnou kontrolu a ptipadné obranu proti |. duplicatus komplikuje né&kolik
faktorli. Za prvé dospélec napadéd zejména korunovou ¢€ast stromu, za druhé dokoncuje
vetSinou svij vyvojovy cyklus diive, nez je patrné napadeni, a za tieti pro monitoring
nelze pouzit lezici lapaky, jelikoz jsou jen zfidka napadany dospélci I. duplicatus a navic
nevytvaii klasické pfemnozeni kiiroveu — ktirovcova kola (Schnaider & Sierpinski, 1955;
Grodzki, 1997; Knizek, 1998; Lubojacky & Holusa, 2013).

3.4 Bionomie dievokazi rodu Trypodendron

V soucasné dobé je znamo vice nez 3 400 ambrosiovych broukt, ktetfi se fadi mezi
karovce (Coleoptera: Curculionidae: Scolytinae). Kirovci, stejn€ jako ambrosiovi brouci,
jsou rovnéz casto spojovani s houbovou symbidzou, kterou nejcastéji vytvareji
se skupinou hub Ascomycota a zitidka Basidiomycota (Hsiau et al., 2003; Harrington,
2005; Vega et al., 2015; You et al., 2015; Lehenberger, 2019).
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Ambrosiovi ktirovei jsou iniciatofi rozkladu dieva a jejich funkce v lesnich
ekosystémech je velmi dulezita. Nejsou proto povazovani za primarni hrozbu pro zivotni
prostiedi (Shore, 1998; Livingston, 2010; Robideau et al., 2016). Z ekonomického
pohledu se vSak jedna o perzistentni lesni Skudce, kteii zpusobuji poSkozeni dieva
s naslednou ztratou kvality. V dyze zpracovanych kment nebo v fezivu vznikaji tmavé
zbarvené poskozené &asti (Reich et al., 2014; Robideau et al., 2016). Skody, zptisobené
témito druhy, se vyskytuji jak u jehli¢natych, tak i listnatych stromt a U nékterych taxont
je znamo, ze napadaji zdanlivé zdravé stromy, aproto se fadi mezi hospodaisky

vyznamné druhy (Borden, 1988; Kiihnholz et al., 2001; Olenici et al., 2018).

V obdobi jara, kdy teploty mohou dosahnou 15,5 °C az 18,3 °C, za¢nou vylétavat
ptrezimujici dospélci z hrabanky (Lindgren, 1990). Dospéla imaga kolonizuji nedavno
odumfelé nebo umirajici stromy, kde dochézi k pafeni. Samice vytvaii mate¢nou chodbu,
ktera prochazi skrz lyko az do dfeva, kam klade do jednotlivych kratsich, kolmo

na ptivodni chodbu umisténych chodeb, jednotliva vajicka (Reich et al., 2014).

Nedospélad stadia ziskavaji vyzivu z hub, které rostou v pozercich. V pozerku
se muze vyskytovat jeden, ale i vice druhti hub (Francke — Grosmann, 1967; Kirkendall
etal., 2015; Lehenberger, 2019). Houbovi symbionti (tzv. ambrosiové houby)
se opakované¢ vyvinuli z nejméné péti Celedi Ascomycota (Ophiostomataceae,
Ceratocystidaceae, Nectriaceae, Bionectriaceae, Saccharomycetaceae) a dvou celedi
Basidiomycota (Peniophoraceae, Meruliaceae) (Hulcr & Stelinski, 2017). Zatimco
diivéjsi hypotéza predpokladala uzkou koevoluci a druhovou specificitu mezi brouky
a houbami, souc¢asné udaje naznacuji, ze houbové linie se méni mezi liniemi brouka
(napt. Vanderpool et al., 2017) a Ze tésnost asociace zavisi na druhu kurovce
(Francke — Grosmann, 1967; Mueller et al., 2005; Kostovcik et al., 2014; Mayers et al.,
2015; Lehenberger, 2019).

Dospélci transportuji inokulum specifickych mykotickych symbiontd z jejich
puvodnich pozerki do nové zalozenych (vertikdlni pienos), a to diky uloZeni
v mykangiich (Francke — Grosmann, 1956; Batra, 1963; Six, 2003; Hulcr & Cognato,
2010; You et al., 2015; Lehenberger, 2019). Poloha a morfologie mykangii se 1isi podle
urcitého druhu. Rozeznava se naptiklad preoralni, mandibularni, elytralni, mezotorakalni
a mnoho dalsich (Six, 2003; You et al., 2015; Hulcr & Stelinski, 2017; Lehenberger,

2019). V soucasné dob& je potvrzena u ambrosiovych broukti symbidza pouze
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se skupinou hub Ascomycota (Ascomycota: Sordariomycetes), které jsou prenaseny jako
pucici kvasinkové pseudo—mycelium nebo konidie (Beaver, 1989; You et al., 2015).

ey

Druhy zijici na jehli¢nanech rozpoznavaji své hostitele podle emitovanych
monoterpend, zejména alfa—pinenu (a—pinen) (Bauer & Vité, 1975; Nijholt & Shonherr,
1976; Kohnle, 1985; Olenici et al., 2018). T¢kavé latky vSak intenzivné neptitahuji
jedince rodu Trypodendron, z toho divodu byvaji pro monitoring pouzity agregacni
feromony (lineatin) (Nijholt & Shonherr, 1976; Borden et al., 1982; Byers, 1992;
Robideau et al., 2016).

Rod Trypodendron tvoii ¢trnact popsanych druht, které se lisi mirou $kod, které
zpusobuji hostitelskym stromiim, aredlem a Siii druhového spektra hostitelskych dievin.
V Evropé se vyskytuji ¢étyfi druhy, Trypodendron domesticum (Linnaeus, 1758),
dievokaz bukovy — Trypodendron signatum, (Fabricius, 1787), dfevokaz
carkovany — Trypodendron lineatum (Olivier, 1795) a Trypodendron laeve (Eggers,
1939) (Knizek, 2011; Olenici et al., 2018). U vSech vyznamnych druhti vyskytujicich
se v Evropé je vyvinut velmi vyrazny pohlavni dimorfismus. Samice maji hlavu

pfi pohledu shora zaoblenou, zatimco samci maji piedni ¢ast hlavy rovnou (Moeck,

1968).

Jak T. domesticum, tak T. lineatum se bézné vyskytuji v jehli¢natych, listnatych
a smiSenych lesich, maji prekryvajici se doby letu a reaguji na stejny agregacni feromon
a tékavé latky uvolnujici se z hostiteli (Salom & MclLean, 1990; Petercord, 2006;
Humble, 2009; Robideau et al., 2016).

Trypodendron domesticum se vyviji Vv celé fadé tvrdych listnatych dievin.
Je rozsiten po celé Evropé a zapadnim Rusku (Dobesberger, 2004; Robideau et al., 2016).
Mezi jeho hlavni hostitele patii buk lesni — Fagus sylvatica L., dub letni — Quercus robur
L., habr obecny — Carpinus betulus L., bfiza bélokora — Betula pendula Roth. (Franjevié,
2013). Tento druh ma pouze jednu generaci ro¢né. Pfezimuje ve stadiu imaga v zemi nebo
pod ktirou stromt (Kovacevié, 1956; Franjevic, 2013). Dospéli jedinci jsou zespoda celi
cerni, §tit je rovnéz Cerny a Casto na spodnim okraji zZluty. Tykadlova palicka je Spicata
(Pfeffer, 1955).

Trypodendron lineatum je na rozdil od T. domesticum vyznamnym Sktdcem
jehli¢nanti a nenapada tvrdé listnaté dieviny (Borden et al., 1997; Robideau et al., 2016).

Obecné je znamo, ze napada jehli¢naté stromy rodu Picea, Pinus a Abies zejména rok
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nebo dva po odumfieni stromt (Dyer & Chapman, 1965; Park & Reid, 2007). Primarné
napada smrk (P. abies), ale napfiklad v Severni Americe preferuje douglasku
tisolistou — Pseudotsuga menziesii (Tommergts & Mustaparta, 1989). Je ptvodem
z Evropy, Sibife, Turecka, severni Afriky a Severni Ameriky (Oranen, 2013; Robideau
et al., 2016). Dospélci maji rezavé prvni dva pary stehen, krovky jsou tmavé se svétlymi
pruhy (Pffefer, 1955).

Zatimco vySe uvedené¢ druhy, které se vyskytuji v Evropé, jsou pomémné dobie
prostudovany, Trypodendron laeve je velmi malo znamy, jelikoz jeho taxonomicky status
byl objasnén teprve nedavno. Nejprve byl popsan v Japonsku a o nékolik let pozdéji
rovnéz v Norsku, ale pod jinym jménem — Trypodendron piceum (A. Strand, 1946)
(Eggers, 1939; Strand, 1946; Olenici et al., 2018). Pozd¢ji je vSak nebylo mozno
detekovat, protoze standardni taxonomicka literatura a identifikaéni klice, jako
napi. Balachowsky (1949), Stark (1952), Nunberg (1954), Pfeffer (1955), nezahrnovaly
T. laeve nebo T. piceum (Olenici et al., 2018). Hostitelské stromy T. laeve nejsou piesné
znamé, jelikoZ byl nalezen v polomech nebo mrtvych stromech P. abies, P. sylvestris,
P. obovata, P. jezoensis (Strand, 1946; Holzschuh, 1990 a; Martikainen, 2000; Olenici
etal., 2018). Dospélci se vyznacuji ¢ernymi prvnimi 2 pary stehen (mohou byt jen
u baze), krovky maji jednolitou barvu (Bussler & Schmidt, 2008).

3.5 Antagonisté kiirovci
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(Keller et al., 2004; Wegensteiner et al., 2007; Wermelinger et al., 2012). Dalsi méné
vyznamni piirozeni nepiatelé jsou entomopatogeny, mezi které se fadi naptiklad viry
a mikrosporidie (Wegensteiner & Weiser, 1996; Reeve, 1997; Gilbert & Grégoire, 2003;
Hedgren, 2004; Kenis et al., 2004; Hilszczanski et al., 2007; Holusa & Lukasova, 2017).
Podle zjisténych studii antagonisté kolonizuji stromy pozd¢ji nez jejich koftist a zaroven
stromy opoustéji rovnéz pozdéji (Weslien & Regnander, 1992; Wermelinger, 2004).
Nékteré v minulosti publikované vysledky Reeve (1997), stejné€ jako soucasné vyzkumy
naznacuji, Ze antagonist¢é nezmenSuji pfemnoZeni klrovci. Dynamika kiirovel je
ovlivnéna odolnosti stromi, a tudiz antagonisté maji jen nepatrny vliv na urychleni
a eliminaci populaci ktrovet (Holusa & Lukasova, 2017). Jejich ptesny vliv na kirovce
neni dosud piesné€ znam, jelikoZ se mize u jednotlivych skupin lisit a je zavisly na dalSich

ukazatelich (Reeve, 1997; Wermelinger, 2004; Wermelinger et al., 2013).
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Patogeny

Komplex patogenti je v posledni dob¢ intenzivné studovan, jelikoz jsou ktirovci skupinou
broukt s velkym ekonomickym vyznamem a mohou zptsobit, jak jiz bylo vyse popsano,
hromadné $kody na jehli¢natych lesnich porostech. Studium rozmanitosti a tlohy
patogentit hmyzich Skidct souvisi s vyvojem metod Setrnych k zivotnimu prostredi

za ucelem udrzeni nizké hustoty $ktidct v lesich a snizeni skod (Takov et al., 2012).

V soucasné dobé¢ je v Evropé znamo nékolik patogent kiirovcl (Wegensteiner,
2004; Holusa et al., 2009; HoluSa & Lukasova, 2017). A¢koli druhové spektrum bylo
intenzivné studovano, vliv na dynamiku populace kurovct nebo jejich vyuziti jako
potencionalnich nastroji biologické kontroly kiirovct neni presné znamo (Héndel et al.,
2003; Takov et al., 2011; Holusa & Lukasova, 2017). Dosavadni studie ukazuji,
ze infek¢éni hladina patogenu zavisi na faktorech, jako jsou napf. charakteristiky
patogenu, jeho zivotni cyklus, hustota a imunita hostitele, vyvojové zvlastnosti hostitele

a dalsi faktory (Wegensteiner, 2004; Takov et al., 2011).

Prvni studie patogenii kiirovcil byly zahajeny na pocatku 20. stoleti, kdy Fuchs
(1915) popsal prvni prvoky, Gregarina typographi (Fuchs, 1915) vazané
na I. typographus (Takov et al., 2011). Pozd¢ji n¢kolik dal$ich autorti studovalo patogeny
karovct, napt. Hiandel et al. (2003), Wegensteiner (2004), Yaman (2007) ¢i Holusa et al.
(2009).

U mikrobialnich chorob hmyzu patogeny napadnou jedince, mnoZi se uvnitf téla
a infikuji dalsiho jedince. Patogeny mohou byt pfenaSeny horizontaln¢ (kontaktem,
pomoci vektoru) a vertikdlné (od rodi¢h na potomky — pienos pies vajicko)
(Wegensteiner, 2004). Vyvojovy cyklus patogend je Casto synchronizovan s cyklem
hostitele, coz zajistuje dalsi uspésné Sifeni (Massey, 1956; Rithm, 1956;
Thong & Webster, 1973; Takov et al., 2011).

Patogeny mohou byt nebunééné i bunécné infekéni organismy (Wegensteiner,
2004). Nova generace kiroveu se obvykle zivi v pozercich, kde dochazi ke kontaktu
s patogeny. Schopnost patogenil infikovat hostitele je druhové specifickd. Virulentni
patogeny zabijeji svého hostitele velmi rychle po infekci. Infekce ma lokalni charakter
a obvykle jen malo hostitelti ptezije a slouzi k ptfenosu infekce do novych pozerki. Proto
béhem studia velkého poctu zivych hostitell je prevalence patogentd nizka, s vyjimkou

ptipadi, kdy jsou nalezena infekeni loziska. V tomto pfipad¢ je mira infekce vyssi,
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ale z divodu mortality se prevalence patogenti v Zivych dospélcich snizuje (Takov et al.,

2011).

Dlouhodobé se studuje vliv managementu na populaci lykozrouta smrkového
asnim spojené patogeny. Predpokldda se, Ze intervence v lesnich porostech je
z dlouhodobého hlediska povazovana za jeden z vyznamnych faktorG vyvijejici tlak
na populace 1. typographus, kdy se patogeny nemaji Sanci piiliS namnozit.
Jak to ve skutecnosti piesné je, a jak velky vliv ma management na patogeny karovci,

neni pfesné potvrzeno.

Viry

Doposud jediny znamy virus u |. typographus je Entomopoxvirus typographi
(Poxviridae, Entomopoxvirinae), ktery se fadi do samostatného (E-typu) ,,seskupeni*
poxvira (Weiser & Wegensteiner, 1994; Wegensteiner & Weiser, 1995; Wegensteiner,
2004). Onemocnéni se rozviji pouze u dospélych jedinci, a to bez rozdilu pohlavi.
Nezralé virové Castice jsou ovalné vezikuly uzaviené v husté dvojvrstvé membrané
(Zizka et al., 2000). Zralé virové ¢astice jsou ovalné a obsahuji obdélnikovou oblast jadra
s elektronovym jadrem obsahujici nukleoproteinova vlakna. Vyskytuji se ve stiednim
epitelu. Virové Castice se uvolnuji spolu s trusem, ktery zistava v pozerku, a tak
se dostanou do kontaktu s dalsimi dospélci (Weiser et al., 2000). Infekéni hladina
se pohybuje kolem 30 % (Weiser, 2002).

Houby

Vétsina entomopatogennich hub roste na povrchu svych hostiteld, kde se vytvaii konidie.
Jejich rlst a vyvoj je omezen vnéjSimi podminkami prostiedi a zejména vysokou vlhkosti

nebo teplotou, ktera je dulezita pro sporulaci a kliceni spor.
Vyvoj hub Ize rozdélit do tii fazi (Wegensteiner, 2004):

1) adheze a kli¢eni spor na povrchu hmyzu,
2) pronikani pokozkou do hemocoelu,
3) vyvoj houby, ktery ma obecné za nasledek mortalitu hmyzu, konéici sporulaci

na povrchu jedince.
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Hostitelské specifita entomopatogennich hub se zna¢né 1isi, n€které z nich infikuji
Siroké spektrum hmyzich hostiteli [napt. Beauveria bassiana (Balsamo. — Criv.) infikuje

az 100 raznych druhd hmyzu] (Wegensteiner, 2004).

Beauveria bassiana (Ascomycota, Hypocreales) (Batazy, 1962) je pfirozené
se vyskytujici a Siroce rozSifeny pfirodni patogen riznych druhtt Sktdct
(Gottwald & Tedders, 1983; Khan & Selman, 1984, 1987, 1988; Rodrigez & Pratissoli,
1990; Ardan, 1994; Padin et al., 1997). Konidiec mohou vyvolat infekci bud’
prostiednictvim stfedniho stfeva hostitele, zazivaciho traktu nebo dychaciho systému
(Boucias & Pendland, 1998). Houba poté napadne télo dospélce, replikuje se v hemocoelu
hostitele a vytvofi vnéjsi konidiospory (Shapiro—llan et al., 2003). Krom¢ toho ma
B. bassiana potencial pretrvavat v prostiedi a pienasi se horizontalné mezi dospélci
(Godonou et al., 2000; Meikle et al., 2001; Trudel et al., 2007). Infek¢ni hladina
se pohybuje kolem 30 % (Grodzki & Kosibowicz, 2015).

Metschnikowia typographi (Ascomycota, Metschnikowiaceae) (Weiser, Wegensteiner,
Hindel, Zizka, 2003) byla popsana u dvou druhdi kiroved |. typographus a . amitinus
(Eichhoff, 1871) (Kleespies et al., 2017). Viecka tohoto druhu byla popsana ze stfedni
Casti stfeva (Weiser et al., 2003; Kleespies et al., 2017). Tento druh neni kultivovatelny
na zadném médiu. M. typographi napada pifedevsim stfedni Cast stieva a vajicka
(Lachance, 2011; Kleespies et al., 2017). Mechanismus pfenosu kvasinek neni u kirovca
jasny, ale pravdépodobné dochazi k ptenosu oralnim pozitim spor (Kleespies etal., 2017).
Infekéni hladina se pohybuje kolem 10 % (Kleespies et al., 2017).

Podle nové taxonomie se mezi houby ftadi také mikrosporidie. Jedna
se 0 intracelularni eukaryotni parazity prakticky vSech organismi. Vyznacuji se vyraznou
strukturou spor s vychlipitelnym vlaknem slouzicim k §ifeni infekce a vysokou mirou
genetické mutace (Vavra & Lukes, 2013; Corradi, 2015; Han & Weiss, 2017; Corsaro et
al., 2019). Mikrosporidie jsou vysoce zavislé na svém hostiteli, zejména pokud se jedna
0 metabolické procesy ¢i zdsobni energii (Katinka et al., 2001; Williams et al., 2002;
Keeling et al., 2010; Cuomo et al., 2012; Corsaro et al., 2019). U kiirovct jsou zastoupeny
¢tyfi druhy mikrosporidii, jedna se o Chytridiopsis typographi (Weiser, 1954),
Larssoniella duplicati (Weiser, Holusa, Zizka, 2006), Nosema typographi (Weiser, 1955)
a Unikaryon montanum (Weiser, Wegensteiner, Zizka, 1998).
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Chytridiopsis typographi (Microsporidia, Chytridiopsida) je Siroce rozsifena po celé
Evrop¢ (Purrini & Weiser, 1985; Wegensteiner & Weiser, 1996; Wegensteiner et al.,
2015; Corsaro et al., 2019). Vyznacuje se tlustosténnymi kulovitymi cystami naplnénymi
16 nebo vice kulovymi sporami, které infikuji epitel bunék stiedniho stieva (Weiser,
19544, b; Purrini & Weiser, 1984; Wegensteiner 2004). C. typographi ma pravdépodobné
vliv na délku zivota a letovou aktivitu kdrovct (Marden & Cobb, 2004; Wegensteiner et
al., 2010). K nakaze jedince dochazi pozienim spor spolu s potravou (Weiser, 19544, b).
Infek¢ni  hladina se pohybuje kolem 10 % (Purrini & Weiser, 1985;
Wegensteiner & Weiser, 2004; Holusa, Weiser & Zizka, 2009).

Larssoniella duplicati (Microsporidia, Unikaryonidae) se nachazi ve stieve,
v Malpighickych trubicich a ve vaje¢nicich I. duplicatus. Ve stiednim stfevé je patogenni
infekce lokalizovana v podélnych a kruhovych svalovych vldknech po celé délce stfeva.
Infikovani jsou bez rozdilu samci i samice. Spory a vegetativni faze se vyskytuji
Vv souvislych skupinkach v centralni ¢asti stfeva. Infekce se $ifi z télni dutiny, v epitelu
kolonizovanych bunék nejsou zadna infekéni centra. Na infikovanych mistech se spolu
vyskytuji jak zralé a zrajici spory, tak i vegetativni stadia. V Malpighickych trubicich
se objevuji mala viedovita centra a spory infekce. Spory z infikovanych bunék epitelu
opoustéji travici trakt spolu s trusem. Ve vaje¢niku najdeme ovarioly s nepatrnymi
skupinami spor, které dozravaji z choroboplodnych zarodkli (Weiser et al., 2006).

Infekéni hladina se pohybuje kolem 10-30 % (Lukasova & Holusa, 2013).

Nosema typographi (Microsporidia, Nosematidae) s dvoujadernymi sporami
se vyskytuje prevazné v tukovém télesu a Malpighickych trubicich (Wegensteiner, 2004).
Spory jsou vejcité s jednou vakuolou na jedné stran€ a S jadrem uprostied (Weiser, 1955).
Infekéni hladina je nizka a vétSinou nepiekracuje 2 % (Wegensteiner & Weiser, 1996;
Héndel et al., 2003; Lukasova & Holusa, 2012).

Unikaryon montanum (Microsporidia, Unikaryonidae) se vyznacuje jednotlivymi

sporami, ptredev§im v bunkach epitelu stfeva, Malpighickych trubicich a ovariich
dospélct (Wegensteiner, 2004). Infekéni hladina se pohybuje kolem 1 % (Weiser, 2002).

Prvoci

Entomopatogenni prvoci jsou jednobunécéné organismy, které se rozdéluji na kmeny
Rhizopoda, Apicomplexa, Microspora, Zoomastigina a Ciliophora. Vysoce patogenni

formy se vyskytuji u kmenu Microspora, které napadaji hemocoel, rizné tkané a $iii
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se intracelularné. VétsSina prvokl nakazi svého hostitele pies travici trakt. Infekénim
stadiem je obecné spora nebo cysta. Nékteré druhy zdstanou v zazivacim traktu a piipoji
se ke stiedni Casti epitelu nebo se spoji s travicim traktem (napi. gregariny). Jiné druhy
pronikaji do hemocoel a rozvijeji se v bunkach riznych tkani a organt

(napt. Apicomplexa a Microspora) (Wegensteiner, 2004).

Gregarina typographi (Eugregarinorida, Gregarinidae) (Fuchs, 1915) se vyskytuje
ve stiedni ¢asti epitelu |. typographus (Wegensteiner, 2004). Vyvojovy cyklus trva
1011 dni a vyvojova stadia trofozoit a gamont se vyvijeji extracelularné v travicim
traktu svého hostitele. Nejprve se sporozoiti prichyti a zacnou se vyzivovat. Sporozoit
se sklada ze tii ¢asti; epimerit, protomerit a deutomerit. Jakmile dojde k nasyceni, pusti
se ¢ast sporozoitu (protomerit a deutomerit) a odpadne. Vznikne tak gamont, dva gamonti
se zacnou pomalu spojovat, az vznikne syzygie, jednotlivé gamonty se uplné rozpusti
a spoji se jejich DNA. Vznikne gametocysta, ktera je vylouci spolu s trusem. Po vzniku
nové generace potomstva (tedy cca 2 mésice, ackoli gametocysty mohou rovnéz
pfezimovat), jsou gametocysty poziené vhodnym hostitelem a cyklus se opakuje (Weiser,
19544, b; Tanada & Kaya, 1993; Wegensteiner et al., 2010). Nakaza jedince vznika
pozienim spor spoleéné s potravou (Weiser, 1954a). Infekéni hladina zavisi na délce
spole¢ného pobytu ve snubni komurce, pohybuje se kolem 20 % (Lukasova & Holusa,
2015).

Zivotni cyklus Malamoeba scolyti (Amoebidae, Sarcomastigophora) (Purrini, 1980)
probiha ve dvou vyvojovych fazich. Prvni faze se vyviji ve stievé (kde se vyskytuji velké
améby) a vytvaii trofozoity, kteti jsou kulati, kulovi nebo Siroce elipsoidni. Trofozoiti
ve stievé jsou jednojaderni, dvojjaderni a tetranuklidovi. Druha paraziticka faze vytvari
cysty v Malpighickych trubicich, které jsou ovalné a Siroce navikulérni. Infekéni hladina

se pohybuje kolem 2 % (Purrini & Zizka, 1983).

Mattesia schwenkei (Apicomplexa, Neogregarinida) (Purrini, 1970) infikuje tukové
téleso kurovcd. Vyskytuje se v podobé okrouhlych cyst s vétsim poctem jader, které
se v prub¢hu svého vyvoje déli na jednotlivé kulovité bunky s jednim jadrem (Weiser,
1966). K prenosu M. schwenkei mezi jednotlivei dochazi pouze kanibalismem nebo
pozitim cCasti zemielého infikovaného hostitele v mistech ziru (Wegensteiner, 2004;
Lukasova & Holusa, 2012). Mortalita 1. typographus zptsobena M. schwenkei

se vyskytuje nejcastéji béhem obdobi ptezimovani (Lukasova & Holusa, 2012). Infekéni
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hladina se na lokalitach vyskytu tohoto patogenu pohybuje kolem 30 % (Lukasova et. al.,
2012).

Menzbieria chalcographi (Apicomplexa, Neogregarinida) (Weiser, 1955) se na poc¢atku
vyvojového cyklu vyskytuje jako kulovita cysta obsahujici 30 spor. Cysty napadaji
tukové téleso, v némz se rozpadaji na protahle vej¢ité az ¢lunkovité spory (Weiser et al.,

2000; Weiser, 2002). Infek¢ni hladina se pohybuje kolem 1 % (Yaman & Radek, 2012).

Predatori

Mezi predatory kuroveu, ktefi zpusobuji vysokou mortalitu se fadi mouchy
(Dolichopodidae, Medeterinae) a dravi brouci. Z fadu broukti mezi né patii zastupci
Celedi Nitidulidae — lesknackoviti (Epurea laeviuscula Gyllenhal, 1827, Epuraea
angustula Sturm, 1844), Tenebrionidae — potemnikoviti (Hypophloeus castaneus
Fabricius, 1790), Cleridae — pestrokroveénikoviti (T. formicarius Linnaeus, 1758),
Rhizophagidae (Rhizophagus depressus Fabricius, 1792), Staphylinidae — drabcikoviti
(Placusa tachyporoides Waltl, 1838, Phloeonomus pussilus Gravenhorst, 1806)
a Histeridae — mrsnikoviti (Plegaderus saucius Erichson, 1834, Plegaderus vulneratus
Panzer, 1797) (Christiansen & Bakke, 1988; Weslien, 1994; Lawson et al., 1997,
Wermelinger, 2002, 2004; Kenis et al., 2004; @kland & Berryman, 2004; Fayta et al.,
2005; Ryall & Fahrig, 2005; Feicht, 2006; Hulcr et al., 2006; Qkland & Bjernstad, 2006;
Warzee et al., 2006; Hedgren, 2007; Hilszczanski et al., 2007; Johansson et al., 2007;
Holusa & Lukasova, 2017).

Predatofi maji obecné Sir$i spektrum druhi kofisti neZ parazitoidi. Mohou byt
efektivnimi antagonisty, protoze mnoho druht je v zimé mobilnéjSich a aktivnéjSich nez
jejich kofist. Stejné jako u parazitoidil je zndmo, Ze mnoho predatorti lokalizuje svou

kofist pomoci semiochemikalii, tj. feromont ktrovci (Kenis et al., 2004).

Biologie vétSiny predatort je pomérné dobfe zdokumentovana (napt. Eck, 1990a,
b; Weslien & Regnander, 1992). Podle zjisténych studii se zda, ze piirozeni nepratelé
vyrazné snizuji Sifeni populaci karoveu (Weslien, 1992; Wermelinger et al., 2012).
Interakce mezi klrovci a pfirozenymi neptateli jsou vSak velmi slozité (Seitner, 1924;

Wermelinger et al., 2012).

Jako nejcastéj$i predatoii jsou uvadéni pestrokrovecnici, pestrokrovecnik

mraven¢i — Thanasimus formicarius a Thanasimus femoralis (Bakke & Kvamme, 1981).
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Oba druhy se Zivi jak larvami, tak dospélci kiroven (Mills, 1985; Weslien, 1994; Hulcr
etal., 2006). Podle zjisténych studii larvy Thanasimus spp. zkonzumuji praimérné 47 (44—
57) larev karovci (Gauss, 1954; Mills, 1985; Heidger, 1994; Herard & Mercadier, 1996;
Dippel et al., 1997; Holusa & Lukasova, 2017). Experimentalni studie ukazaly,
ze T. formicarius muze redukovat populaci I. typographus o 18 % (Mills, 1985).

Nejvyznamngj$im rodem predatort u lupicovitych - Dolichopodidae je Medetera.
VIiv lupicovitych na preziti hostiteld je kontroverzni. Bylo zjisténo, ze tmrtnost kiirovetu
zpusobena rodem Medetera je mensi (Mills, 1986) a je nezavisla na hustoté téchto
predatord (Mills, 1985). Jejich hustota pod kiirou miize dosdhnout az 10 larev na 100 cm?
(Dippel et al., 1997) a zpusobit 70-90 % mortalitu kofisti (Hopping, 1947; Nuorteva,
1959). Ze zastupcu celedi Lonchaeidae zije subkorticky pouze rod Lonchaea (Morge,
1963). Nékteré druhy ¢eledi Lonchaeidae, vyskytujici se u jehli¢nanti, jsou obligatornimi
predatory, vyskytujicimi se ve velkém poctu. Mohou se Zivit v§emi vyvojovymi stadii

karovci (Morge, 1967).

Larvy much zkonzumuji primémé 6 (5-10) larev kirovct (Hopping, 1947;
Nuorteva, 1959; Herard & Mercadier, 1996; Dippel et al., 1997). Dravé mouchy a brouci
se vyskytuji v sezoné pozdé&ji nez kirovcei, nezavisle na jejich voltinismu a obdobi letu

(Wemelinger et al., 2012).

Vliv predatori na kirovce je obtizné kvantifikovat. Kvantifikace mnozstvi
potravy predatori v terénu je obtiZzna, protoze predatofi mohou predovat nejen
na studovaném kurovci, ale také na jinych druzich podkorniho hmyzu, vcetné predatori
a parazitoidi (Mendel et al., 1990), ¢imz se snizuje celkovy dopad piirozenych neptatel
na populaci klrovct. Predatofi vykazuji pozitivni zavislost na hustoté pii nizkych
hustotach kirovci, ale pti vysSich hustotdch se stavaji zavislymi na hustoté inverzné.
Pro posouzeni dulezitosti pfirodnich neptatel jako regulacnich faktorli a vypracovani

strategii ke zvysSeni jejich ucinku je zapotiebi dalsi studie (Kenis et al., 2004).

Fora et al. (2014) a Wermelinger et al. (2013) nezaznamenali zadné rozdily
Vv pocetnostech predatorti v zavislosti na managementu. Nékolik autort dospélo k zavéru,
Ze prirozeni nepratelé nemaji vyznam pii regulaci populaci ktirovct (napt. Sachtleben,

1952; Bombosch, 1954; Faccoli, 2001), ale jini tvrdi opak (napt. Mendel, 1987).
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Vliv managementu na predatory neni v soucasné dobé intenzivné studovan
a nejsou znamy jednoznac¢né dopady. Predpoklada se, ze v porostech bez managementu

je predatort vice nez v managovanych porostech.

Parazitoidi

Vétsinu parazitoida . typographus reprezentuji ektoparazitoidi larvalni. Majoritni ¢ast
larvalnich parazitoidi patii do fadu Hymenoptera, ptfedevs§im celedi Braconidae
a Pteromalidae, ale také Ichneumonidae, Eurytomidae, Torymidae a Eupelmidae
(Nuorteva, 1957; Hedqvist, 1963; Mills, 1983; Hedqgvist, 1998). Nejbéznéjsim
parazitoidem je polyfagni Roptrocerus xylophagorum (Ratzeburg) (Hedqvist, 1963;
Samson, 1984; Sullivan et al., 1999; Pettersson et al., 2000). Dal$imi béznymi larvalnimi
parazitoidy lykozrouta smrkového jsou Coeloides bostrichorum (Giraud, 1872)
Rhopalicus tutela (Walker, 1836) a Dendrosoter middendorffii (Ratzeburg 1848)
(Bombosch, 1954; Kriiger & Mills, 1990; Hougardy & Grégoire, 2001). Z blanok#idlého
hmyzu Ize mezi pfirozené nepratele zatradit parazitoidy ¢eledi Chalcididae (Perniphora
robusta Ruschka, 1923) (Sokanowsky, 1936; Wichmann, 1954; Boucek, 1957; Prebble
& Graham, 1957; Novak, 1960).

Druhova skladba parazitoida zavisi na druhu hostitelského stromu a na struktuie
borky (Lawson et al., 1996; Wermelinger, 2004). Jak je vSeobecné znamo, parazitoidi
naleznou svého hostitele pomoci optickych, hmatovych, vibracnich, tepelnych nebo
¢ichovych podnétl a jsou velmi citlivi na zmény teploty (Mills et al., 1991; Wermelinger,
2004; Wemelinger et al., 2012). Nejprve znehybni larvy nebo kukly vstfiknutim jedu
pomoci kladélka a posléze nakladou jedno vaji¢ko na paralyzovaného hostitele (Kenis

etal., 2004).

Tomicobia seitneri (Ruschka, 1924) je castym endoparazitoidem dospélct
I. typographus. Samice klade vajicka do imag, ale i pfesto se parazitovani brouci dokazi
zavrtavat pod kiru stromi a klast vajicka. Plodnost se vSak v priméru snizi o 30 %
(Sachtleben, 1952). Vysokou specificitu parazitoidd napadajicich vajicka a dospélce 1ze
vysvétlit skuteCnosti, Ze samice vosi¢ek pravdépodobné lokalizuji svého hostitele
agregacnim feromonem, jak bylo zjisténo u T. seitneri (Mills & Schlup, 1989; Faccoli,
2000). Zda se, ze druh T. seitneri je ptitomen ve vétsiné populaci I. typographus a mira

parazitismu se pohybuje od 20 do 100 % (Faccoli, 2000).
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Ektoparazitoidi prokazuji zavislost na hustoté kiiroveti pouze nad urcitou hustotou
hostitele. Studium vlivu vSech pfirozenych neptatel broukli v terénu je naro¢né.
Parazitoidi jsou pravdépodobné ovlivnéni lesnickym managementem, protoZze jsou
specialisty na vysoké trofické tirovni (Weslien & Schroeder, 1999; Shaw & Hochberg,
2001; Hilszczanski et al., 2005). Tento zavér vSak neni obecné uznavan auvadéné
vysledky jsou nejednozna¢né nebo dokonce protichiidné. Napiiklad Batazy (1966) uvadi,
ze lesnické zasahy snizily pocet pfirozenych nepratel I. typographus ve smiseném lese,
ale nasledujici studie ve stejném regionu zjistila, ze zasahy neovlivnily hustotu
I. typographus (Mazur et al., 1996). Navic v neintervenéni zoné neovlivnili piirozeni
nepiatelé reprodukéni tspéch kurovet (Komonen et al., 2011). Feicht (2004) zjistil, ze
infek¢ni hladina parazitismu byla vysoké jak v lesich s intervenci, tak v pfirozenych

lesich. Wermelinger et al. (2013) uvedli, Ze parazitoidi I. typographus byli v oblastech

o 24

Protichtidné vysledky mohou pochazet z rozdilnych fazi gradace I. typographus,
tzn. zda se populace klirovell vyviji na stromech stresovanych ¢i se jiz posunula
k napadani zdravych stromd. Po¢etnost parazitoida v lesich s intervenci ¢i bez intervence
také muze zaviset na dostupnosti doplitkovych zdroji potravy. Navzdory snizené
diverzité kvetoucich rostlin ve smrkovych plantazich vyssich vékovych tfid je i ptfesto
ptitomno nékolik druhti rostlin, které mohou béhem vegetacniho obdobi parazitoidim
I. typographus poskytovat nektar a pyl. V téchto porostech je také na jehli¢nanech
produkovano velkého mnoZstvi medovice, kterou parazitoidi mohou rovnéz konzumovat

(Hougardy & Grégoire, 2000).

Existuje pouze jedna studie, ktera podporuje hypotézu, Ze pfirozeni neptatelé jsou
v komerc¢nich lesich s intervenci méné hojni nez v lesich bez intervence
(Weslien & Schroeder, 1999). N¢které metody v této studii jsou v8ak nejasné, a proto je

danym vysledktim obtizné diverovat.

Podil kiiroveu a parazitoidi v porostech s intervenci a bez intervence byl podle
studie Wermelinger et al. (2013) stejny. Podobné jsou znamy studie, které¢ dokazuji,
ze sanacni kaceni napadenych, ale jesté stale zivych stromt, ma jen velmi maly vliv.
Je v8ak nutno pfipustit, Ze naasovani zasahu miiZe sniZit dopad antagonisti (Feicht,

2004; Hilszczanski et al., 2007; Wermelinger et al., 2012; Wermelinger et al., 2013).
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Paraziti

Hlistice jsou hlavni skupinou paraziti kirovcti, ale mohou vytvaret i dalsi typy
vzajemnych vztahii jako napf. ektoparazitismus, endoparazitismus, komenzalismus
¢i predace (Tenkacova & Mituch, 1987). Nejcastéji vyskytujicimi druhy hlistic vazanych
na lykozrouty rodu Ips jsou zastupci z fadi Diplogasterida, Rhabditida a Tylenchida.
(Grucmanova et al., 2014). Velké mnozstvi hlistic ma synonymni nazvy, a to je jeden
Z problému jejich dohledavani a popisovani. Piestoze byly hlistice studovany jako
potencionalni prostfedek biologického boje proti hmyzim Skidctim, neexistuje mnoho
publikaci o hlisticich spojenych s kiirovci v Evropé (Rithm, 1956, 1960; Batazy 1966,
1968; Tenkacova & Mituch, 1986, 1987, 1991; Takov et al., 2006; Nedelchev et al., 2008;

Grucmanova et al., 2014).

Nejstarsi popsana hlistice, ktera napada kiarovce je Contortylenchus diplogaster
(v. Linstow, 1890). Hlistice vyskytujici se na povrchu téla dospélci ve stiedni Evropé
jsou napt. Bursaphelenchus eidmanni (Ruhm, 1956), Ektaphelenchus typographi (Fuchs,
1930) nebo Micoletzkya buetschlii (Fuchs, 1915). Endoparazitické hlistice vyskytujici
se na tizemi stfedni Evropy jsou zejména Contortylenchus diplogaster (v. Linstow, 1890,
hemolymfa), Cryptaphelenchus macrogaster (Fuchs, 1937, Malpighické trubice),
Parasitorhabditis obtusa (Fuchs, 1915, stfevo) (Grucmanova & Holusa, 2013).

Hlistice, vyvijejici se uvnitt dospélcl, se vyzivuji t€lnimi tekutinami a mizeme je
nalézt az u 50 % jedincii (Burjanadze & Goginashvili, 2009). Hlistice, vyskytujici
se na povrchu téla dospélctl, 1ze zaznamenat mezi jednotlivymi ¢lanky téla, na kiidlech
a pod krovkami, kde se nachazi ve shlucich. Ektoparazitické hlistice se vyzivuji zejména
bakteriemi, houbami a dal$imi mikroorganismy, které jsou na povrchu téla jedince

(Cardoza et al., 2006).

Vyvojovy cyklus ektoparazitickych hlistic probihad v pozercich kiirovct. Dospélci
se zde spafi, nakladou vajicka a lihnouci se larvy poté vyhledaji hostitele. Po dosazeni

dospélosti hostitele opousti, aby se mohli opét pafit.

Juvenilni stadium endoparazitickych hlistic se nachazi v pozerku, kde se dospélci
spafi a oplozena samice si vyhledava sama svého hostitele. Samice pronika do dosp€lce
pies kutikulu a vyvojovy cyklus probihd v télni dutiné imag. Vyvojovy cyklus hlistic
apocet generaci je skuarovci synchronizovan (Rithm, 1956; Massey, 1974;
Thong & Webster, 1975; Grucmanova et al., 2014).
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Pii vyskytu hlistic se pfedpoklada vliv na vyvoj, plodnost, preziti a letovou aktivitu
karovet (Nickle, 1963; Lieutier, 1981; Kaya, 1984; Tenkacova & Mituch, 1986, Holusa
& Lukasova, 2017). Endoparazitické hlistice navic mechanicky poSkozuji organy, tkané

a meéni slozeni hemolymfy (Slankis, 1967; Thong & Webster, 1972, 1975).

Vliv lesnického managementu na entomopatogenni hlistice neni znam.
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4 Metodika

Cela prace je rozdélena na tfi ¢asti podle studovaného druhu ¢i rodu kirovee/u. U druhu
I. typographus byla provedena nejdiive meta—analyza jiz zjisténych informaci v ramci
studované problematiky a poté byl proveden samotny terénni vyzkum. Pro I. duplicatus

a dievokazy rodu Trypodendron bylo provedeno pouze terénni a laboratorni studium.

4.1 VIliv managementu na antagonisty Ips typographus

Meta—analyza

Védecké studie o patogenech I. typographus byly ziskany prohledavanim databazi Web
of Science, Scopus, Google Scholar a dalsich regionalnich ¢asopisti. Vyhledavani bylo
provedeno pomoci klicovych slov ,,Ips typographus®, ,,management®, ,,pathogen® a jejich
kombinaci. Z publikovanych rukopisii byly ziskany informace o nadmoiské vysce, druhu
lesniho hospodarstvi, druhovém spektru patogenii a infekéni hladiné (Vanicka et al.,

2016).

Tab. 1 Studované lokality pro vliv managementu na patogeny I. typographus

Studované lokality Management* GPS souiadnice Stat
Aigen—Schlagl Ano 48,665 N, 13,973 E AUT
Bialowieza I Ano 52,701 N, 23,886 E POL
Biatowieza 11 Ano 52,739 N, 23,786 E POL
Bialowieza 111 Ano 52,704 N, 23,899 E POL
Biatowieza IV Ano 52,666 N, 23,759 E POL
Bialowieza V Ano 52,670 N, 23,770 E POL
Biatowieza VI Ano 52,727 N, 23,842 E POL
Bialowieza VII Ano 52,683 N, 23,785 E POL
Biatowieza VIII Ano 52,730 N, 23,831 E POL
Block N71 Ne 41,860 N, 43,234 E GEO
Block N78 Ne 41,839 N, 43,283 E GEO
Block N79 Ne 41,873 N, 43,334 E GEO
Borjomi Ano 41,782 N, 43,494 E GEO
Bystfice na OI8i Ano 49,601 N, 18,717 E CZE
Combloux Ano 46,470 N, 07,054 E CHE
Edelwies Ne 47,759 N, 15,056 E AUT
Forét de la Haute—Joux Ano 47,157 N, 06,106 E FRA
Griinau Ano 47,767 N, 13,933 E AUT
Horni MarSov Ano 50,670 N, 15,813 E CZE
Hubhof Ano 48,392 N, 15,353 E AUT
Hundsau | Ne 47,779 N, 15,043 E AUT
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Studované lokality Management* GPS souiadnice Stat

Hundsau Il Ne 47,778 N, 15,042 E AUT
Hundsau I11 Ne 47,777 N, 15,042 E AUT
Chaux—des—Crotenay Ano 47,098 N, 06,569 E FRA
Janské Koupele Ano 49,733 N, 17,717 E CZE
Kechkhobi Ano 41,782 N, 43,469 E GEO
Keprnik N 50,181 N, 17,116 E CZE
KobernauBer Wald | Ano 48,088 N, 13,381 E AUT
KobernauBler Wald 11 Ano 48,087 N, 13,381 E AUT
KobernauBler Wald I1I Ano 48,088 N, 13,382 E AUT
KobernauBer Wald IV Ano 48,088 N, 13,380 E AUT
Kozlov Ano 49,633 N, 17,504 E CZE
Kreisbach Ano 48,097 N, 15,629 E AUT
Kremsmiinster Ano 48,086 N, 14,132 E AUT
Lacelle Ano 46,063 N, 02,400 E FRA
Lambach Ano 48,101 N, 13,872 E AUT

Les Tenelles Ano 46,024 N, 01,622 E FRA
Libani Ano 41,784 N, 43,462 E GEO

Melk Ano 48,240 N, 15,393 E AUT
Millevaches Ano 46,079 N, 02,144 E FRA

Na Ztraceném, Ptac¢i potok Ano 48,986 N, 13,502 E CZE
Nasswald Ano 47,737 N, 15,664 E AUT
Nova Pec Ne 48,784 N, 13,951 E CZE
Ossiach Ano 46,677 N, 14,003 E AUT

Pec pod Snézkou Ne 50,703 N, 15,730 E CZE
Pragily Ne 49,107 N, 13,371 E CZE

Pusta Polom Ano 49,868 N, 18,006 E CZE

Puy de Montchal Ano 45,822 N, 03,476 E FRA
Rothenburg Ne 47,101 N, 08,233 E CHE
Rothenburg Wald Ano 47,113 N, 08,284 E CHE
Rothwald Ne 47,749 N, 15,084 E AUT
Siedlce Ano 52,188 N, 22,163 E POL

Smrk Mt. Ne 49,505 N, 18,378 E CZE

St. Georgen/ Lavanttal Ano 46,724 N, 14,954 E AUT
Staré Oldiavky Ano 49,717 N, 17,609 E CZE
Tamsweg Ano 47,117 N, 13,629 E AUT
Tamsweg, Salzburg Ano 47,115N, 13,849 E AUT
Tosstock Ne 47,306 N, 08,962 E CHE
Treffen Ano 46,674 N, 13,862 E AUT
Tsagveri Ano 41,794 N, 43,484 E GEO
Vaclavovice Ano 49,733 N, 18,350 E CZE

Data, u kterych nebyl definovan typ managementu lesnich porosti, byla z analyz

vyloucena. Pokud ve zdrojovych datech chybély informace, jako je napt. nadmotska
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vyska, byly tyto informace ziskany na zakladé nazvi studijnich lokalit a souradnic GPS

(Tab. 1) (Vanicka et al., 2016).

V pocatecni analyze bylo shromazdéno 219 rukopisti z databaze Scopus a 183
z databaze Web of Science. Po vyfazeni Clankt, které postradaly informace o typu
managementu na studovanych lokalitach (management vs. bez managementu), bylo
pro naslednou analyzu vyuzito pouze 10 publikaci (Haidler et al., 2003; Héndel et al.,
2003; Wegensteiner et al., 2007, 2014, 2015; Holusa et al., 2009; Kereselidze et al., 2010;
Lukasova et al., 2012, 2013; LukaSova & Holusa, 2015) (Tab. 2).

Do analyzy byly zahrnuty pouze idaje tykajici se zivych imag z lapacu, lapaka
a stojicich stroma. Lokality s managementem piedstavovaly hospodatské lesni porosty,
kde byla aplikovana intenzivni a pravidelna sanace kacenim stromt napadenych kirovci.
Lokality bez managementu byly oblasti bez sanitarniho kaceni nebo jinych preventivnich
opatfeni proti kurovcim. Na jedné lokalit¢ byly vybrany pouze klrovcové stromy
(pfitomnost zavrtovych otvord, drtinky, pryskyfice na kife) (Lukasova et al., 2012).
Oblasti bez managementu se b&ézné vyskytovaly v oblastech se striktnim pfistupem
ochrany pfirody, napt. v ndrodnich parcich a ptirodnich rezervacich (Vanicka et al.,

2016).

Tab. 2 Zakladni informace o patogenech I. typographus, poc¢tu analyzovanych lokalit

a zdrojich dat zahrnutych do meta—analyzy.

Nadmoi'ska Celkovy

Pocet lokalit ,y
vyska pocet Zdrojova
Patogen >600 <600 . ,
Bez vypitvanych
Management m m c o data
managementu jedinci
n.m. n.m.
ItEPV 39 12 28 23 25 366 1.2,5,6,7,
9,10
Gregarina 1,2,3,4,5,
typographi 48 16 35 29 30 854 7.8.9 10
Chytridiopsis 1,2,3,4,6,
typographi 46 17 34 29 30 680 7.8.9 10
Mattesia 32 8 20 20 20 952 2,6,9,10
schwenkei

! Haidler et al., 2003, 2Hzndel et al., 2003,  Holusa et al., 2009, 4 Kereselidze et al., 2010, ® Lukasova &
Holusa, 2015, ® Lukasova et al., 2012, " LukaSova et al., 2013, ® Wegensteiner et al., 2007, ® Wegensteiner
et al., 2014, °Wegensteiner et al., 2015.
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Z divodu malého poctu lokalit a nizké infekéni hladiny byly nésledujici patogeny
z analyz vylouceny: M. chalcographi, M. scolyti, N. typographi a U. montanum. Analyza
patogenu byla zaméfena na druhy s vyssi infekéni hladinou, a proto byly zahrnuty pouze
Ctyfi druhy: virus ItEPV, mikrosporidie C. typographi, gregarina G. typographi
a neogregarina M. schwenkei. Pokud dana studie ptedstavovala vicelety vyzkum, byly

vypocteny primérné infekéni hladiny (Vanicka et al., 2016).

Jelikoz data o patogenech nemély normalni rozdéleni (Stanoveno Shapiro—
Wilkovym testem), byly v programu STATISTICA 12.0 provedeny neparametrické testy
(Kruskal-Wallistiv test). V ramci testl byly srovnany rozdily v infekénich hladinach
sledovanych patogend |. typographus mezi smrkovymi porosty S managementem

a bez managementu (Vanicka et al., 2016).

Viastni vyzkum

Vlastni vyzkum byl proveden v narodnich parcich (TANAP, TPN) ve Vysokych Tatrach.
Vysoké Tatry lezi na hranici Slovenska (73 058 ha, tj. 77,6 % oblasti Vysokych Tater)
a Polska (21 076 ha, tj. 22,4 % Vysokych Tater) (Grodzki et al., 2003). Oblast je nejvyssi
¢asti Karpat a mnoho vrcholi piesahuje 2 000 m n.m. Nejdelsi hieben je dlouhy 26 km,
ale vysokohorska vegetace zabird pouze 341 km? (~40 % lokality). Piestoze je oblast
ovlivnéna lidskou ¢innosti vice nez 100 let, pfirodni lesy (bez zdsahu) stale pokryvaji
pfiblizné 400 km? (Fleischer et al., 2017). Dominance smrku se pohybuje od 81 %
vV nizkych nadmotskych vyskach do 98 % ve stfednich nadmoiskych vySkach
(Bodziarczyk et al., 2019). V TANAPuU (Tatransky narodny park) se v poslednich letech
zastoupeni smrku dramaticky snizilo a pohybuje se od ~25 % v nizkych az po ~40 %
ve vysokych nadmoftskych vyskach jako disledek nedavnych velkoplosnych disturbanci
(Kondpka et al., 2019).

Oba narodni parky byly v poslednich 100 letech ovlivnény fadou velkych polomu
(tj. poskozeni > 20 000 m®dfeva) a po n&kterych z nich doslo k nariistu populaéni hustoty
I. typographus (Grodzki & Guzik, 2009; Koren, 2015; Holeksa et al., 2016; Fleischer
etal., 2017; Grodzki & Gasienica Fronek, 2018), zejména za poslednich 20 let. Protoze
TANAP lezi na jiznich svazich a TPN (Tatrzanski Park Narodowy) lezi na severnich

svazich pohofi, jsou oba parky ovlivnény riznymi vétrnymi udalostmi (Obr. 1).
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Obr. 1 Studijni lokality ve dvou narodnich parcich: TANAP (Tatransky narodni park)
a TPN (Tatrzanski Park Narodowy) se nachazeji v Tatrach na hranici Slovenska a Polska.
Lokality: A — Vys$né Hagy (intervence), B — Ticha Dolina (bez intervence), C — Potok

Koscieliski (bez intervence) a D — Kiry (intervence).

Premnozeni smrkovych kurovcit v TANAPu

Smrkové lesy v Tatrach byly v poslednich 20 letech zasazeny dvéma hlavnimi udalostmi
spojenymi s vétrem a vedoucimi k dlouhodobému ptemnozeni I. typographus. Vétrna
smrit’ Alzbéta (listopad 2004) poskodila vice nez 2 500 000 m®lesa (hlavné smrkovych
lesit) a 12 600 ha v TANAPuU (Némethy et al., 2018) (Obr. 2). Po této neoCekavané
udalosti nasledovalo bezprecedentni namnozeni |. typographus, béhem nichz se mortalita
stromt vyvolana kurovcem rozsitila k hranici lesa (1 500 — 1 650 m n.m., Potterf et al.,
2019) a zasahla/narusila vice nez 70 km? dospélého, vétsinou ptirodniho smrkového lesa
(P. abies) i modiinu (L. decidua) (Fleischer et al., 2016). Kturovcova gradace trva jiz vice

nez 10 let (Obr. 2), pficemz béhem této doby bylo zpracovano az 19 milionti m® deva.
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Obr. 2 Vyskyt vétrnych disturbanci, kdy bylo poskozeno >20 000 m?® dieva (tecky),
a premnozeni |. typographus (pasky) v TANAPu a TPN v letech 1897 az 1960 (horni

Casova linie) a v letech 1954 az 2018 (dolni ¢asova linie).

V kvétnu 2014 zaséhla vétrna bouie Zofia Vysoké Tatry (Gubka et al., 2014;
Kunca et al., 2014). Objem poskozeného dieva byl odhadnut na 5 milionti m®, pficemz
67 % Skod bylo rozptyleno po celém regionu a 33 % Skod bylo soustfedéno ve velkych
plochach (Kunca et al.,, 2014). Vitr v letech 2004 a 2014 spolu s pfemnozenim
I. typographus zptsobily 90% pokles lesnaté plochy, tj. 90 % byvalé zalesnéné oblasti
TANAP je v soucasné dobé odlesnéno nebo je pokryto lesnimi porosty mlad$imi nez
10 let (Gubka et al., 2014; Konopka et al., 2015). Jak naznacuje rostouci mnozstvi
vytéZeného dieva spolu se zvySujicim se poctem dospélca I. typographus odchycenych
ve feromonovych lapacich v interven¢ni i neintervenéni zéné v celém TANAPu, vitr

v roce 2014 opétovné nastartoval gradaci I. typographus (Obr. 2).

Premnozeni |. typographus v TPN

V fijnu a listopadu 2002 silny Vitr poskodil v TPN ~45 000 m® smrkovych porostl
na plose vice néz 3 000 ha. Vice nez 350 ha smrkovych lesi bylo zcela zniceno.
Rozlamani nebo vyvrdceni stromii poskytlo dostatek vhodného materidlu
pro I. typographus ve vychodni ¢asti TPN. Rozsahla mortalita stromti vyvolana
karovcem zacala v roce 2004 (Grodzki et al., 2010; Sproull et al., 2017) a byla umocnéna
po vétrném polomu v roce 2007 (Grodzki & Guzik, 2009).

Koncem roku 2013 zasahla Koscieliskou dolinu vétrna disturbance, ktera zasahla
jak intervencni, tak neintervencni zony lest. Padlé a zlomené stromy byly v roce 2014
odstranény ze zasahové zony, ale nikoliv z neintervencni zony. Od roku 2015 se pocet
stromd napadenych |. typographus v intervenéni zoné€ zdvojnasobil a v neintervencni

z6n¢ ztrojnasobil (Grodzki & Gasienica Fronek, 2017, 2018).
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Historie pristupii k obhospodarovant lesii

Ztizeni narodnich parkii (TANAP v roce 1949 a TPN v roce 1954) vedlo k zasadnim
zménam ve vyuzivani krajiny v krajinném méfitku. Zpusob lesnického hospodateni
a zonace interven¢nich zén se v poslednich desetiletich také nékolikrat zménil. Tyto
zmény ovlivnily rekreac¢ni hodnoty, cestovni ruch, vodni reZimy, ochranu stanovist,, tézbu

difeva a mnoho souvisejicich ekosystémovych sluzeb (Fleischer et al., 2017).

Od poloviny 90. let 20. stoleti se na ptiblizné 30 % lest TANAP aplikuje ptistup
bez intervence (Koren, 2015). Do roku 2012 byla vSak povolena vyjimecna opatieni
na kontrolu $kiidcti s rtiznou intenzitou, kdy byla v nékolika castech zakazana tézba
(Ministerstvo zivotniho prostfedi Slovenské republiky, 2012; HavaSova et al., 2017).
Od roku 2004 (Obr. 3) jsou Vv interven¢ni oblasti (ale nikoliv v oblasti bez intervence)
evidovany napadené kurovcové stromy, coz v oblasti intervence vytvofilo rozsahlé
holiny. Od roku 2012 byly povoleny feromonové lapace pro monitorovani poctu imag

I. typographus, nikoliv v§ak pro obranu.

Na celkem 71% TPN je dusledn¢ dodrzovan bezzasahovy rezim (Obr. 3)
apovoleno je pouze monitorovani $kudct (Grodzki & Gasienica Fronek, 2017).
Na zbyvajici c¢asti TPN je caste¢né zasahovano, coz umoziuje sanitdrni tézbu
a rozmisténi feromonovych lapaci, ale je zakazano pouziti insekticidi (Grodzki et al.,
2003; Grodzki et al., 2006). Po roce 2013 byla velka ¢ast lest, véetné lest ve studované
oblasti, definovana jako oblast bez intervence, bez ohledu na spravu jednotlivych oblasti

(Grodzki & Gasienica Fronek, 2017, 2019).
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Historie disturbanci na zikladé klasifikovanych snimki Landsat (2004-2014, res. 30 m)

B Studovani lokalita

Viétrna -
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Infradervené barevné Snimky Sentinel 2 (2017, res. 10 m)

--

Obr. 3 Historie disturbanci ¢&tyf studijnich lokalit (A, B, C a D) na zaklad¢ snimku
Landsat (2005-2014; horni fada), satelitnich snimkd ESRI s vysokym rozliSenim (2014—

2016; stfedni fada) a infraCervenych barev Snimkt Sentinel 2 (2017; spodni fadek; zdrava

vegetace je Cervené, napadené stromy a holiny jsou Sedé). Kazdy obrazek ptedstavuje

oblast 1 x 1 km kolem vyznacené lokality studie. A a D jsou lokality s intervenci, Ba C

jsou lokality bez intervence. Umisténi ¢tyt studijnich lokalit je uvedeno na Obr. 1.
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Studijni lokality

Vyzkum byl proveden v Tatrach v letech 2014-2017. V kazdém ze dvou narodnich parki
byly vybrany c¢tyfi studijni lokality, jedna v oblasti intervence a druha v oblasti
bez intervence (Obr. 4, Tab. 3). V TANAPu (Slovensko) byla lokalita bez intervence
umisténa Vv centru oblasti bez zasahu, tj. 6 km od intervenc¢ni oblasti a studované lokality.
V TPN (Polsko) byly lokality s intervenci a bez intervence 2 km od sebe (Obr. 1, Obr. 3,
Tab. 3).

Tab. 3 Zakladni informace o vybranych lokalitich (TANAP — Tatransky narodny park,
TPN — Tatrzanski Park Narodowy).

Nadmorska
Nazev lokality  Narodni park Typ Fizeni vy$ka Souradnice
(mn.m.)
. 1ys TANAP, Intervence 49,1255N,
Vysné Hagy Slovensko (management) 1305 20,1005E
., . TANAP, Bez intervence 49,2007N,
Tichd Dolina Slovensko (bez managementu) 1115 19,9244E
Potok Bez intervence 49,2497N,
Koscieliski TPN, Polsko (bez managementu) 1100 19,8650E
. 49,2639N
r * ) i)
Kiry TPN, Polsko z4sah 980 10 8709E

* intervence byla pouZita az v roce 2014.

Vybrané lesni porosty byly star$i >100 let se zastoupenim smrku P. abies (> 90 %
zakladni lokality) (Obr. 4). V&kové slozeni a slozeni dievin bylo u vsech ¢étyt lokalit

podobné.

Historie disturbanci vSech ¢tyt lokalit je znazornéna na Obr. 2. Neintervenéni
lokality [Obr. 4 A — Ticha Dolina (bez intervence), C — Potok Koscieliski
(bez intervence)] jsou charakterizovany vétrnymi disturbancemi (2004, 2014) a gradaci
I. typographus pocinaje rokem 2006, na lokalitach bez intervence nebyla provedena
7adna tézba dfeva ani sanitarni tézba. Naproti tomu na lokalitach s intervenci [Obr. 4
B — Vysné Hagy (intervence), a D — Kiry (intervence)] byly vétrné polomy napadené
karovcem postupné asanovany. Po roce 2014 se oblast napadena kurovci rozsifila
I na studijnich lokalitach (Seda oblast v B, C a D ve spodnim fadku na Obr. 3). V ramci
vyzkumu byly provedeny dva experimenty, jeden v  TANAPu a jeden v TPN,

experimenty se lisily, protoze zékonna omezeni Nejsou v obou parcich jednotna.

44


https://www.sciencedirect.com/science/article/pii/S0378112720309786?dgcid=author#f0010
https://www.sciencedirect.com/science/article/pii/S0378112720309786?dgcid=author#f0010
https://www.sciencedirect.com/science/article/pii/S0378112720309786?dgcid=author#f0015
https://www.sciencedirect.com/science/article/pii/S0378112720309786?dgcid=author#t0005
https://www.sciencedirect.com/science/article/pii/S0378112720309786?dgcid=author#f0015
https://www.sciencedirect.com/science/article/pii/S0378112720309786?dgcid=author#f0020
https://www.sciencedirect.com/science/article/pii/S0378112720309786?dgcid=author#f0020
https://www.sciencedirect.com/science/article/pii/S0378112720309786?dgcid=author#f0020

Obr. 4 Neintervenéni (vlevo) a interven¢ni (vpravo) studijni lokality v TANAPu

(Tatransky narodni park, Slovensko) (nahote) a TPN (Tatrzanski Park Narodowy, Polsko)
(dole): A —Ticha Dolina, B — Vys$né Hagy, C — Potok Koscieliski a D — Kiry.

Experiment | (TANAP)

Z divodu zakazu tézby napadenych kirovcovych stromi na lokalité bez intervence byly
pro studium vztahii mezi pocetnosti, vyvojem a pfirozenymi neprateli I. typographus
pouzity smrkové vyiezy. Vyiezy byly kazdy rok vytvoreny ze ¢tyf smrkovych stromt
podobnych rozméru, byly zdravé, bez napadeni I. typographus a pochazely z nejblizsiho
zdravého porostu v intervencni zoné (49,1280 N, 19,8970 E). Vyiezy mély primér
30,5 cm £ 6,2 cm (pramér + SE) a délku 1 m. Jednotlivé fezy byly namazany voskem,

aby se zabranilo vysychani.

Kazdoro¢né v letech 20142017 bylo na kazdé lokalité [ Vy$né Hagy (intervence),
Ticha Dolina (bez intervence)] umisténo 10 novych smrkovych vyiez (S rozestupy
10 m). Aby byl vyloucen vliv mikrohabitatu na parazitoidy (Feicht, 2004; Hilszczanski
et al., 2007), byly vyfezy umistény na oteviené plose ~30 m stromu napadenych
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I. typographus. Vytezy byly rozmistény kazdy rok v polovin¢ dubna pied letovou
aktivitou I. typographus a hodnoceni probihalo vzdy v polovin¢ srpna.

K vyhodnoceni vyvoje I. typographus a jeho antagonista byly pouzity noze
a sekery, kterymi byly smrkové vyiezy odkornény. U I. typographus byl zaznamenan
pocet a délka mateCnych chodeb, pocet vajicek nakladenych jednou samici a pocet
jedinct v kazdé vyvojové fazi (vajicka, larvy 1. az 3. instaru, kukly, Zluti brouci, imaga).
Rovnéz byl zaznamenan pocet larev, kukel nebo zamotka zastupcu Celedi Braconidae
a Pteromalidae a pocty larev a dospélci much (Diptera: Lonchaidae, Dolichopodidae),
pestrokrovecnikii rodu Thanasimus (Coleoptera) a pocty dalSich predatorti. Zaznamenany
byly také vSechny ostatni druhy kurovcl nalezené na studovanych lokalitach (Tab. 4).
Pro detekci patogenti byla studovana vSechna nalezena imaga matecnych broukl
I. typographus, ktefi byli umisténi do zkumavek typu Eppendorf obsahujicich mokrou
gazu (pro udrzeni 100 % relativni vlhkosti) a byly skladovany pti —4°C.

Za Ucelem analyzy patogennich organismt byli dospélci lykozroutd pitvani
pomoci chirurgickych pinzet. Stfevni organy dospélct byly prohlizeny pod svételnym

mikroskopem Nikon Eclipse—Ci pfti zvétSeni 100—400x.

Analyza dat experimentu I

Pro analyzu populaci |. typographus byly pouzity pouze tdaje s vyskytem stadia larev
3.instaru v pozerku. Pozerky sranymi stadii (vajicka a jedinci L1, L2) patiily
pravdépodobné k pierojené populaci (Fleischer et al., 2016). Tyto vysledky by
ovlivitovaly analyzy, protoze by snizovaly procenta parazitace a zvySovaly populacni
hustoty. V Tab. 4 jsou uvedeny zjisténé parametry populace a proménné pouzité v dalsich

analyzach.

Tab. 4 Ptehled proménnych pouzitych pii analyze dat v experimentu I. (Parametry

zaznamenané pii analyze smrkovych vyiezi jsou vytucnény; It — I. typographus).

Pouzito
. e pro
Proménna Popis vypoctu analyzu
RDA
pocet nové vylihlych samic na matku (tj. na
Reprodukéni Gspéch matec¢nou chodbu), celkovy pocet potomki byl
« o y ¥ . 4 Ano
I. typographus rozdélen na pil, protoze se predpokladal pomér
pohlavi 1: 1 (Annila, 1971)
Dryocetes sp. (m?) vypoéteno jako primér na smrkovy vyfez Ne
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Pouzito

. P pro
Proménna Popis vypoctu analyzu
RDA
Vajicka nakladena jednou - . o I
samici vypocteno jako priumér na smrkovy vyrez Ne
G. typographi (%) procento poc¢tu infikovanych na jednu lokalitu Ano
C. typographi (%) procento poc¢tu infikovanych na jednu lokalitu Ano
ItEPV (%) procento poc¢tu infikovanych na jednu lokalitu Ano
M. schwenkei (%) procento poc¢tu infikovanych na jednu lokalitu Ano
1. amitinus na m? vypoc¢teno jako primér na smrkovy vyrez Ano
Délka larvalnich chodeb (mm) vypoc¢teno jako primér na smrkovy vyrez Ano
Délka matecnych chodeb vypocteno jako primér na smrkovy vyrez Ano
I. typographus (mm) yp ] P yvy
Hlistice — mimostfevni (%) procento poc¢tu infikovanych na jednu lokalitu Ano
Hlistice — stfevni (%) procento poctu infikovanych na jednu lokalitu Ne
Pocet vaj IC?}; |r.nt2ypog raphus vypocteno jako primér na smrkovy vyiez Ano
Pocet vaji¢ek v poZerku < . o .
1. typographus vypocteno jako primér na smrkovy vyrez Ano
Poet mateénych chodeb vypocteno jako primér na smrkovy vyrez Ano
I. typographus na m? kiiry yp Jakop yvy
Pocet larev Thanasimus na m? vypocteno jako primér na smrkovy vyfez Ano
Potet larvalnich chodeb na vypocteno jako primér na smrkovy vyrez Ano
pocet matecnych chodeb yp ! P yvy
Dalsi predatori Coleoptera
(Histeridae, Monotomidae, vypocteno jako primér na smrkovy vyfez Ano
Nitidulidae, Staphylinidae)
vypocteno jako procento dospélct I.
typographus ve vSech stadiich s parazitoidy, tj.
Parazitismus (%) parazitoidnimi larvami na larvach ktirovce nebo Ano
mimo néj a parazitoidnimi kokony, kukly a dospélci
jako pramér
Pityogenes chalcographus na m? vypocteno jako primér na smrkovy vyfez Ne
Pocet larev Diptera na m? vypoc¢teno jako primér na smrkovy vyrez Ano
Produkce 1. typographus pocet l.t. uniklych ptirozenym neptateld, nebo
2710 . X . Ano
na m= kury vnitrodruhové konkurenci
Produkce na m? kiry pocet L.t umkl,ych ptirozenym nepratelru, ¥1veb0 Ne
vnitrodruhové konkurenci na smrkovy vytez
Larvy Raphidioptera (m?) vypoéteno jako primér (+ SE) Ne
Pomér pohlavi I. typographus pomér poctu matecnych ?hqc}eb a poctu rodin na Ano
smrkovy vytez
Tetropium sp. (m?) vypoéteno jako primér (+ SE) Ne
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Jelikoz data neméla normalni rozdéleni (Shapiro Wilkiv test), byl pro porovnani
proménnych mezi roky a lokalitami pouzit Kruskal-Wallistv test v programu Statistica

12.0 (proménné jsou uvedeny v Tab. 4).

Variabilita zavislych proménnych ve vztahu ke dvéma vysvétlujicim proménnym
(rok a typ managementu: intervence nebo bez intervence) byla vypoctena analyzou
redundance (RDA) v Canoco 5.0 (Ter Braak & Smilauer, 2012) (Tab. 4). Data byla log—
transformovana, vycentrovdna a standardizovana. Statistickd vyznamnost byla
vyhodnocena permuta¢nimi testy Monte Carlo (s 499 permutacemi). Nasledné byly
pouzity biploty t—hodnoty se samostatnymi nezavislymi proménnymi pro ilustraci

vyznamnych zavislosti.

Experiment 11 (TPN)

Experiment II byl podobny experimentu I, ale smrkové vytezy v tomto piipad¢ pouZzity
nebyly, jelikoz nebyly v TPN povoleny. Byly proto vyuzity ptirozené vyvracené nebo
zlomené stromy [pouze jeden za rok na kazdé ze dvou lokalit, tj. na lokalitach Potok
Koscieliski (bez intervence) a Kiry (intervence) Obr. 4]. Pro kazdy vyvraceny strom
(DBH: 31,57 cm = SE 10,77) byly analyzovany ¢tyii sekce. Sitka sekce (podél podélné
osy stromu) byla ~0,5 m a délka byla rovna jedné poloviné obvodu kmene. Sekce byly
umistény (1) 0,5 m od paty kmene stromu; (2) uprostied mezi patou a spodni ¢asti koruny;
(3) u zakladny koruny a (4) ve stiedu koruny (Grodzki, 2007). Z dtivodu analyzy pouze
Ctyt stromi z riznych ¢asti studované lokality je soucasti vyzkumu pouze popisna
statistika bez statistické analyzy (Tab. 10). Pocty brouku I. typographus, pocet predatort
a vyskyt patogent byly hodnoceny podle experimentu 1.

4.2 Mikrosporidie Larssoniela duplicati u Ips duplicatus

Patogeny |. duplicatus byly studovany na 21 lokalitach; étyfi v Ceské republice, pét
v Rumunsku, osm v Polsku a &tyfi ve Svédsku. Nadmoiska vyska studovanych lokalit
se pohybovala mezi 229 a 1 009 m n.m. (Tab. 5). Dospélci byli v letech 2011-2016
odchytavani pomoci feromonovych lapacti Theysohn® (Theyson Kunststoff. GmbH,
Némecko), Intercept® (pouze v Rumunsku) a byly navnadény feromonovymi odparniky
ID Ecolure® (FYTOFARM Group S.r.0., Slovensko), Pheagr IDU® (Sci— Tech, s.r.o.,

Ceska republika), Duplodor® (Chemipan, Polsko) nebo experimentalni navnadou

48


https://www.sciencedirect.com/science/article/pii/S0378112720309786?dgcid=author#t0010
https://www.sciencedirect.com/science/article/pii/S0378112720309786?dgcid=author#b0735
https://www.sciencedirect.com/science/article/pii/S0378112720309786?dgcid=author#t0010
https://www.sciencedirect.com/science/article/pii/S0378112720309786?dgcid=author#b0165
https://www.sciencedirect.com/science/article/pii/S0378112720309786?dgcid=author#t0025

(Rumunsko) (Duduman, 2014) (Tab. 5). Ve vSech pouzitych feromonech byl hlavni
slozkou vzdy E-myrcenol, hlavni slozka agregac¢niho feromonu I. duplicatus (Byers et
al., 1990). Feromonové odparniky se ménily po 10 tydnech. Brouci byli z kazdé lokality

odebrani pouze v jednom nebo dvou letech (Zimova et al., 2019).

Tab. 5 Zakladni informace o studijnich lokalitach, kde byli odebrani brouci I. duplicatus
a studovany patogeny. Zemé jsou oznadeny nasledovné: Svédsko (SWE), Polsko (PL),
Ceska republika (CZ), Rumunsko (RO). V lapadi byly pouzity rtizné feromonové
odparniky: ID Ecolure®, Duplodor®, Pheagr IDU® a v Rumunsku experimentalni
odparnik (exp. ndvnada) (Duduman, 2014).

) ) GPS souradnice 5 Typ Nadrgofské
Lokalita Stat Rok sbéru vyska
N E feromonu
(mn.m.)

Nis SWE 60,467 14,500 2014 ID Ecolure 232
Siljansfors SWE 60,973 15,057 2014 ID Ecolure 324
Vansbro SWE 60,522 14,238 2014 ID Ecolure 229
Vindeln SWE 64,200 19,783 2014 ID Ecolure 291
Petkéwka PL 49,733 19,233  2015; 2016 Duplodor 668
Rajcza PL 49,766 19,233  2015; 2016 Duplodor 646
Romanka Gorna I PL 49,580 19,224 2016 Duplodor 829
Romamka Goma —— py 49933 19,398 2015 ID Ecolure 1009
Sopotnia Dolnha PL 49,935 19,466 2015 ID Ecolure 953
Tokarnia PL 49,983 19,983 2015 ID Ecolure 688
Ujsoty PL 49,750 19,200  2015; 2016 Duplodor 859
Ztatna PL 49,483 19,166 2015 ID Ecolure 638
Hlubocky cz 49,692 17,414 2013 ID Ecolure 382
Jilové u Prahy I cz 49,886 14,505 2016 Pheagr IDU 354
Jilové u Prahy II cz 49,916 14,507 2016 Pheagr IDU 457
Pusta Polom Ccz 49,851 18,024 2014 ID Ecolure 454
Calafindesti RO 47,851 26,145 2011 exp. lure 497
lonu RO 47,613 25,481 2013 exp. lure 1080
Solca RO 47,700 25,796 2013 exp. lure 625
Sucevita RO 47,776 25,481 2013 exp. lure 605
Todiresti RO 47,712 26,032 2013 exp. lure 415

Dospélci byli odebirani od zacatku kvétna do konce srpna. Na kazdé studované
lokalit¢ byly feromonové lapace umistény 1,5 m nad zemi a pfiblizn€¢ 15-20 m
od smrkového porostu, ktery byl stars$i 30 let. VSechny lesni porosty na studijnich

lokalitach byly tvofeny mozaikou stromt v§ech vékovych skupin (Zimova et al., 2019).

Odchycena imaga byla umisténa do zkumavek Eppendorf s kouskem vlhké gazy
k zachovéani vlhkosti. Zkumavky byly uchovavany zmrazené, dokud nebyli dospélci

vypitvani (Zimova et al., 2019).
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Kazdy dospélec byl identifikovan do druhu (Brus et al., 2012) a poté byli pitvani
vSichni zastupci . duplicatus (bylo sledovano stfevo, Malpighické trubice, gonady
a tukové téleso). Ziskané tkané byly prohlizeny pod svételnym mikroskopem (Nikon
Eclipse 50 Ni, Nikon Instruments Inc., Melville, NY, USA) pfi zvétseni 40 x az 400 x
pro stanoveni ptitomnosti L. duplicati (ovalné spory dvou velikosti 3-3,5 x 1,5-2 x a 2—

2,5 x 1,5 ve stievni svaloving) a dalSich patogent a hlistic.

Udaje tykajici se rozifeni jehli¢natych lesti na studijnich lokalitach byly ziskany
z publikace Brus et al. (2012) a upraveny pomoci Corine Land Cover. Program ArcMap
10.0 (ESRI, Redlands, CA, USA) byl pouzit k vytvoreni Obr. 5, ktery ukazuje rozmisténi
studovanych lokalit (Zimova et al., 2019).

30°0'0"W 10°0'0"W 0°0'0" 20°0'0"E 40°0'0"E 50°0'0"E
1 1 1 1 1 1 1 L 1 !
F60°0'0"N
60°0'0"N+
50°0'0"NA ~50°0'0"N
40°0'0"N+ F40°0'0"N 0255 100 150 200 km
i —— vodni toky
O ;St‘;dlo_t"a”e —— statni hranice
okality
T T T * T I lesy
0°0'0" 10°0'0"E 20°0'0"E 30°0'0"E

0510 20 30 40 km

Obr. 5 Studijni lokality (krouzky) v Evrop¢, kde byli v letech 2011-2015 odchytavani

lykozrouti seversti v lesich (zelend).
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Zakladni statistické analyzy byly provedeny v programu Statistica 13.1 (software
Dell, Austin, TX, USA). Pro stanoveni normality infekénich hladin byl pouzit Shapiro
Wilkav test. Wilcoxonlv parovy test byl vybran ke srovnani infek¢éni hladiny mezi

pohlavimi (procenta infikovanych samcii vs. samic) (Zimova et al., 2019).

Podrobné analyzy byly provedeny v programu SAM 4.0 (Rangel et al., 2010),
vypocitano bylo Moranovo I, pro vyhodnoceni prostorové autokorelace zavislé proménné

(infek¢ni hladiny L. duplicati) (Zimova et al., 2019).

Posuzovaly se vztahy mezi infekéni hladinou L. duplicati a nasledujicimi
nezavislymi proménnymi: nadmotskad vyska, zemépisnd Sitka (severo—jizni gradient),
zemépisna délka (vychodo—zapadni gradient), infekéni hladiny patogenu C. typographi
a parazitismu hlistic uvnitf stteva a v hemolymf€, pocet odchycenych a vypitvanych imag
Iykozroutii severskych a rok (doba sbéru imag). Pro regresni analyzu zavislosti infekéni
hladiny na nezavislych proménnych byly infekéni hladiny transformovany na arcsin
druhou odmocninu, aby bylo dosazeno normality. Analyzy interakce mezi studovanymi
nezavislymi  proménnymi ukdzaly multikolinearitu pro zemépisnou délku
(VIF = rozptylny infla¢ni faktor > 2), coz byla proménna, ktera popisovala gradient
vychod—zapad v oblasti pfemnozeni I. duplicatus. Zemépisna délka tedy nebyla dale

analyzovana.

Nékteré nezavislé proménné nebyly vyznamné, proto do kone¢ného modelu byly
vybrany proménné na zakladé¢ AICc (Akaike informacni kritérium s korekci pro malé
velikosti vzorku), jak bylo implementovano v SAM. V dalsich analyzach L. duplicati
bylo pouzito sedm nezavislych proménnych: zemépisna Sitka (gradient sever—jih),
infek¢éni  hladiny mikrosporidie C. typographi, parazitismus stfevnimi hlisticemi,
parazitismus hlisticemi v hemolymf¢, nadmotska vySka lokality, pocet odchycenych

a vypitvanych dospélct I. duplicatus na lokalité a rok sbéru imag (Zimova et al., 2019).

4.3 Hlistice a mikrosporidie u direvokazi rodu Trypodendron

Jednotlivé druhy dievokazii byly studovany na deviti lokalitach v Ceské republice, péti
lokalitach v Polsku a jedné lokalité v Rakousku (Obr. 6). Dospélci byli odchyceni pomoci
feromonovych lapact Theysohn® navnadénych odparniky Linoprax®, Trypodor® nebo
XL Ecolure® (Tab. 6).
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Obr. 6 Lokality, na kterych byly studovany patogeny u dievokazi rodu Trypodendron.

Lapace byly umistény do lesnich porosti nebo, jako na rakouské lokalité, pobliz
lesniho porostu pocatkem biezna a byly kontrolovany v tydennich intervalech do konce
Cervna v letech 1998, 2010 a 2011. Ziskani dosp€lci byli po jednom umisténi
do mikrotestovacich zkumavek Eppendorf s kouskem mokré gazy pro udrzeni 100%
relativni vlhkosti. Imaga ze vSech lokalit kromé Rakouska, byla okamzit€¢ zmrazena
a skladovana pii —10 °C, dokud nebyla pitvana. Dospélci z lokality v Rakousku byli
pitvani bezprosttedné¢ po sbéru nebo byli skladovani maximalné¢ 8 dnu pii 4 °C

(Wegensteiner et al., 2016).

Kazdy dospélec byl determinovan do druhu a pitvan odstranénim celého stieva
spolu s ¢astmi svali, tukového télesa, Malpighickych trubic a gonad (Wegensteiner et al.,
1996). Tkan byla poté prohlizena pod svételnym mikroskopem pii 40 az 400nasobném

zvétSeni (Wegensteiner et al., 2016).
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Tab. 6 Zakladni informace o dospélcich dievokazt rodu Trypodendron spp., ve kterych

byly studovany patogeny. A = Rakousko; CZ = Ceska republika; PL = Polsko; T. la, T. i.

aT.do=npocetT. laeve, T. lineatum a T. domesticum.

Lokality GPS soufadnice T2 T Tdo . P
N E feromonu
Dubova (CZ) 48750 14383 2011 5 20 AL
Ecolure
Hainfeld/Ramsau (A) 47,983 15,816 1998 - 31 - Linoprax
Hnévanov (CZ) 48683 14416 2011 12 17 3 AL
Ecolure
HorniMarsov (CZ) ~ 50,683 15833 2011 - 208 4 _*
colure
Hradec nad Moravici  jg 33 17883 2011 - 1220 114 XL
(C2) Ecolure
, XL
Jaronin (CZ) 48966 14216 2011 - 2 - _E
Jeleénia (PL) 49566 19266 2011 - 161 12  Trypodor
Kartuzy (PL) 54,333 17,950 2011 - 270 15 Trypodor
Lazec (CZ) 48833 14283 2011 - 21 - XL
Ecolure
Lipusz (PL) 54233 17783 2011 - 28 -  Trypodor
Otin (CZ) 49266 15550 2011 - 16 - XL
Ecolure
, XL
Staré Hamry (CZ) 49466 18400 2011 - 42 - _c
Tiché (CZ) 48633 14550 2010 - 12 - KL
Ecolure
Wegierska Gorka I, (PL) 49,533 19,183 2011 - 66 13  Trypodor
W*?glers(kpal_?"rka L 49533 19233 2011 - 325 10  Trypodor
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5 Vysledky

Vysledky byly publikovany v jednotlivych tématicky zamétenych c¢lancich, které jsou

citovany u kazdého vysledku a uvedeny Vv ptilohach disertacni prace.

5.1 VIiv managementu na antagonisty Ips typographus
Meta — analyza

Celkem 10 publikaci, které byly zahrnuty do meta—analyzy, obsahovalo data ze 45 lokalit
s intervenci a 16 lokalit bez intervence. (Tab. 7) (Vanicka et al., 2016).

Na lokalitach bez intervence byla infekéni hladina gregariny G. typographi vyssi
nez na lokalitach s intervenci (Shapiro-Wilkuv test: W = 0,54, p <0,0001; Kruskal—
Wallistv test: H (1; 64)=38,75, p <0,01; Obr. 7). Primérna infekéni hladina G. typographi
(= SD) nalokalitach bez intervence byla 13,7 + 17,0 %. Priméma infek¢éni hladina
C. typographi (+ SD) na lokalitach s intervenci dosahovala v priméru 14,5 £ 21,9 %
abyla signifikantné¢ vyssi nez na lokalitach bez intervence (Shapiro — Wilkav test:
W = 0,55, p <0,0001; Kruskal-Wallistv test: H (1; 63) = 5,64, p <0,01; Obr. 7) (Vanicka
et al., 2016).

Primérnd infekéni hladina ItEPV se pohybovala okolo 2,7 + 5,4 %, v ptipadé
M. schwenkei okolo 0,9 = 5,3 %. U obou téchto patogent byly infekéni hladiny vyssi
na lokalitach bez intervence: ItEPV — Shapiro-Wilktv test: W = 0,53, p <0,0001;
Kruskal-Wallistv test: H (1; 51) = 5,71, p <0,01 (Obr. 7); M. schwenkei — Shapiro—
Wilkuv test: W = 0,49, p <0,0001; Kruskal-Wallistv test: H (1; 40) = 7,98, p <0,01
(Obr. 7) (Vanicka et al., 2016).
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Obr. 7 Infekéni hladiny Ctyf patogent |. typographus na lokalitaich s intervenci
vs. Bez intervence. (A) G. typographi, (B) C. typographi, (C) ItEPV a (D) M. schwenkei.
Krabicové grafy ukazuji sttedni hodnotu a 25—75 % kvartily. Horni a dolni odrazky jsou
minima a maxima. Krouzky ukazuji odlehlé¢ hodnoty a hvézdicky oznacuji extrémni

hodnoty (Vanicka et al., 2016).

Nekteré patogeny byly ze statistické analyzy vylouceny vzhledem
k nedostatecnym udajam, tj. typ managementu nebyl specifikovan nebo pocet
nenulovych hodnot nebyl dostate¢ny pro statistické vyhodnoceni. Jednalo se o nédsledujici
patogeny s primérnou infekéni hladinou: N. typographi: 0,2 + 0,5 %, U. montanum:
1,8+ 3,6 %, M. scolyti: 0,1 + 0,1 % a M. chalcographi: 0,001 = 0,001 %. Pokud jde
0 Cetnost vyskytu téchto patogent na 45 lokalitach s intervenci, byla frekvence nejvyssi
u U. montanum (32 lokalit) a nejnizsi u M. chalcographi (4 lokality). Na 16 lokalitach

v

u M. chalcographi (0 lokalit) (Tab. 7) (Vanicka et al., 2016).
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Tab. 7 Frekvence patogenu I. typographus, které nebyly zahrnuty do meta—analyzy,
na jednotlivych lokalitach.

Lokalit Nadmorska
Pathoden Y vyska N Zdrojova
9 . >600 <600 data
Intervence Bez intervence
mnm mn.m
M. scolyti 9 4 6 7 17 193 1,5
M. chalcographi 4 0 4 0 1368 2
N. typographi 18 8 12 14 21821 1,2,3,4,5
U. montanum 32 7 19 20 20724 1,5,6

! Hiindel et al., 2003, 2 Holusa et al., 2009, ® LukaSova & Holusa, 2015,  LukaSova et al., 2013,
SWegensteiner et al., 2014, ® Wegensteiner et al., 2015; N = pocet analyzovanych jedinci.

Terénni experiment

Experiment I

Pocet mateénych chodeb I. typographus (50 az 300 na m?) a pomér pohlavi

(od 1,0 do 2,5 samice/samec) se nelisil v letech na obou studovanych lokalitach (Obr. 8).

Ips typographus byl zjistén na vSech zkoumanych smrkovych vytezech v Tatrach.
Druhy I. amitinus a P. chalcographus (Linnaeus, 1758) byli zjisténi na 9,1 %, respektive
17,5 % smrkovych vyteza (Tab.8).

Tab. 8 Hustoty dalSich druhti kiirovci na smrkovych vyfezech na studijnich lokalitach

TANAP (experiment I). Hodnoty jsou primérné hodnoty (+ SE).

Rok 2014 2015 2016 2017 2014 2015 2016 2017

Studijni lokalita A A A A B B B B

Intervence Ano Ano Ano Ano Ne Ne Ne Ne

.. 652,7 + 05+ 6,0+ 189+
2 b ) ) B
Ips amitinus na m 1,70 30,70 553 0+0 0 147 313 0+0
. 169,0
Pityogenes 9240 186,2 + 185,55+ 574+ 14+ N 30,6 = 0+0
chalcographus na m? ’ 149,5 87,6 66,2 4,9 1441 35,8

Tetropium sp. (M3 0+0 0£0  05+0,7 0£0 0+0 00 6é92i 9;3;
Dryocetes sp. (m?) 0+0 0+0 1,5+0 00 0+x0 00 00 0=+0
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Hodnoty analyzovanych proménnych se s ¢asem snizovaly, ale tento pokles byl
vyznamny pouze u délky mateénych chodeb, pocet vajicek na m?kiry, produkci
nam?kiary a reprodukéni tuspéch I. typographus (Obr. 8). Reprodukéni uspéch
I. typographus klesl z 9,9 (lokalita s intervenci) a 5,9 (lokalita bez intervence) dcefinych

dosp€lcti na samici v roce 2014 na téméf nulu na obou lokalitdch v roce 2017.

Od roku 2014 do roku 2016 se parazitace lykozrouta smrkového pohybovala mezi
14,3 a 31,3 % na lokalit€ s intervenci a mezi 1,3 a 4,8 % na lokalité bez intervence. V roce
2017 nebyla parazitace zjiSténa vibec. Pocty predatori dvoukiidlych, larev rodu
Thanasimus a dalsich predatort se v jednotlivych letech pohybovaly v rozmezi od 0 do 20
jedincti na 1 m?. V priibéhu &asu se pocetnost tesaiikii rodu Tetropium zvysila na lokalité
bez intervence. Zastupci Dryocetes spp. a dlouhosijek se vyskytovali pouze ptileZitostné
(Tab. 8, Tab. 9).

Obr. 9 Virus ItEPV (A), stadium gamonti gregariny G. typographi (B), hlistice

Contortylenchus diplogaster (C) a spory neogregariny M. schwenkei (D) v experimentu |
bar =100 pm.
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Tab. 9 Antagonisti I. typographus na studijnich lokalitich TANAP (experiment I). Hodnoty jsou priméry + smérodatna odchylka (+SE)

nebo bez rozptylu.

Rok 2014 2015 2016 2017 2014 2015 2016 2017
swiipilolia (S (e e T ted o Ted T
Zasah Ano Ano Ano Ano Ne Ne Ne Ne
Parazitismus (%) 143+2,6 31,3+3,0 28,0£6,3 - 28+1,0 1,3+14 48+1,8 —
pocet larev Thanasimus na m? - 39+£22 94+1,5 3,1+35 — 1,6 £ 1,6 — 0,7+0
dalsi predatoii Coleoptera
(Histeridae, Monotomidae, 10,00 12,0£0,5 20,0+ 0 10,1+0 10,1+0 82+03 204=+0 10,6 =0
Nitidulidae, Staphylinidae) (m?)
Larvy Diptera na m? - 09+1,2 3,1+1,1 26+25 26+1,6 0,1+0 - 6,1 +44
Larvy Raphidioptera (m?) - - 3,6+ 2.0 - — 0,1 +0,4 — —
Hlistice — stievni (%) 3 11 33 9 9 25 63 1
Hlistice — mimostievni (%) 3 16 — 4 18 23 13 12
G. typograph (%) - — — - 2 — - -
C. typographi (%) - - - - 1 - - -
I. typographus ItEPV (%) 3 — — — 5 — — —
M. schwenkei (%) - - 17 2 12 1 - 3
Pocet imag I. typographus 240 319 260 247 346 722 180 119
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Celkem bylo v TANAPu studovano 2 433 mate¢nych brouku I. typographus.
Stfevni a mimostfevni hlistice byly nalezeny u 0 az 33 % imag na lokalité s intervenci
aulaz 63 % na lokalité¢ bez intervence. Vice nez 99 % téchto hlistic bylo invazivnich
larev, a proto bylo velmi obtizné je identifikovat (Obr. 9). U dospélcu I. typographus
nebyly detekovany témét zadné patogeny béhem obdobi studie (Tab. 9). Na lokalitach
bez intervence byly v roce 2014 nalezeny v dospé€lcich pouze mikrosporidie
C. typographi (2 %), gregarina G. typographi (1 %) a virus ItEPV (5 %). Nejbéznéjsim
patogenem byla M. schwenkei (Obr. 9), ktera byla zjisténa na obou studijnich lokalitach

v nékolika letech, a to az u 17 % imag.

Lr)...
-

1.8

EEggGal
'y Manage

;B’m‘asir A

14

GalLen

MatGal

. LarLen LarLen

0 s 0 z

A o : Syt
1 1

Obr. 10 T-hodnota biplotu redundantni analyzy experimentu I s vysledky regrese
zavislych proménnych na rok (vlevo) a typ managementu (vpravo). Breed = reprodukéni
uspéch I. typographus, CHT = C. typographi (%), Diptera = dravé larvy dvoukiidlych
na m?, Eggs = pocet vaji¢ek |. typographus na m2, EggGal = podet vaji¢ek na pozerek

I. typographus, Gallen = pocet larvalnich chodeb na pocet mate¢nych chodeb,
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GT = G. typographi (%), IA = I. amitinus na m?, ItEPV = I. typographus Entomopoxvirus
(%), LarLen = délka larvalnich chodeb (mm), Manage = typ intervence, MatGal = délka
mateénych chodeb 1. typographus na m? kiry, MS = M. schwenkei (%),
NemEX = Hlistice — mimostievni (%), Parasit = Parazitismus (%), Produc = Produkce
I. typographus na m? kiiry, SexRat = pomér pohlavi I. typographus, Thanas = pocet larev

Thanasimus na m?, (sipky vyznamnych faktori nepiesahuji ¢erveny kruh).

Bylo zjisténo nékolik silnych pozitivnich a negativnich korelaci mezi zavislymi
proménnymi. Pocet vajicek na pozerek byl pozitivné korelovan s parazitismem a pocet
vajicek nakladeny jednou samici i parazitismus byl negativné korelovan s délkou matecné
chodby. Infekéni hladina M. schwenkei byla pozitivné korelovana s po¢tem mateénych
chodeb na m? a negativné korelovana s pocetnosti |. amitinus. Pomér pohlavi

u l. typographus byl pozitivné korelovan s pocetnosti larev rodu Thanasimus (Obr. 10).

Experiment 11

Na obou lokalitich TNP v celém sledovaném obdobi nalétal 1ykozrout smrkovy
na 97 % vsech zkoumanych sekci. ProtoZze byl zkouman pouze jeden strom (se Ctyfmi
sekcemi) na lokalité za rok, jednotlivé vzorky nebyly statisticky srovnany. Misto toho je
poskytnuto shrnuti parametr populace I. typographus (Tab. 10).

Parazitismus larev I. typographus se pohyboval mezi 1 a 21 %. Pocty predatort
larev dvouktidlych a larev Thanasimus se pohybovaly v rozmezi od 2 do 15
na 1 m?vkazdém roce. Celkem bylo zkontrolovano 524 imag. ItEPV byl detekovan
pouze u péti dospélct 1. typographus. Hlistice byly detekovany u vice nez 10 % imag

pouze jednu sezénu na 2 lokalitach (Tab. 10).

61


https://www.sciencedirect.com/science/article/pii/S0378112720309786?dgcid=author#f0035
https://www.sciencedirect.com/science/article/pii/S0378112720309786?dgcid=author#t0025
https://www.sciencedirect.com/science/article/pii/S0378112720309786?dgcid=author#t0025

Tab. 10 Parametry populace Ips typographus a udaje o antagonistech v TNP v experimentu Il (Neintervencni lokalita TPN Potok Koscieliski

a interven¢ni lokalita TPN Kiry). Hodnoty jsou praméry + smérodatna odchylka nebo bez rozptylu.

Rok 2014 2015 2016 2017 2014 2015 2016 2017
Studijni lokalita Kiry Kiry Kiry Kiry Ko}zgit:,)ll;ski Ko}zgit:,)ll;ski Ko}zgit:,)ll;ski Kozgit:lli(ski
Intervence Ano Ne Ne Ne Ne Ne Ne Ne
Poget mateé“y'ChnC;crﬁeb |- typographus 9.7+5 93,6 + 55 - - 79,7 4333 176,9 + 65,9 58,2436,
Pomér pohlavi |. typographus 1,L1+£0,1 1,3+0,3 - - 2+03 1,4+03 1,4+0,3
Vajicka nakladena jednou samici 39,6 £15,6 474+6 - - 38,9+£5,6 29,7+5,7 40,9+17,5
Pocet larvélnicghcohdok;l:b na mateénou 3234116 419441 B B 34145 234144 362498
Produkce na m? kiiry 457 +269 27765 + 14909 - - 9982 + 3376 34837 + 12757 16292 + 10766
Reprodukéni uspéch |. typographus 13,8 +8,4 8,7+7,1 - - 13,8 +7,6 5,1+45 6£22
Tetropium sp. (M?) - 14,5+ 48 - - - 1,50 -
Dryocetes sp. (m?) - - 682+0 - 1240 - 37,1+1,5
Parazitismus (%) 5,8+3.5 1+£2,3 - - 0,9+2,6 - 209+9
Pocet larev Thanasimus na m? - - - - - - 3,8+6,1 -
Predato¥i larev dvouk¥idlych na m? - - 2,7+52 - - 3,4+8,1 35+7,3 15+12,1
Hlistice — stfevni (%) - 1 - - 18 6 - -
Hlistice — mimosti‘evni (%) - 1 - - 22 14 - -
G. typographi (%b) - - - - - - -
C. typographi (%) - - - - - - -
I. typographus ItEPV (%) - - - 2 3 - -
M. schwenkei (%) - - - 6 - - -
Pocet imag |. typographus 2 163 7 — 61 286 5 —
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5.2 Mikrosporidie Larssoniela duplicati u Ips duplicatus

Celkem bylo odebrano a analyzovano 1539 dospélych jedinci |. duplicatus
na 21 studijnich lokalitdich na tGzemi Ceské republiky, Rumunska, Polska a Svédska
(Zimova et al., 2019).

Primérna infekéni hladina L. duplicati v populacich 1. duplicatus ze vSech zemich
byla 16,7 % + 8,4 % (SE) a pohybovala se mezi 0% a39,1%. L. duplicati byla
detekovana na 20 z 21 lokalit (Tab. 11). Infek¢ni hladiny L. duplicati se vyznamné
nelisily mezi samci a samicemi |. duplicatus (Z = 1,33, p > 0,05). Infekce byla nalezena

pouze ve svalech stieva I. duplicatus (Zimova et al., 2019).

Tab. 11 Infekéni hladiny patogenii a paraziti |. duplicatus. Zkratky zemi: Svédsko
(SWE), Polsko (PL), Ceska republika (CZ), Rumunsko (RO). L.duplicati (L.d.),
C. typographi (C.t.), parazitismus stfevnimi hlisticemi (I.n.) a hlistice v hemolymfg
(h.n.).

Lokality Stat N L. d. (%) C.t. (%) I.n. (%) h.n (%)
Nis SWE 46 39,1 - 15,2 -
Siljansfors SWE 70 214 1,43 10,0 4,3
Vansbro SWE 156 16,7 - 3,2 1,3
Vindeln SWE 72 23,6 - 11,1 5,6
Petkéwka PL 107 19,6 - 3,8 4,6
Rajcza PL 103 13,6 - 14,1 55
Romanka Gorna I PL 27 7,4 - 14,8 —
Romanka Goérna II PL 192 20,8 — 4,7 7,3
Sopotnia Dolna PL 35 25,7 - 5,7 2,9
Tokarnia PL 139 194 - 6,5 3,6
Ujsoly PL 22 9,1 - 13,6 9,1
Zlatna PL 20 10,0 - 10,0 -
Hlubo¢ky Cz 22 13,6 - 18,2 4,6
Jilové u Prahy I Cz 18 - - 5,6 -
Jilové u Prahy I1 Cz 43 7,0 2,3 4,7 4,7
Pusta Polom Cz 237 27,4 0,8 10,1 1,7
Calafindesti RO 20 20,0 - 10,0 -
lonu RO 33 18,2 - 12,1 3,0
Solca RO 80 11,3 - 3,8 3,8
Sucevita RO 45 8,9 - 13,3 6,7
Todiresti RO 52 1,9 - 5,8 9,6

Infekéni hladiny L. duplicati se mezi staty vyznamné nelisily (H =4,96; p > 0,05).

Infekéni hladina L. duplicati se zvySovala od jihu na sever, primérn¢ dosahovala
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12,1+ 6,5 % v Rumunsku, 15,7 + 6,1 % v Polsku, 16,1 + 8,5% v Ceské republice
a 25,2 + 8,4 % ve Svédsku (Tab. 11) (Zimova et al., 2019).

Mikrosporidie C. typographi byla nalezena pouze na tfech studijnich lokalitach,
ato v Ceské republice a Svédsku. Infekéni hladiny byly velmi nizké (Tab. 11) (Zimova
etal., 2019).

Hlistice byly nalezeny ve stfevé nebo hemolymf¢ I. duplicatus na 21 studijnich
lokalitach. Mira parazitismu se pohybovala od 3 % do 16 % u stievnich hlistic a od 0 %
do 10 % u hlistic v hemolymf& (Tab. 11). U obou druht hlistic se primérna mira
parazitismu mezi zemémi vyznamné¢ nelisila (stfevni hlistice: H = 0,08; p > 0,05; hlistice

v hemolymfé: H = 0,81; p > 0,05) (Zimova et al., 2019).

Prostorova autokorelace infekéni hladiny L. duplicati nebyla vyznamna (Tab. 12).
To naznacuje, Ze infekéni hladiny mély tendenci byt rozmistény ndhodné v prostoru, aniz
by mély sklon ke shlukovani nebo pravidelnému rozestupu. Oc¢ekavand hodnota Morans

I byla —0,06 (Zimova et al., 2019).

Tab. 12 Statistiky pro analyzu prostorové autokorelace infekéni hladiny L. duplicati

u populaci I. duplicatus na 21 lokalitach v Evropé.

Distance Class Distance Centre Moran's | P
1 45,2 0,1 0,6
2 306,6 0,1 0,7
3 650,3 -0,2 0,2
4 877,8 -0,1 0,6
5 1,137.8 0,1 0,7
6 1,510.1 -0,1 0,9
7 1,975.8 -0,4 0,1

Infekéni hladina L. duplicati vyznamné korelovala s nadmoiskou vyskou,
zemépisnou Sitkou, rokem, poctem pitvanych imag a infek¢ni hladinou vSech ostatnich
patogent (F = 6,63; p <0,01; Tab. 13). Regresni model se vS§emi proménnymi uvedenymi
v Tab. 13 vysvétlil celkem 71,2 % variability infekéni hladiny L. duplicati. Infekéni
hladina L. duplicati nebyla vyznamné korelovana s infekéni hladinou C. typographi,

parazitismem hlistic ve stfevé nebo hemolymfe.
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Infekéni hladina L. duplicati se vyznamné zvySila se zemépisnou Sitkou,
nadmoftskou vyskou a poctem ziskanych a pitvanych dospé€lct z lokality, ale s rokem

studie se vyznamné snizovala (Tab. 13) (Zimova et al., 2019).

Tab. 13 Vysledky pro regresni model popisujici vztah mezi infekéni hladinou L. duplicati
Vv populacich I. duplicatus a nasledujicimi proménnymi: zemé&pisna Sitka (gradient sever—
jih); infekéni hladina C. typographi; parazitismus stievnimi hlisticemi; parazitismus
hlistic v hemolymf¢; nadmotska vyska; pocet odchycenych a pitvanych jedinci
I. duplicatus; a rok (datum sbéru dospélce). Infla¢ni faktor variace (VIF), opravené

Akaikeovo informacni kritérium (AICc) = —11,93. Vyznamné proménné jsou tuéné.

Proménné VIF t value? P value
Konstanta 3,1 0,01
Zemépisna Sifka 11 3,5 0,01
C. typographi 1,3 1,4 0,18
Hlistice mimostrevni 14 0,8 0,43
Hlistice v hemolymfé 11 -0,8 0,46
Nadmoi‘ska vyska 14 3,8 0,01
Pocet jedinct 1,1 2,9 0,02
Rok 1,6 -3,4 0,01

V dalsim kroku statistické analyzy byly z modelu odstranény nevyznamné
proménné; vysledny model vysvétlil 70,1 % variability (r? adj = 0,701; Tab. 14). V tomto
modelu byly u vSech proménnych, s vyjimkou poctu vypitvanych jedinct, vyznamné;jsi

hodnoty p (Zimova et al., 2019).

Tab. 14 Vysledky modelu, ktery nejlépe popsal (na zakladé delta AICc <2) vztah mezi
infekéni hladinou L. duplicati v populacich I. duplicatus (transformovana odmocnina
kotene arcsinu). Nejlepsi model zahrnoval ¢tyfi predikéni proménné: zemépisna Sitka
(gradient sever—jih); nadmoiska vySka; pocet zachycenych a pitvanych imag
I. duplicatus; rok (datum sbéru jedince). Varia¢ni infla¢ni faktor (VIF). Opravené

Akaikeovo informacni kritérium (AICc) = —25,95 (vyznamné proménné jsou tucng).

Proménné VIF t value P value
Konstanta 3,9 0,002
Zemépisna Sifka 1,0 4.0 0,002
Nadmorska vyska 1,2 3,7 0,002
Pocet jedincu 1,0 2,8 0,020
Rok 1,1 -39 0,002
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5.3 Hlistice a mikrosporidie u dievokazi rodu Trypodendron

Celkem bylo odchyceno a vypitvano 2 439 imag T. lineatum, 171 jedinca T. domesticum
a 17 dospélcu T. laeve (Tab. 15) (Wegensteiner et al., 2016).

Pouze u dvou ze 17 analyzovanych jedincu T. laeve byli zjisténi antagonisté.
V obou ptipadech se jednalo o stievni hlistice na lokalité Hnévanov (Wegensteiner et al.,
2016).

Obdobné byly ve dvou jedincich T. domesticum zjistény hlistice, u jednoho samce
z lokality Jelesnie a u jedné samice z lokality Wegierska Gorka 1. (Wegensteiner et al.,
2016).

Hlistice byly detekovany na 8 z 15 lokalit s vyskytem T. lineatum a primérna
parazitace byla 8,1 £ 4,7 % (£SE). Jeden dospé€lec T. lineatum mél prokazanu nakazu
Chytridiopsis sp. v bunkach epitelu stiedniho stieva a dvé imaga méla ve stiednim stievu

vyvojova stadia Gregarina sp. (Tab. 15) (Wegensteiner et al., 2016).

Tab. 15 Piehled infekénich hladin antagonist T. lineatum na 15 lokalitach.

Chytridiopsis Gregarina sp.

Lokality Hlistice (%) sp. (%) (%) Pocet jedincu

Dubova (CZ) - - - 20
Hainfeld/Ramsau (A) - 34 6,9 31
Hnévanov (CZ) 12,0 - - 17
Horni Marsov (CZ) - - - 208

Hradec nad Moravici (CZ) - - - 1220

Jaronin (CZ2) - - - 2

Jelesnia (PL) 3,1 - - 161
Kartuzy (PL) - - - 270
Lazec (CZ2) 4,8 - - 21
Lipusz (PL) 7,1 - - 28
Otin (CZ) 11,1 - - 16
Staré Hamry (CZ) — — — 42
Ticha (CZ) 16,7 - - 12
Wegierska Goérka I. (PL) 15 - - 66
Wegierska Gérka II. (PL) 8,3 - - 325
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6 Diskuse

6.1 VIiv managementu na antagonisty Ips typographus

Meta—analyza patogent |. typographus byla zalozena na tdajich z 61 lokalit a 10 studiich.
Vétsina vyzkumu tykajicich se . typographus byla provedena v Evropé. Jednim
Z omezeni v této analyze bylo, Ze casto chybély konkrétni informace o typu managementu
na studovanych lokalitach. Lze vSak predpokladat, ze t€¢zba a odstranovani napadenych

smrki byly pravidelné provadény na vSech lokalitach (Vanicka et al., 2016).

Rychlé¢ odstranéni stromli napadenych lykozrouty a materidlu vhodného
pro reprodukci muze vyrazné snizit velikost populace I. typographus (Wermelinger,
2004; Stadelmann et al., 2013). Na druhé¢ stran€ zhorSovani podminek pro uspésny rozvoj
populaci |. typographus v dusledku fragmentace krajiny nuti dospélé jedince létat
na zna¢né vzdalenosti a hledat nové lokality (Valeria et al., 2016). Tento pohyb dospélcii
muze mit za nasledek transport asociovanych patogenli do novych oblasti a mize také
zpusobit navyseni po¢tu patogeni v oblastech bez intervence, které slouzi jako ohnisko
vyskytu patogenti. Tato mista se pak stavaji lokalitami s nejvyssi mirou infek¢ni hladiny
patogent a nejvySSim poctem druht. Infekéni hladina vétSiny patogend v porostech
bez intervence je pravdépodobné udrzovana dlouhodobé, ¢astecné také proto, ze spory
ve stromech napadenych kiirovecem zlstdvaji dlouhodobé Zivotaschopné (Wegensteiner,

2004; Vanicka et al., 2016).

V omezené mife se také muze vyskytnout vertikalni pfenos patogent z dospélct
rodicovské generace na jedince filidlni generace. Patogeny pfendsSené na vajicka zfejme
zustavaji neaktivni, dokud dany jedinec nedospéje. Pfirozend infekce larev je
nepravdépodobnd, protoze vSechny ekonomicky dilezité druhy kiirovel se obvykle zivi
lykem (které je sterilni) a larvy vétSiny téchto druhl se vyhybaji vzdjemnému kontaktu
(Wegensteiner, 2004). U patogenti, které se S§ifi vertikdlné, pietrvdva v mistnich
populacich obecné& nizké procento infikovanych jedinct, zejména s ohledem na izolovany

a krypticky zZivotni cyklus lykozrouta smrkového (Vanicka et al., 2016).

Diverzita a infekéni hladiny patogend I. typographus se mohou vV lesnich
porostech s intervenci a bez intervence znacné lisit (Wegensteiner, 2004; Wegensteiner
et al.,, 2007, 2015; Lukasova et al., 2012). Mezi patogeny l. typographus se totiz
nezanedbateln€¢ méni 1 disperzni mechanismy. Cyklus vyvoje patogenu je Ccasto

synchronizovan s cyklem hostitele, aby se zajistila GspéSna infekce patogenu a jeho
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nasledné Sifeni (Massey, 1956; Thong & Webster, 1973; Wegensteiner, 2004).
Mikrosporidie rodi Nosema a Unikaryon jsou Casto pienaseny vertikalné prosttednictvim

vajicek a infekce se vyviji pouze u dospélcti (Weiser et al., 2000).

Horizontéalni pfenos mikrosporidii je mozny béhem uzivného ziru dospivajicich
jedinct v pozerku, kde se jedinci navzajem setkavaji. Dalsi pfilezitost nastava béhem
kontaktu mezi samcem a samici ve snubni komurce (Ziika et al., 1996, 1997, 1998;
Weiser et al., 2000). Patogeny jako C. typographi, které se vyvijeji pouze ve sténé stieva
a které neinfikuji jiné organy, maji pouze jeden zpiisob, jak infikovat hostitele,
a to horizontalnim pfenosem peroralnich infekci (Weiser et al., 2000; Wegensteiner,
2004). Riziko infekce je s nejveétsi pravdépodobnosti ovlivnéno dal$imi, predevsim
abiotickymi faktory a zejména teplotou, UV zéafenim nebo relativni vlhkosti. Tyto
podminky rovnéz zna¢né ovlivituji vhodnost lapact a lapakid pro patogenni infekci,
protoze patogeny castéji infikuji klrovce v otevienych a oslunénych lokalitach
nez na lokalitdch uzavienych a zastinénych (Wegensteiner et al., 2014; Vanicka et al.,

2016).

Gregarina G. typographi je ¢astym patogenem kiirovcu a pravidelné se vyskytuje
v populacich I. typographus; vliv G. typographi na populace hostitele je vSak sporny
(Bjernson & Schiitte 2003; Takov et al., 2011). Stadia trofozoiti a gamontti G. typographi
se vyvijeji extracelularné v zazivacim traktu hostiteld, kde se spojuji dva gamonti
a vznika syzygie, ze které vytvarii zygoty uzaviené v silnosténnych gametocystach, které
se s trusem dostavaji do prostiedi. Po relativné dlouhém obdobi zrani (trvajicim alespon
od doby zahajeni kladeni vaji¢ek az po uzivny zir potomkd, tj. pfiblizné€ 2 mésice), jsou
cysty pfijimany vhodnym hostitelem, aby zah4jily novy paraziticky cyklus (Wegensteiner
et al.,, 2010). Infek¢éni hladina G. typographi v populaci I. typographus se béhem
rozmnozovaciho obdobi né€kolikrat zvySuje (LukaSova & Holusa, 2011). V této studii
bylo zjisténo, Ze infek¢éni hladina G. typographi je vyssi v oblastech bez intervence nez
S intervenci, coZ je v souladu s pfedchozimi studiemi (Kereselidze et al., 2010; Vanicka
etal., 2016).

C. typographi byl jedinym patogenem, ktery nemél vyssi infek¢ni hladinu
na lokalitdich bez intervence nez s intervenci. Vysvétleni mize spocivat v chronickém
charakteru onemocnéni, které ziistdva po dlouhou dobu latentni. Ptiznaky se objevuji
pouze u dospélci (Wegensteiner & Weiser, 1996; Wegensteiner, 2004;
Wegensteiner & Weiser, 2004; Holusa et al., 2009; Wegensteiner et al., 2010). Infekce
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vznika ve stfednim stfevé |. typographus (Wegensteiner et al., 1996). Cely vyvojovy
cyklus az do stadia zralych spdr probiha v cytoplazmé buné€k epitelu sttedniho stfeva.
Jakmile spory dozraji, mohou zahajit infekci novych bunék. K Sifeni mezi hostiteli miize
dojit az kdyz jsou zralé spory (uzaviené ve sporoforéznich vaccich) uvolnény do prostredi

(Wegensteiner et al., 2010; Vanicka et al., 2016).

Viry vyskytujici se u hmyzu jsou obligatni patogeny a vétSina z nich je druhové
specifickd. Jediny znamy specificky virus u |. typographus - ItEPV
se vyskytuje v bunikach epitelu stfedniho stieva (Weiser & Wegensteiner, 1994;
Wegensteiner & Weiser, 1995). Infekce ItEPV je obvykle velmi nakazliva a zptusobuje
mortalitu (Wegensteiner, 2004). Diskoidni inkluzni téliska ItEPV se uvoliluji s trusem
a infekce ni¢i strevni epitel dospélci (Wegensteiner, 2004). Infekéni hladina ItEPV
Vv populacich I. typographus v souéasné meta—analyze byla v praméru 2,7 %. Virus
se pienasi beéhem tvorby pozerku a po rozkladu hostitele. Infek¢éni hladina byla vyssi
na lokalitach bez intervence nez s intervenci pravdépodobné proto, ze mrtvi hostitelé

a souvisejici spory nejsou beéhem sanitarni tézby odstranény.

Podobna situace nastava u neogregariny M. schwenkei, ktera také infikuje tukové
teleso karovce. K prenosu M. schwenkei mezi jednotlivei dochazi pouze kanibalismem
nebo pozitim ¢asti zemfelého infikovaného hostitele (Wegensteiner, 2004,
Lukasova & Holusa, 2012). Mortalita 1. typographus zptsobena M. schwenkei
se vyskytuje nejcastéji behem obdobi pfezimovani (Lukdsova & Holusa, 2012; Vanicka

et al., 2016).

Infekéni hladina nékterych patogent kiiroved miize byt na mnoha mistech velmi
nizk4 aZ dokonce nulova (LukaSovd & Holusa, 2012). To mize pomoci vysvétlit, pro¢
nebyly zjistény rozdily infekéni hladiny mezi lokalitami s intervenci a bez intervence
u druhtt M. chalcographi, M. scolyti, N. typographi a U. montanum. Velmi nizka infekéni
hladina mize byt disledkem netc¢inného ptenosu spor v populaci klirovet a také nizkych
hustot populaci ktirovci, takze jedinci se setkavaji pouze v pozerku a mortalita hostiteld
nastane brzy béhem vyvoje. Pfi nizké populacni hustoté se kiirovci nové generace

vyhybaji star§im poZerkiim a tim padem i sporam téchto patogeni (Vanicka et al., 2016).

Patogeny u ktirovcl byly studovany témét 100 let (Wegensteiner, 2004) s cilem
porozumeét a rozvijet moznosti biologického boje. Vyznam patogenti jako prostredka

biologického boje proti lykozroutu smrkovému je stile nejasny. Analyza dopadu

69



managementu na infek¢ni hladinu by mohla tuto otazku objasnit. Ackoli souc¢asna meta—
analyza poskytuje uzitecné informace, pocet publikaci hodnotici dopady managementu
na prirozené nepratele l. typographus je maly a je nutné dalsi studium (Vanicka et al.,
2016), které je mnohdy komplikované z divodu umisténi porosti. Mnohdy jsou porosty
s intervenci a bez intervence umistény piimo vedle sebe nebo jeden porost navazuje

na druhy (Mezei et al., 2017).

Pii terénnim studiu antagonistu v Tatrach v experimentu | se délka mate¢nych
chodeb I. typographus, pocet vaji¢ek, produkce na m? kiiry neliSila mezi intervenéni
lokalitou a lokalitou bez intervence, stejn¢ jako se neliSil pocet matecnych chodeb

a pomér pohlavi mezi lety na lokalité s intervenci a bez intervence.

Lze ptedpokladat, ze pokud parasitoidi a predatoti ovliviiuji populac¢ni dynamiku
I. typographus, ptemnozeni |. typographus by bylo negativné ovlivnéno denzitami
parazitoidu a predatord v pozercich. Byly zjistény pouze slabé negativni vztahy mezi
produkci I. typographus a pocetnosti larev predatort z fadu Diptera a larev predatort rodu
Thanasimus. V pribéhu casu rostla pocetnost larev obou skupin predatort.
V experimentu I byla pocetnost larev pestrokrovecnikii a pomér pohlavi lykoZrouta
smrkového na lokalitach s intervenci vyssi nez na lokalitdch bez intervence. Parazitismus
se na lokalit¢ s intervenci pohyboval od 0 do 33 % v experimentu | nesouvisel

s reproduk¢nim uspéchem populace ktirovce.

V obou experimentech je ziejmé, ze populacni dynamika I. typographus neni
ovlivnéna parazity nebo patogeny na lokalitach s intervenci a bez intervence, tj. infek¢ni
hladina paraziti a patogenti byla velmi nizka bez ohledu na intervenci. Infek¢ni hladiny
mikrosporidie C. typographi, gregariny G. typographi a viru ItEPV byly také velmi nizké

v

béhem sledovaného obdobi. Nejhojnéjsi patogen M. schwenkei byl pouze pozitivné

korelovan s poétem mateénych chodeb na m?.

V lokalitich na uzemi TANAP (Tab. 3) byl zjistén vysoky pocet matecnych
hustoty napadeni (viz Holusa & LukaSova, 2017). Popula¢ni hustoty lykozrouta
smrkového byly podobné v lokalitich TANAP a TPN ve sledovaném obdobi mezi lety
2015-2017. Naopak v roce 2014 na lokalitaich TPN (Potok Koscieliski a Kiry) nebylo
zjisténo zadné napadeni |. typographus (Obr. 4). Nedostatek rozdilti mezi lokalitami TPN

bez intervence (Potok Koscieliski) a s intervenci (Kiry) pravdépodobné vyplyva
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z podobnosti managementu, jelikoz napadené stromy jiz nebyly odstranény z celého TPN
od roku 2015 do konce studie (Obr. 4). Vysledky z této studie jsou do znacné miry

v souladu s nizkymi hustotami zjisténymi v roce 2016; Grodzki & Gasienica Fronek
(2018).
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Obr. 11 Objem dfeva vytézeného vramci vétrné disturbance (Serny sloupec) (m3)
akirovcové ditvi (bily sloupce) (m®), které bylo nasledné vytézeno v Tatranském

narodnim parku (TANAP).

Relativné vyrovnané populaéni hustoty v TANAPu béhem 4 let studie
pravdépodobné vyplynuly ze skutec¢nosti, ze I. typographus vyuzil dostupné zdroje
na stromech rovnomérné a idedlné (Saarenmaa, 1983). PrestoZe pocetnost lykoZrouta
smrkového se v okoli zvysila (Obr. 11, Obr. 12) na smrkovych vyfezech se nemuze
vyskytnout vyssi pocet jedincti. Navic velky pocet poskozenych stromil, stresovanych
teplym a suchym pocasim, které zustaly stat ve studované oblasti, byly pravdépodobné
atraktivnéjsi pro |. typographus nez experimentalni smrkové vyiezy (Fleischer et al.,
2016, Mezei et al., 2017).
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Po¢et odchycenych jedinct I. typographus v lapagich

Obr. 12 Pocet dospélych jedinct Ips typographus odchycenych ve feromonovych
lapacich v TANAPu: V celém parku (bilé sloupce), na lokalité s intervenci (Vysné Hagy)
(¢erné sloupce) a na lokalité bez intervence (Tiché dolina) (Sed¢ sloupce) (hodnoty + SD).
V roce 2004 bylo instalovano celkem 100 feromonovych lapact (IT Ecolure, Fytofarm
s.r.o., Slovensko); 50 bylo na lokalité s intervenci a 50 na lokalité bez intervence. Podle
aktudlnich doporuceni (Jakus et al., 2015) byl na ~5 ha lesa instalovan jeden feromonovy

lapac. Lapace byly monitorovany kazdy tyden od roku 2004 do roku 2017.

Maly vliv typu managementu na dynamiku populace broukd I. typographus mtize
vyplynout z t€sné blizkosti zon s protichiidnymi typy managementu, takze dospélci mohli
migrovat mezi zénami. V endemickych podminkach vsak imaga |I.typographus
pravdépodobné migruji z intervenénich porosti do lokalit bez intervence z divodu
nedostatku dostupnych vhodnych stromti v pe¢livé obhospodarovanych lesich (Montano
et al., 2016). Naproti tomu v podminkdch pfemnoZeni mohou byt nové vzniklé lesni
okraje stresovany vyss$i intenzitou slune¢niho zafeni a jsou tak predisponovany k naletu
IykozZroutii a ke vzniku gradace lykozrouta smrkového (Kautz et al., 2013; Mezei et al.,
2012). Kromé¢ toho nejasné strategie managementu v dané studijni oblasti (i v disledku
legislativnich ptekazek), rozsahlé predchozi gradace a zména klimatu (Schurman et al.,
2018) pravdépodobné prispély k nebyvalému rozsahu gradace 1. typographus
ve Vysokych Tatrach, a v takto vysokych popula¢nich hustotach jsou jiz managementova

opatfeni neucinna.
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Konkurence vyplyvajici z vysoké populacni hustoty vyrazné ovliviiuje mortalitu
aplodnost samic I. typographus (Anderbrant, 1988; Anderbrant, 1990;
de Jong & Grijpma, 1986; Faccoli & Bernardinelli, 2011; Hedgren & Schroeder, 2004;
Holusa & Lukasova, 2017; Marini et al., 2012; Wermelinger, 2004). To naznacuje,
ze hustota I. typographus miuze ovlivnit reprodukci v soucasné i nasledujici generaci
(Anderbrant et al., 1985; de Jong & Grijpma, 1986; de Jong & Sabelis, 1988; Grodzki,
2004; Sallé et al., 2005) a mohla by ukon¢it pfemnozeni kirovet (Komonen et al., 2011).
Ackoli hustota pozerkii muze ovlivnit popula¢ni dynamiku (Ginzburg & Taneyhill,
1994), lze tyto ucinky na zaklad¢ terénnich udaji obtizné posoudit (Berryman, 2002;
Grodzki & Gasienica Fronek, 2017).

Klesajici hustoty populaci kirovet |. typographus na m? kiry a snizujici
se produkce v dané studii jsou ucebnicovym piikladem zmén v dynamice populaci
I. typographus. Vysoké populaéni hustoty I. typographus zvysuji konkurenci larev a tim
snizuji prezivani (Anderbrant, 1990). Pokud larvy nenajdou vhodné lyko v okruhu <1 cm,
mohou predCasné¢ uhynout (de Jong & Sabelis, 1988). Velikost jedincl lykoZrouta
smrkového obou pohlavi se snizuje s rostouci populac¢ni hustotou (Thalenhorst, 1958;
Ogibin, 1973; Botterweg, 1983; Anderbrant et al., 1985; Schlyter & Anderbrant, 1993,
Sallé et al., 2005), coz bylo v naSem studiu reprezentovano zkracenim délky chodeb
Vv dalSich letech (Obr. 6). Samice jsou pak mensi a snaSeji méné vajicek v matecnych
chodbach, které jsou krats$i (Thalenhorst, 1958; Anderbrant, 1990, Obr. 6). To ukazuje,
ze hustota ovliviiuje snaseni vajic¢ek vice nez v ramci jedné generace (Anderbrant et al.,
1985). Se zvysujici se hustotou kazda samice produkuje méné potomkd, a navic finalni
produkce potomk je dale redukovéana niz$im ptezitim v disledku larvalni konkurence

(Anderbrant, 1990).

Jedinci, ktefi se vyvijeli v obdobi vysokych hustot, jsou v priméru mensi,
nez jedinci vyvinuti za nizkych hustot (Thalenhorst 1958; Ogibin, 1973). Thalenhorst
(1958) take prokazal vliv velikosti samic na pocet nakladenych vajicek, tzn. malé samice
nenakladou hodné vajicek. Nejsou vSak k dispozici Zadné informace o tom, jak velikost
samic ovliviiuje pocet nove vznikajici generace. Botterweg (1983) uvadi negativni vliv
zvysené hustoty na velikost a obsah tuku u potomkt. Lipidy jsou pouzivany jako zdroj
energie béhem letu (Cockbain, 1961; Atkins, 1967, 1969; Thompson & Bennet, 1971)
azda se, Ze vyuziti tuku b&hem letové aktivity také ovliviluje odezvu na feromony

u dospélct (Graham, 1959; Atkins, 1966; Choudhury & Kennedy, 1980).
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Dalsi faktor, ktery by mohl byt ovlivnén konkurenci mezi larvami kirovceu, je
jejich schopnost produkovat feromony ve fazi dospélce. Naptiklad, kdyz jsou napadeny
ve formé vyronu pryskyfice. Zaroven je vyZzadovana vysoka hustota napadeni, aby doslo
k usmrceni stromu, coz vede ke konkurenci mezi larvami a mensimi dospélci. To miize
snizit schopnost nové generace piekonat odolnost stromii a tim urychlit pokles

epidemické populace (Anderbrant et al., 1985).

Preziti potomstva zavisi na hustot¢ a pravdépodobné predstavuje adaptaci
na ménici se mnozstvi hostitelskych dievin béhem endemické faze I. typographus, kdy je
maly pocet polamanych stromli kolonizovan vysokym poctem dospélcti klrovct
(Hedgren & Schroeder, 2004). Tento trend byl patrny v experimentu I bez ohledu na typ
intervence (Tab. 5, Obr. 6). Jedinym parametrem vyrazné ovlivnénym intervenci, byl
pomér pohlavi (Obr. 9), tj. pomér mezi samicemi a samci, ktery byl vyssi na lokalitach
sintervenci nez bez intervence. Pravdépodobné to Ize vysvétlit skutecnosti,
ze V kratkodobém horizontu miize byt pravdépodobnost vyskytu gradace snizena
managementem (napf. odstranénim umirajicich nebo poSkozenych stromti), ktery snizuje
prostorovou konektivitu mezi pfemnozenimi (Seidl et al., 2015). SniZenim poc¢tu kiiroved
vSak odstranéni poskozenych stromti na lokalitdich s intervenci snizi intraspecifickou
larvalni konkurenci, a tim mize prodlouzit fazi poklesu gradace I. typographus. Bylo
zjisténo méné matecnych chodeb na m? kiiry, ale vice samic na samce na lokalité

s intervenci nez na lokalité bez intervence.

Obecné se predpoklada, ze intervence u¢inné nezastavi vzniklou gradaci kiirovct.
Podle Hughes & Drever (2001) ma intervence maly vliv na velikost gradace.
Dle vysledki Romme et al. (2006) odstranéni stroml z porostu nezastavi gradaci
ktirovel. Sproull et al. (2017) porovnéavali mortalitu stromi zpiisobenou klirovcem
Vv porostech s intervenci a bez intervence. Vysledkem bylo, Ze management ktrovct je
neucinny V okoli porostii bez intervence. Vliv ochrannych zén, migrace ktrovct
zZ porostl bez intervence do porostl s intervenci v§ak nebyly zohlednény (Grodzki, 2016;

Mezei et al., 2017).

Larvy pestrokroveénikll rodu Thanasimus jsou dominantnimi predatory, a jejich
podet v obou pokusech dosahoval 10 jedinci nam? pocet vsech predatord
v experimentu I presahl 20 jedincd na m2 To je v souladu s piedchozimi vysledky

0 hustoté predujicich broukt v Tatrach (Tykarski, 2006). Stejné jako v jinych studiich
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(Mazur et al., 1996; Hilszczanski et al., 2007; Fora et al., 2014) nebyl zjistén zadny vliv
typu managementu na hustotu predujicich broukii. Pestrokrovecnici byli vyznamné
hojné&jsi v experimentu I na lokalitach s intervenci nez na lokalitich bez intervence,
pravdépodobné proto, Ze upfednostiiuji oteviené slunné porosty (Schlyter & Lundgren,

1993; Warzee et al., 2006; Hilszczanski et al., 2007).

Pocet predatori z fadu dvouktidlych se pohyboval v rozmezi od 0 do 6 jedincii
na m?, v obou experimentech. Zastupci ¢eledi Dolichopodidae a Lonchaeidae piedstavuji
hlavni predatory I. typographus (Wermelinger, 2002; Hedgren & Schroeder, 2004).
Hustoty téchto predatort jsou obvykle vyssi nez stovky (Kausomovi¢ et al., 2018) nebo
dokonce tisice jedinci na m? (Dippel et al., 1997; Hedgren & Schroeder, 2004). Nizky
pocet zminénych predatorti v této studii lze vysvétlit skutecnosti, Ze tyto druhy mohou
davat prednost stojicim stromim pied lezicimi smrkovymi vyiezy. Zastupci rodu
Medetera jsou piilakani ke své potravé smési tékavych latek stromt a feromont kofisti
(Hulcr et al., 2005). Je prokdzano, Ze stojici stromy a lapaky se 1isi s ohledem na slozeni
a rychlost uvolnovani tékavych latek (Kalinova et al., 2014). Samice rodu Medetera
obvykle kladou vajicka v dolni ¢asti kmene stromu (Wermelinger, 2002), a tudiZ velikost
a instalace pouzitych smrkovych vyiezi neodpovidaly proporcim stromu a orientace
predatora tak mohla byt ovlivnéna (Goyer et al., 2004). Je tedy mozné, ze metoda
(instalace smrkovych vyiezll) pouzitd v této studii mohla vést k podcenéni poctu

predatorii z fadu Diptera.

V piedlozené studii se pocetnost predatort fadu Diptera a larev rodu Thanasimus
zvysila od roku 2015 do roku 2017, zfejm¢ v diasledku alfa-numerické odpovédi
predatorii na zvySenou populacni hustotu lykoZrouta smrkového (Weslien, 1994; Reeve,
1997; Wermelinger, 2002; Wermelinger, 2004; Schroeder, 2007; HoluSa & Lukasova,
2017).

Aby byly hodnoty parazitismu u ktirovci co nejpiesnéjsi, mély by byt zjistovany
odkornénim napadeného stromu, pozorovanim larev hostitele s larvami parazitoidt a poté
kukel nebo kokonid. BohuZel jen n¢kolik studii bylo zalozeno na odkornéni kment
a takovém hodnoceni (napt. Schroder, 1974; Mendel, 1986). Mira parazitismu se v této
studii pohybovala od 0 do 30 %. To koresponduje s dfive publikovanymi vysledky
zregionll s rozsdhlymi pfemnoZenimi lykoZrouta smrkového v riznych cEasovych
obdobich na Sumavé (Holusa & Lukagova, 2017). Mira parazitismu byla <10 % (6 a 8 %)

u kratkodobych ptemnozeni (1 rok) a pohybovala sevrozmezi 30 az 40 %
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u dlouhodobych piemnozeni (> 10 let) (Holusa & LukaSova, 2017). Porovnani vysledki
riznych studii je v§ak obtizné, protoze nékteti autofi uvadeéji pouze vylihlé parazitoidy

z lapaki (Feicht, 2006) nebo lapacia (Wermelinger et al., 2013).

Parazitoidi neodpovidaji nutné hustoté I. typographus, ackoli ektoparazitoidi byli
na hustoté kiirovet zavisli (Beaver, 1966; Beaver, 1967), a parazitismus byl pozitivné
korelovan s poctem vajicek na pozerek (Obr. 9). V jinych piipadech vsak byl
parazitismus larev ktirovcti obvykle zavisly na hustoté (Lozano et al., 1993; Lozano et al.,
1994; Lozano et al., 1996 a; Lozano et al., 1996 b). Ackoli parazitoidi mohou vykazovat
numerickou odpovéd’ na hustotu ktrovci, ucinek muze byt podstatné zpozdén. To ma
za nasledek, ze vztah je inverzné zavisly na hustoté, pficemz vysoké infekéni hladiny
parazitismu se vyskytuji az po poklesu poctu kiirovct (Reeve, 1997; Wermelinger, 2002;
Wermelinger, 2004; Schroeder, 2007; HoluSa & LukésSova, 2017). Vysledkem je,
ze numerické odpovédi nemusi pozitivné korelovat s hustotou imag kulrovct.
Parazitismus bude ovlivnén i dal§imi parametry, jako je tloustka kury, délka kladélka,
druhu parazitoidd a alternativni zdroj potravy pro dospélé parazitoidy

(Hougardy & Grégoire, 2003; Wegensteiner et al., 2015).

Ackoli na prvni pohled byl parazitismus v ptedlozené studii v experimentu |
ve vétsing let na lokalitach s intervenci vyssi nez na lokalitach bez intervence, rozdil nebyl
statisticky vyznamny (Obr. 9). Nezda se tedy, Ze by disturbance a poloZzené smrkové
vyfezy negativné ovliviiovaly interakce mezi |. typographus a jejich pfirozenymi
neptateli (Gwiazdowicz et al., 2012; Wermelinger et al., 2013). V souladu s timto
zjisténim bylo zjisténo, Ze kadceni napadenych zivych stroml ma jen velmi maly negativni

dopad na ptirozené populace nepiatel (Feicht, 2004; Hilszczanski et al., 2007).

Pfedpokladana hypotéza byla, ze hladiny patogentt budou vyssi v porostech
bez intervence nez s intervenci (Vanicka et al., 2016), ale infekéni hladiny vétSiny
patogent byly velmi nizké bez ohledu na management. Diverzita patogennich druht
muze byt v Tatrach obecné nizka (viz také Michalkova et al., 2012). Mikrosporidie
C. typographi, virus ItEPV a eugregarina G. typographi jsou nejcastéji vyskytujicimi
se patogeny lykoZzrouta smrkového a jejich infekéni hladina se v riznych lokalitach lisi
(Weiser et al., 2000; Weiser, 2002; Wegensteiner, 2004; Takov et al., 2010).

Infekce patogeny ktirovct nevedou k rychlé a jisté mortalité, protoZe jejich pienos

mezi jedinci je pomaly, a tudiZ je nepravdépodobné, Ze by patogeny vyznamné ovlivnily

76



populac¢ni dynamiku ktrovcl. Spory patogenl se prenaseji predevSim mezi dospélci
. typographus v ramci jednoho pozerku, takze infekce trusem a zbytky mrtvych tél jinych
ktrovca je malo pravdépodobna (Wegensteiner & Weiser, 1996). Pokud jsou infek¢ni
hladiny patogenii na po¢atku gradace nizké, patogeny nemusi byt schopny Sifeni ani pied
koncem gradace.

Neogregarina M. schwenkei byla ve vyzkumu v Tatrach nejcastéji zjistény
patogen. Infekéni hladina zde pozitivné korelovala s poétem mateénych chodeb na m?
ziejm¢e proto, ze infekéni hladina patogenu muze byt ovlivnéna populacni hustotou
I. typographus (Wegensteiner & Weiser, 1996; Holusa et al., 2009). M. schwenkei mize
znemoznovat dospélcim . typographus opustit pozerek (Weiser, 2002;
Holusa & Lukasova, 2017) a tento patogen ma tedy potencial sniZit pocetnost broukl

pfi pferojovani a zvysit mortalitu béhem pfezimovani lykozrouta smrkového.

Ackoli se infekéni hladiny mohou lokaln€ vyrazné lisit v porostech s intervenci
I lesnich porostech bez intervence (Wermelinger, 2004; Wegensteiner et al., 2007,
Wegensteiner et al., 2015; LukaSova et al., 2012), terénni experiment neodhalil zadny
vliv intervence na infekéni hladiny patogent, jelikoZ na studovanych lokalitich bylo

druhové spektrum i infek¢ni hladiny patogennich organismti obecné a dlouhodobé nizké.

6.2 Mikrosporidie Larssoniela duplicati u Ips duplicatus

V dal$im studiu byl srovnavan vyskyt druhové specifického patogenu mikrosporidie
L. duplicati vazany na lykozrouta severského v ptivodnich oblastech rozsifeni s oblastmi,
kde jeho ptremnozeni bylo zaznamenano pomérne nedavno. V této studii byly zjiStény dva
zajimavé vysledky. Infekéni hladina L. duplicati v populacich I. duplicatus se vyznamné
snizuje se zemépisnym gradientem od severu kjihu, a naopak vyznamné nardsta

se zvysujici se nadmoiskou vyskou (Zimova et al., 2019).

V oblastech, kde je I. duplicatus ptvodni, byla infekéni hladina L. duplicati
vysoka a dosahovala az 30 %. V oblastech, kde doslo k novému ptfemnozeni I. duplicatus,
se infek¢ni hladina patogenu pohybovala kolem 10 % (Holusa et al., 2007). Nejvyssi
zjiSténa infek¢ni hladina dosahovala 39,1 % a infekéni hladiny byly na vétSiné
studovanych lokalit vyssi nez 10 %, coZ je v souladu s pifedchozimi studiemi (Weiser
etal.,, 2006; Holusa et al., 2009; LukaSova & Holusa, 2013). Prostorové rozlozeni

infek¢nich hladin analyzovaného patogenu nebylo ovlivnéno prostorovym uspofadanim
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studovanych lokalit (tj. lokality s vysokou nebo nizkou infek¢éni hladinou nebyly
nahlougené). Platilo to i piesto, ze nékteré lokality, zejména v Polsku a Ceské republice
se nachazely v blizkosti smrkovych porostli vysoce stresovanych suchem a houbovymi
chorobami. V takto stresovanych lesich se obvykle vyskytuje lykozrout seversky
ve vyssich populacnich hustotdch nez v porostech nestresovanych (Holusa & Liska,
2002; Holusa et al., 2010). Obecné lze fici, Ze prokazany gradient zemépisné Sitky
a nadmoftské vysky souvisi s vy$§im poc¢tem jedinct v populacich na studijnich lokalitach
severni Evropy a v oblastech s dlouhodobym vyskytem patogenu. Studijni lokality
S pocetnéjSimi populacemi klirovcll jsou studovany castéji a maji pak vyssi infekéni

hladiny patogenti (Lukasova et al., 2013; Zimova et al., 2019).

Na zakladé téchto vysledka se zda, ze L. duplicati mize ovlivnit invazivni §iteni
I. duplicatus. Pravdépodobnym dtivodem tohoto jevu je schopnost L. duplicati snizovat

fitness infikovanych imag a v nové vytvorenych ohniscich ndkazy se §ifi pomaleji.

Kromé vyskytu L. duplicati byl u lykozrouta severského potvrzen patogen
M. schwenkei a dalsi patogeny i paraziti, ktefi jsou znami i u lykozrouta smrkového.
Obdobné¢ také frekvence vyskytu piirozenych neptatel lykozrouta smrkového byly nizsi
v oblastech s novym ohniskem vyskytu nez v oblastech s dlouhodobymi piemnozenimi
(vice nez 10 let) (Holusa & Lukasova, 2017). Pokud je populaéni hustota kiirovct nizka
nebo pokud je kontakt mezi jedinci v pozercich omezeny, napf. jako je tomu v porostech
s intervenci, pravdépodobnost pfenosu patogenu je nizsi, a je tedy zaznamenana nizka

infekéni hladina nékterych béznych patogeni (Holusa et al., 2009; Zimova et al., 2019).

Infekéni hladina L. duplicati se zvySovala s poftem analyzovanych jedinct
Z jednotlivych lokalit. Zarovenl se neméni se zménami v hustoté hostitelské populace
(Weiser et al., 2006; Holusa et al., 2007; Holusa et al., 2009; LukaSova & Holusa, 2013),
coz naznacuje, Ze prenos je pravdépodobné vertikalni a ne horizontalni (Holusa et al.,
2009), jako je tomu u nékterych jinych mikrosporidii (Jurc, 2004; Goertz et al., 2017).
Doposud neni jasné, pro¢ by se infek¢ni hladina méla zvySovat s po¢tem analyzovanych
imag |. duplicatus. V ptfipadé horizontalné prenasenych patogent se infek¢ni hladina
béhem reprodukce u kiirovcl 1 béhem jedné generace zdvojnasobi nebo 1 ztrojnasobi
(Lukésova & Holusa, 2011). V pfedloZzeném vyzkumu byla hlavnim faktorem spojenym
s nizkymi infek¢énimi hladinami L. duplicati u IykoZrouta severského doba, po kterou byla

oblast napadena timto druhem kiirovce (Zimova et al., 2019).
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Ips duplicatus ma v borealnich lesich a v severnim Polsku pouze jednu generaci
roén¢ (Pfeffer, 1955; Schnaider & Sierpinski, 1955), ale ma az tii generace rocné
ve sttedni Evropé (Grodzki, 1997; Holusa et al., 2003; Holusa et al., 2006). Ackoli nova
pfemnozeni I. duplicatus se vyskytuji jen sporadicky ve vyssich nadmoiskych vySkach
(Grodzki, 2002; Grodzki, 2003; Holusa et al., 2010; Vakula et al., 2011; Holusa et al.,
2013), infekeni hladina L. duplicati byla ve stavajici studii spojena s nadmotskou vyskou.
To by mohlo byt vysvétleno vztahem mezi zemépisnou Sitkou a nadmoiskou vyskou,
tj. ¢im vice jihovychodnich lokalit mélo nizkou infekéni hladinu, mélo i nizkou

nadmoftskou vysku (Zimova et al., 2019).

Bylo dale zjisténo, ze infekéni hladina L. duplicati se nelisila mezi pohlavimi
I. duplicatus nebo mezi studovanymi oblastmi, coz je v souladu s pfedchozimi zjisténimi
oL. duplicati, a tyka se to i dalSich patogeni (Wegensteiner et al., 1996;
Lukasova & Holusa, 2011; Zimova et al., 2019).

Nevyznamné vztahy byly zjistény mezi infek¢ni hladinou L. duplicati a ostatnimi
proménnymi; infek¢éni hladina C. typographi, parazitismus stfevnich hlistic a hlistic
v hemolymf&. Hlistice a C. typographi jsou nejcastéji uvadénymi antagonisty
I. duplicatus (Holusa et al., 2009; Lukasova & Holusa, 2012; Grucmanova et al., 2014).
Infekéni hladina C. typographi je ¢asto velmi nizka (Holusa et al., 2009). V této studii
byla nalezena C. typographi pouze na tiech lokalitach a infek¢ni hladina byla vzdy nizsi
nez 3 %, coz naznacuje, ze C. typographi pravdépodobné neovliviiuje populaéni hustotu
I. duplicatus. Parazitické hlistice jsou bé&zné€ spojovany s l. duplicatus, vyskytuji
sevevice nez 70% pozercich kuroved (TenkdCova & Mituch, 1986;
Tenkacova & Mituch, 1987; Tenkacova & Mituch, 1991; Grucmanova et al., 2014).
Stejné jako v piipadé C. typographi hlistice neovliviiovaly infekéni hladinu L. duplicati
(Zimova et al., 2019).

6.3 Hlistice a mikrosporidie u dievokazi rodu Trypodendron

Specializace ambrosiovych broukl umoziiuje vytvéiet trojrozmérné pozerky ve dievé
a druhy tak nejsou omezeny na lyko, kde dochazi k vétsi konkurenci s jinymi organismy
(Lindgren & Raffa, 2013). Trypodendron spp. patii mezi ambrosiové brouky, jelikoz
jednotliva vyvojova stadia v pozercich se zivi kultivovanou houbou. Dospélci napadaji
odumfelé stromy, do kterych na svém téle pfinasi houbu, ktera slouzi jako vyziva pro
larvy i dcefinné dospélce (Borden, 1988). Hustota naletu je indikovana pocétem
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zavrtovych otvorl v hostiteli, napt. u T. lineatum mtize dosahovat témét 400 zavrtovych

otvorti/m? plochy hostitelského stromu (Borkowski & Skrzecz, 2016).

Rod Trypodendron zahrnuje 14 druhd (Robideau et al., 2015), které se lisi
velikosti poskozeni, které zplsobuji hostitelskym stromim, geografickym rozsifenim
a spektrem hostiteli. Ekonomicky nejvyznamnégjsi druh T. lineatum bézné napada
jehli¢naté porosty. Naopak, T. domesticum se obvykle vyskytuje v listnatych lesich
(Salom & McLean, 1990; Petercord, 2006; Humble, 2009). Z tohoto divodu neni

v YV wew

prekvapujici, Ze v této studii byl T. lineatum nejhojnéjsim a nejbéznéjsim z téchto druhd,
vyznamného Skiidce ve stfedni Evrop€ (Holzschuh 1990a, b, 1995). Jeho vyznam
pro lesnictvi je vSak v soucasnosti, vzhledem k jeho hojnosti pouze na malém poctu
lokalit, opomijen. Z praktického hlediska se nerozliSuje napadeni T. lineatum a T. laeve,
jelikoz bionomie, poskozeni a kontrola jsou u obou druhti velmi podobné

(Bussler & Schmidt 2008, Lukasova et al., 2012).

U jinych rodu ktirovet, nez u dievokazu rodu Trypodendron se mohou jednotliva
vyvojova stadia pohybovat v poZercich vytvofenych rodi¢ovskymi jedinci a rovnéz
Vv pozercich vytvorenych sousednimi rodinami, protoze se pozerky mohou vzijemné
propojit. Tento fakt usnadiiuje horizontalni pfenos patogent, které se Sifi peroralné
prostfednictvim infikovaného trusu (pro patogeny lokalizované ve stieve, vcetné
C. typographi a G. typographi) po uhynuti hostitele (pro patogeny lokalizované
Vv tukovém télese, jako je M. schwenkei). Infekéni hladina téchto patogent je ovlivnéna
populacéni hustotou kiiroved (Wegensteiner & Weiser, 1996). Na rozdil od téchto skupin
kiroveu se pozerky dievokazli rodu Trypodendron vzajemné nepropojuji a vyvojova
stadia se zivi houbami pouze ve svych poZercich. To miize byt jeden z divodu, pro¢ byly
hlistice v n€kterych lokalitich dominantnimi parazity a pro¢ byly infek¢ni hladiny v této
studii velmi nizké ve srovnani s lykozZrouty rodu Ips (Grucmanova & Holusa, 2013;

Grucmanova et al., 2014, 2016).

Nizkd mira parazitismu dokumentovana v této studii mize byt také vysvétlena
monogamii Trypodendron spp. Samice iniciuji nalet a paii se s jednim samcem. Prestoze
samec zustava v pozerku se samici a pomaha ji ¢istit mate¢nou chodbu (MclIntosh, 1994),
v pozerku je v t€sném kontaktu pouze jeden par dospélych jedinct. U polygamnich druht,

jako je Ips spp., samec iniciuje obsazeni stromu, obvykle vyhloubi snubni komtirku
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a spafi se s nékolika samicemi (Raffa et al., 2015). To zintenziviiuje pfenos patogent

a sifeni infekce v populaci (Lukasova & Holusa, 2011).

Na studijnich lokalitach byly krome¢ hlistic nalezeny pouze dva patogeny,
a to Chytridiopsis sp. a hromadinka Gregarina sp., které se bézn¢ vyskytuji ve stievé fady
zastupcti podceledi Scolytinae a jejich infekeni hladiny se v riznych lokalitach 1isi (Takov
et al., 2007; Holusa et al., 2009; Takov et al., 2010). C. typographi se vyskytuje také
umnoha druht kiirovct (Haidler, 1998; Hindel, 2001) a je zjevné nespecifickym
patogenem ve stievé fady kiirovctl jehlicnatych lest (Wegensteiner, 2004). Infek¢ni
hladiny G. typographi se velmi lisi a jsou proménlivé napfic¢ lokalitami i hostitelskymi
druhy (Holusa et al., 2009; Wegensteiner et al., 2010). Protoze molekularni
a morfologicka data v této studii nebyla analyzovéna, oba patogeny jsou prezentovany

pouze jako Chytridiopsis sp. a Gregarina sp.
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7 Zavér a doporudeni pro praxi

Typ intervence Vv lesnich porostech byl dlouhodobé povaZzovan za jeden z vyznamnych
faktorit vyvijejici tlak na populace lykozrouta smrkového. To, zda je ve smrkovych
porostech intervence, muze vyrazné ovlivnit infek¢ni hladinu patogend |. typographus.
Druhy patogent, které se vyskytuji ziidka a s nizkou infekéni hladinou, maji tendenci
zustat ve starych bezintervenénich ohniscich 1. typographus. V meta-analyze dat
0 patogenech bylo tedy piedpokladéano, ze infek¢ni hladiny a diverzita patogenit budou
pravdépodobné vyssi na lokalitdch bez intervence nez na lokalitach s intervenci, protoze
hostitelé a jejich patogeny jsou z prostfedi odstraiovani postupné se zpracovanym
napadenym dfivim. Statistickym srovnanim jednotlivych lokalit bylo zjisténo, ze vétSina
béznych patogent se skutecné vyskytuje ve vyssSich infekénich hladinach na lokalitach

bez lesnického managementu. Jedinou vyjimku tvoii mikrosporidie C. typographi, ktera

vvvvvv

V navazujicim terénnim studiu bylo potvrzeno, Ze typ intervence v ndrodnich
parcich v TANAP a TPN vyznamné neovlivnil populaéni hustoty |. typographus, infek¢ni
hladiny parazitismu, infekéni hladiny patogenti ani predaci. Piestoze zasah mirné zvysil
pocet larev predatori Thanasimus, pfirozeni nepiatelé méli maly nebo zadny dopad
na potlaceni pfemnozeni kirovci. Podobné vysledky byly ziskdny v jinych studiich.
Napiiklad v dlouhodobé studii v Norsku nebyla velikost populace I. typographus
regulovana parazitoidy nebo predatory (Okland & Christiansen, 2001). Dana zjisténi
naznacuji, Ze zejména zvyseni intraspecifické kompetice, vice nez pfirozeni nepratelé,
vyvolava pokles pocetnosti I. typographus. Mira zhorSeni kvality lyka je krucialng;si
mortalitni faktor pro kirovce a jejich dynamiku neZ interakce parazitoid/hostitel

(Wermelinger et al., 2013).

Obdobné vysledky byly dosazeny i analyzou infek¢ni hladiny mikrosporidie
L. duplicati, ktera je specificka pro §iticiho se lykozrouta severského, a je pravdépodobné
pouze chronickym patogenem s minimalnim vlivem na hostitelského jedince — zejména
Vv oblasti ptiivodniho rozsiteni hostitele. Pfedpoklada se, ze mikrosporidie mize zpocatku
negativné ovlivnit letovou schopnost pionyrskych jedincti a jejich Gspésnost pii napadani
novych hostitelskych stromt, ale v case (nckolik let) se infekéni hladina této
mikrosporidie v nové populaci zvysuje a rozdily jsou minimalizovany. Infek¢ni hladina
L. duplicati v populaci I. duplicatus klesa se zemé&pisnou Sifkou, pti¢emz nejvyssi hladiny

v
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gradacnich oblastech, kde se lykozrout zacal vyskytovat a pfemnoZzovat teprve nedavno.
Infek¢éni hladina se zvySuje s nadmotskou vyskou, ale dopad nadmoiské vysky je
ovlivnén rovnéz zemépisnou Sifkou. Hostitel — Iykozrout seversky a jeho
patogen — L. duplicati tedy kopiruji gradient zemépisné S$itky a nadmotské vysky.
To s nejveétsi pravdépodobnosti odrazi skuteCnost, Ze Sifeni patogenu je opozdéno.
Nadmoiska vySka navic soubézné se zemépisnou Sitkou naznacuje urcité klimatické
limity patogenu — protoze v severni Evropé a vysSich nadmotskych vySkach jsou nizsi
prumérné teploty a vyssi vlhkost nez v jiznéjsich oblastech $ifeni. Toto zjisténi je dulezité
z hlediska ochrany porosti pied lykozroutem severskym, prestoze L. duplicati nema
obecné vyrazny dopad na jeho populace, protoze virulence patogenu by mohla mit urcity

vliv na uspésnou kolonizaci novych uzemi.

U dievokazi rodu Trypodendron, jako druhd s odlisnou bionomii v porovnani
s lykozrouty, bylo poprvé popsano druhové spektrum patogenti. Predlozené vysledky
dokumentuji velmi nizké infekéni hladiny patogenti a hlistic u tii sledovanych
ambrosiovych druht dfevokazu. Piedpoklada se, Ze nizké infekéni hladiny patogent
souvisi s Zivotnim cyklem téchto druhii jako je monogamie a chovani pii UZivném Ziru.
Tito ambrosiovi ktirovci se zivi houbami v pozercich, které se navzajem nepropojuji, coz
snizuje kontakt a tim i pravdépodobnost horizontalniho pfenosu. Vyznam patogennich

organismil pii sniZovani populacnich hustot u téchto druht je tak zcela margindlni.
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Abstract

Forest management greatly affects the population density of the European spruce bark beetle, Ips typographus. In this study, a meta-a-
nalysis was used to determine whether infection levels of pathogens of . typographus differ between managed and unmanaged spruce
stands. Theanalysis used data from 10 publications and a total of 61 locations, The results indicated thatinfection levels of the most com-
mon pathogens (ItEPV, Gregarina typographi, and Mattesia schwenker) are higher in unmanaged than in managed locations. The only
exception is the microsporidium Chytridiopsis typographi, which is more common in managed than in unmanaged locations. Our meta

-analysis indicates that pathogen levels are generally higher in unmanaged than in managed locations.
Keywords: pathogen infection levels; management; microsporidia; gregarines; tEPV

Editor: Tomas Hldsny

1. Introduction

Intensive forest management, which involves sanitation
felling and logging, dramatically reduces the amount and
diversity of woody debris; such debris is crucial for forest
nutrientcycling and for the biodiversity of forest ecosystems
(Harmon et al. 1986; Bobiec 2002; Jacobs et al. 2007; Lan-
gor et al. 2008; Londsdale et al. 2008; Brunet et al. 2010).
The loss of this debris and the subsequent loss of biodiver-
sity undoubtedly alter ecosystem functioning (Fischer etal.
2010).In many forest regions, the quantity of deadwood isan
order of magnitude smaller inmanaged than inunmanaged
locations. The loss of deadwood at managed locations also
affects thousands of saproxylic species (Seibold etal. 2015).
Saproxylic beetles, including the spruce bark beetle Ips
typographus (Linnaeus, 1758), do not occur randomly in
forest stands but choose their host trees based on volatile
substances secreted by the treesand by beetle preference for
host height (Gossneret al. 2013a, 2013b). The extent of a
bark beetle outbreak is determined by a wide range of fac-
tors including beetle movement. Unmanaged and managed
areas of spruce stands are very frequently located adjacent
to ¢ach other, and there is seldom a clear boundary or suf-
ficiently large distance that would preventbark beetles from
flying between the areas (Grodzki et al. 2006). The migra-
tion potentialof 1. fypographus is substantial; individuals can
fly several kilometres (Botterweg 1982; Forsse & Solbreck
1985; Otto & Schreiber 2001), and I. typographus has been
captured in pheromone traps located considerable distances
from the nearest spruce stand (Duellietal. 1986).
Pathogens are closely tied to their hosts, and thus man-
agement interventions that affect their hosts can also influ-

*Corresponding author. Hana Vanickd, e-mail: vanicka@fld.czu.cz

ence the pathogens. Removal of bark beetle-infested trees,
forexample, will remove both bark beetles and their patho-
gens but could increa se the release of pathogen spores from
living beetles or from their remains. The speciescomposition
and infection level of pathogens in bark beetle populations
differ not only between locations but also between years in
the same location (Wegensteiner et al. 2014). The require-
ments for pathogen reproduction and the effects of patho-
gens on their hosts are poorly known for essentially all 10
pathogen speciesofl, typographusin Europe (Wegensteiner
2004; Lukasova & Holusa 2012; Wegensteiner etal. 2015).
In thecaseof microbial insect diseases, thepathogens invade
and multiply in insects and spread to infect other individu-
als (Wegensteiner 2004), but the pathogens lack the ability
to actively move and actively seek hosts, Pathogens of bark
beetles spread horizontally when healthy beetles contact and
ingestspores associatedwith an infectedbeetle orwhen they
contact and ingest spores carried by a vector (a non-host
organism). For some pathogens, transmission can be verti-
cal, i.e., the pathogen can be transferred fromthe parentsto
the offspring (Wegensteiner 2004).

Inunmanaged areas, very large populations of bark bee-
tles often develop but then collapse, and researches have
inferred that the collapse results from combinations of abi-
otic factors and natural enemies (Grodzkiet al. 2006). This
inference, however, has not been sufficiently supported by
data and especially by data collected over long-term study.

In this research, we conducted a meta-analysis of the pub-
lished literature to determine whether the infection levels in
I. typographus populations are higher in unmanaged areas
than in managed areas of forests.
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2. Materials and methods

Scientific articles on pathogens of I. typographus were
obtained by searching the Web of Science, Scopus, Google
Scholar, and regional journals. The search, which included
papers published before 25 August 2016, was performed
using the keywords “Ips typographus™, “management”,
“pathogen”, and their combinations. Information on alti-
tude, type of forest management, species spectrum of
pathogens, and infection levels was then extracted fromthe
published manuscripts.

Data that were collected without reference to manage-
ment type were excluded fromthe analyses. If certain infor-
mation such as altitude was omitted in a source document,
such information was obtained based on location names and
GPScoordinates (Appendix 1). Local pathogen infection lev-
elsincluded in the analyses were always based on individual
samples.

In an initial analysis, 219 manuscripts from the Scopus
database and 183 from the Web of Science database were
considered. After articles that lacked information on type of
management at the study locations (managed vs. unman-
aged) were discarded, we acquired and analysed data from
the following 10 publications: Haidler et al. 2003; Héndel et
al. 2003; Wegensteineretal. 2007, 2014, 2015; Holu3a et al.
2009; Kereselidzeetal. 2010; Lukasovaetal. 2012, 2013; and
Lukasova& Holuga 2015 (Table 1). Onlydata concerning liv-
ing adult beetles fromwind-thrown trees, horizontally lying
trap trees, pheromone traps, trap logs, and standing trees
were included in the analysis. Managed areas represented
commercial forest stands where intensive and regular sani-
tation felling of trees infested by bark beetles was applied.
Unmanaged areas were those without sanitation cutting,
harvesting, or other bark beetle preventive measures. In
one unmanaged arca, spruce trees infested by bark beetles
(presence ofentry holes, boring dust, resin on the bark) were
selected and felled as part of aresearch effort (Lukasovaetal.
2012). Unmanaged areas were commonly in locationswith
astrict level of nature conservation, e.g., national parks and
nature reserves.

The following pathogens were excluded from the analy-
ses because of the small numbers of locations, low infec-
tion levels, and small numbers of references: the protozoan
Malamoeba scolyti (Purrini, 1980), the neogregarine Men-
zbiera chalcographi (Weiser, 1955), and the microsporidia
Nosema typographi (Weiser, 1955) and Unikaryon monta-
num (Weiser, Wegensteiner, Zizka, 1998). Because we lim-

ited our analysis to those pathogens with higher frequencies
of occurrence, our analysis included only four species: the
microsporidium Chytridiopsis typographi, the gregarine
Gregarina typographi, the virus tEPV, and the neogregarine
Mattesia schwenkei. If a given study constituted multi-year
research, average infection levels per location were calcu-
lated.

Becauseof alack of normality in the data (as determined
by the Shapiro-Wilk test), non-parametric tests (Kruskal-
Wallis test) of pathogen infection levels were performed in
the STATISTICA 12 program. We used these tests to deter-
mine whether pathogen infection levelsin I. typographus
differed between managed and unmanaged spruce stands.

3. Results

The 10 publications that were included in the meta-analysis
contained data from 45 managed locations and 16 unman-
aged locations. For each of the four pathogens, a total of at
least 20,000 I. typographus specimens (adult beetles) had
been dissected (Table 1).

Atunmanaged locations, infections were most frequent
forthe gregarine G. typographi (Shapiro-Wilk test: W=0.54,
p<0.0001; Kruskal-Wallis test: H (1;64) =875, p<0.01;
Fig. 1). The average G. typographi infection level (£ SD)
across all unmanaged locations was 13.7 + 17.0%. At man-
agedlocations, C. typographi was dominant ( Shapiro-Wilk
test: W= 0.55, p < 0.0001; Kruskal-Wallis test: H (1;63) =
5.64, p <0.01; Fig. 1). The average C. typographi infection
level(+ SD) across all managed locations was 14.5+21.9%.

The infection level averaged across all locations was 2.7
+5.4% for tEPV and 0.9 +5.3% for M. schwenkei. For both
of these pathogens, infection levels were higher in unman-
aged than in managed locations: [tEPV — Shapiro-Wilk test:
W=0.53, p<0.0001; Kruskal-Wallis test: H (1;51)=5.71,
p=0.01 (Fig. 1); and M. schwenkei — Shapiro-Wilk test:
W=0.49, p<0.0001; Kruskal-Wallis test: H (1;40)=7.98,
p<0.01 (Fig. 1).

Asnoted earlier, some pathogens were excluded from the
statistical analysis because of insufficient data, i.e., forestry
management type was unspecified or the numbers of non-
zero values were insufficient to support statistical evalua-
tion. Among these other pathogens, the average infection
level across all locations was 0.2 + 0.5% for Nosema typo-
graphi, 1.8 + 3.6% for Unikaryon montanum, 0.1+ 0.1%
for Malamoeba scolyti, and 0.001 + 0.001% for Menzbiera

Table 1. Background information on the pathogens of Ips typographus, the number of analysed locations, and data sources included in

the meta-analysis,

Pathogen MNumber of locations Altitude

Managed Unmanaged =600 — =00 Total number of beetles dissected Datasources
gg?m&wmmn 1994) # 12 % B 25,366 1,2,5,6,7,9,10
gr;s::rn:};ﬂsmphr 48 16 35 2 30,854 1,2,3,457,8910
Fﬁhﬁﬁ%ﬁbﬁﬁm} i 17 u » 30,680 1,2,3,4,6,7,8,9,10
gf::? :c‘:r;nmkr i 8 20 0 20,952 2,6,9,10

"Haidler et 3l 2003, *Héindd et al. 2003, * Holuda efal. X049, * Kereselidoe etal XM{, *Luki fové & Holuda 2015, *Lukifovi eral. X132, " Lulkidowd etal. X113, *Wegensieiner etal. 3107, *Wegensieiner etal.

H14, " Wegenstaner etal. 2015; N= number of dissected beetles.
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Fig. 1. Percentage of Ips typographus adults infected by four pathogens in managed vs. unmanaged locations. (A) Gregarina
typographi, (B) Chytridiopsis typographi, (C) Entomopoxvirus typographi, or (D) Mattesia schwenkei. Box plots show median plus
25-75% quartiles. The upperand lower whiskers mark the non-outlier range. Circles show outliers, and stars indicate extreme values.

chalcographi. Regarding the frequencyof occurrence of these
otherpathogens at the 45 managed locations, the frequency
was highest for U, montanum (32 locations) and was low-
est for M. chalcographi (4 locations). Among the 16 unman-
aged locations, the frequency was highest for N. typographi
(8 locations) and lowest for M. chalcographi (0 locations)
(Table 2).

4. Discussion

The meta-analysis of I. typographus pathogens reported
here was based on data from 61 locations in 10 studies.
Most studies conceming [. fypographus have been done in
Europe, where forests are commonly managed to suppress
1. typographus outbreaks. One limitation in our analysis is
that specific information on the nature of the management
at managed locations was often lacking. [t is reasonable to
assume, however, that logging and removal of the infested

spruces were regularly conducted at all managed locations.

The rapid removal of bark beetle-infested wood and of
material suitable for reproduction can considerably reduce
the local abundance of I. typographus during outbreaks
(Wermelinger 2004; Stadelmann et al. 2013). On the other
hand, deterioration of conditions for successful development
of 1. typographus populations resulting from landscape frag-
mentation in managed areas causes pioneering beetles to fly
substantial distances and seek new locations (Valeria et al.
2016). This movement of beetles can resultin the transport
of associated pathogens to new areas and can also support
increases in pathogen numbers inunmanaged areas, which
serveas disease reservoirs and places with highest pathogen
infection rates and species spectra. The infection levels of
most pathogens in unmanaged stands are probably main-
tained over the long term, in part because spores in beetle-
infested trees remain viable for long periods (Wegensteiner
2004).

Table 2. Background information on four pathogens of Ips typegraphus that were not included in the meta-analysis.

Numberof locations Aitude
Pathogen Managed Unmanaged =) — =plil Total numbero fheetles dissected Diata sources
F.;:l:moerm 9‘;:):@ " 4 6 7 17,193 LY
Riq;&n:};ﬁ;kusmpﬁﬁ 4 0 4 0 1,368 3
:;:r: ;:;rsc;ig)mphr' 18 8 12 14 21,821 23,579
(Nt Wegnasioe 2tk 198 2 ! v 2 o kil

! Haidler etal. 2003, *Hindeletal. 2003, *Holudaetal. 2009, “Kereselidzeetal. 2000, *Lukisova & Holuda 2015, *LukiSovietal. 2012, " Lukasova etal. 2013, *Wepensteiner etal
2007, Wegensteiner et al, 2004, "We gensteiner etal, 20 15; N =numberof dissected beetles,
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Vertical pathogen transmission (trans ovum or in the
course of maturation feeding) from beetles of the parental
generation to beetles of the filial generation can also occur
toalimited degree. Pathogens transmitted to eggs evidently
remain unapparent until thebeetles matureinto adults, Nat-
ural infection of beetle larvae is unlikely because all of the
economically important bark beetle species normally feed
inphloem (which s sterile), and larvae of most of these spe-
cies avoid contact with each other (Wegen steiner 2004). For
pathogens thatdo spread vertically, a generally low percent-
age ofinfected individuals persists in local populations, espe-
cially considering the isolated life cycle of I typographus.

The diversity and infection levels of I. typographus
pathogens can vary considerably in managed and unman-
aged forest stands (Wermelinger 2004; Wegensteiner et al.
2007, 2015; Lukasova et al. 2012). Dispersal mechanisms
alsodiffer considerably among pathogens of 1. typographus.
The pathogen developmentcycleis frequently synchronized
tothat of the host to ensure the pathogen's successful infec-
tion and subsequent distribution (Massey 1956; Thong &
Webster 1973; Wegensteiner 2004). Microsporidian spe-
ciesinthe genera Nosemaand Unikaryon are often vertically
transmitted via eggs, and infection develops only in adults
(Weiser et al. 2000). Horizontal transfer of microsporid-
ians is possible during the maturation feeding of adults in
the galleries, where adults encounter other adults; a second
opportunity occurs during contact between the male and
female in the primary mating gallery (Zizka et al. 1996,
1997, 1998; Weiser et al. 2000). Pathogens like Chytridi-
opsis typographi that develop only in the gut wall and that
donot infect other organs have only one way to invade the
host: horizontal transmission by peroral infection (Weiseret
al. 2000; Wegensteiner 2004). The risk of infection is most
probablyinfluenced byother, primarilyabiotic factorsand in
particular by temperature, UV radiation, or relative humid-
ity. These conditions also greatly influence the suitability
of trap trees and fallen trees for pathogen infection in that
pathogens more frequently infect bark beetles in open and
sun-exposed areas than in closed, shaded areas (Wegen-
steineretal. 2014).

The gregarine G. typographi is a frequent pathogen of
bark beetles and regularly occurs with other pathogens in
1. typographus populations; the effect of G. typographion I.
typographus populations is disputed (Bjornson & Schiitte
2003; Takov et al. 2011). Trophozoites and gamonts of G.
typographi develop extracellularly in the digestive tract of
their hosts, where the gamonts undergo syzygy and form
zygotes enclosed in thick-walled gamont cysts that are
excreted into the environment. After a relatively long matu-
ration period (lasting atleast from the time of parental gallery
initiation to the maturation feeding of the offspring genera-
tion, i.e., approximately 2 months), the cysts are ingested by
a suitable host to start a new parasitic cycle (Wegensteiner
et al. 2010). The infection level of G. typographi withinan I.
typographus population increases several times during the
breeding season (Lukasova & Holusa 2011). Our finding
that G. typographi infection levels are higher in unmanaged
than in managed area is consistent with a previous report
(Kereselidze et al. 2010).
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Chytridiopsis typographi was the only pathogen that
did not have higher infection levels in unmanaged than in
managed areas. The explanation may relate to the chronic
characterofthe disease, which remains latent fora relatively
long time; symptoms appear only in adults (Wegensteiner
&Weiser 1996). Chyeridiopsis typographi infection levels in
I. typographus are usually about 10% (Wegensteiner 2004;
Wegensteiner & Weiser 2004; Holusa etal. 2009; Wegen-
steineret al. 2010). Infection destroys the midgut cells of I.
typographus (Wegensteiner et al. 1996). The entire devel-
opmental cycle up to the mature spore stage occurs in the
cytoplasm of midgut epithelium cells; once spores mature,
they can initiate infection of newcells. Spread between hosts
can occur when mature spores (enclosed in sporophorous
vesicles) are released into the environment (Wegensteiner
et al. 2010).

Insectviruses are obligate pathogens, and most are rela-
tively host s pecific. The only known virus of I. typographus—
[tEPV- is also host specific and occurs in the cells of the
midgut epithelium (Weiser & Wegensteiner 1994; Wegen-
steiner & Weiser 1995). IfREPV infections are usually very
contagious and cause mortality (Wegensteiner 2004).
Discoidal inclusion bodies of ItEPV are released with fae-
ces, and the infection destroys the gut epithelium of adult
beetles (Wegensteiner 2004). tEPV infection levels in [,
typographus populations frequently range from 0.0 to 3.6%
(Wegensteiner et al. 1996) and averaged 2.7% in the cur-
rent meta-analysis. The virus is transferred during gallery
formation and afterthe death of the host. Infection levels are
higher inunmanaged areas than in managed areas probably
because dead hosts and associated spores are not removed
during sanitation cutting. A similar situation occurs with the
neogregarine M. schwenkei, which also infects the bark bee-
tle’s fat body. Transfer of M. schwenkeibetween individuals
occurs only through cannibalism or ingestion of part of a
deceased, infected host (Wegensteiner 2004; Lukasova &
Holuga 2012). . typographus mortality caused by M. sch-
wenkei occurs most frequently during the overwintering
period (Lukasova & Holusa 2012).

The infection levels of some pathogens of bark beetles
can be very low and even zero at many locations ( Lukasova
&Holuga2012). This may help explain whywedid not detect
differencesininfection levels between managed and unman-
aged locations for the following species: U. montanum, M.
scolyti, M. chalcographi, and N. typographi. Very low infec-
tion levels can result from inefficient transfer of propagules
within the bark beetle population and also from low bark
beetle population densities, such that individuals only meet
within the family gallery and mortality occurs early during
development. At low population densities, bark beetles of
the new generation avoid older galleries and the associated
spores of these pathogens.

Pathogens of bark beetles have been studied for almost
100 years (Wegensteiner 2004 ) with the goal of understand-
ing anddeveloping biological control. The valueof pathogens
as biological control agents against /. typographus is still
unclear. Analysis of the effect of management on infection
levels should help clarify this question. Although the cur-
rent meta-analysis provides useful information, the number
of publications reporting the effects of forest intervention
on [, typographus natural enemies is small, and additional
research is needed.
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5. Conclusion

Whether or not spruce stands are managed can greatly
influence the infection levels of /. typographus pathogens.
Pathogen species thatoccur infrequently and with low levels
of infection tend to remain in the old foci of I. typographus
in the absence of forest management. We can therefore
assume that pathogen levels and diversity will probably be
higher in unmanaged than in managed locations because
hosts and pathogen propagulesare removed by management
practices. Despitethe greater pressure exerted by pathogens
on I. typographus populations in unmanaged than in man-
aged areas, their ability to suppress bark beetle outbreaks in
unmanaged area is unclear and requires additional study.
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Locality* Forestmanagement GPS coordinates Country
Adgen- Schilg) ¥ 48665 N, 13.973E AUT
Bialowietal ¥ SLTOLN, 23 886 E POL
Bialowieta ll Y SLTIWN, 13786 E FOL
Bialowieza 11 Y SLT04 N, 23899E POL
Biglowieza [V Y 510666 N, 23.759E POL
Biglowieza V' Y SLETON, 23TT0E POL
Bialowieia Vl Y SLTITN, 23842E POL
Bialowieia Vi1 Y 51681 N, 13LT85E POL
Bialowieza VIl Y SLTION, 23831E POL
Block NT1 N 41860 N, 43.234E GEO
Block NTE N 41839 N, 43283 E GED
Block NTY N 41L.8TI N, 41.3M4E GEO
Borjomi Y 4LT82 N, 43 494E GEO
Bystice na O13i Y 49,601 N, 18T1TE CZE
Combloux Y 46,470 N, 07054 E CHE
Edehwies N 47759 N, 15.056E AUT
Forét dela Haute-Joux Y 47157 N, 06106 E FRA
Grilnau Y 47,767 N, 13.933E AUT
Horni Margov Y HLGTO N, 15813 E CZE
Hubhof Y 48,392 N, 15.353E AUT
Hundsau N 47779 N, 15.043E AUT
Hundsau l N 47TTEN, 15042E AUT
Hundsau 11 N 47077 N, 13.042E AUT
Chaux-fes-Crotenay Y 47098 N, 06.569 E FRA
JYinské Koupele Y #TENITTITE CZE
Kechkhobi Y 41782 N, 43 469E GED
Keprik N SOLIET N IT.0I6E CZE
Kobernaubier Wald | Y 48088 N, 13.381E AUT
Kobernaubier Wald [l Y 48,087 N, 13.381E AUT
KobernauBer Wald 1l Y 48088 N, 13382 E AUT
Kobernauller Wald [V Y 45088 N, 13380E AUT
Kozlov Y 49,633 N, 17504 E CZE
Knzishach Y 48097 N, 15.629E AUT
Koremsmiin ster Y 48,086 N, 14.132E ALT
Lacelle Y 46,063 N, 02400 E FRA
Lambach Y 48,101 N, 13.872E AUT
Les Tenelles ¥ 46024 N, 01622E FRA
Libani Y 4LT84 N, 43 462E GEO
Melk Y 48240 N, 15393 E AUT
Millevaches Y 46079 N, 02144 E FEA
NaZ traceném, Ptaid potok N 48986 N, 13.502E CZE
Nasswald Y 47.73T N, 15,664 E AUT
Nowva Pec N 48TR N, 13951E CZE
Ossiach Y A06TT N, 14003 E AUT
Pee pod Snéikou N 50,703 N, 15.730E CZE
Pridily N 49,107 N, 133T1E CZE
Pusti Polom Y 40868 N, IEM06E CZE
Puy de Montchal Y 45,822 N, 03 ATOE FRA
Rothenburg N 47,101 N, 08.233E CHE
Rothenburg Wald Y 47113 N, (8284 E CHE
Rothwald N 47749 N, 15084 E AUT
Siedice Y SLIBE N, 21.163E POL
Sk Mt N 49,505 N, 18.3THE CZE
St Georgen/ Lavantial Y AT N, 14.954E AUT
Staré Oldrivky Y 40717 N, 1TH9E CZE
Tamsweg Y 47117 N, 13.629E AUT
Tamsweg, Salzburg Y 47115 N, 13 849E AUT
Tisstock N 47,306 N, 08962 E CHE
Trefien Y 46,674 N, 13862 E AUT
Tsagveri Y 41,794 N, 43484 E GED
Viclavovice Y 49.733 N, 16.350E CZE

*¥ = managed ares, N=unmanaged area.
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10.2 Interventions have limited effects on the population dynamics of Ips
typographus and its natural enemies in the Western Carpathians
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succession by creating disturbances of various scales (Martikainen
et al., 1999), L typographus, however, is considered one of the most
common and damaging pests in Eurasian Norway spruce (Picea abies
(L.) Karst.) forests that are managed to provide ecosystem services such
as timber production or protection against natural hazards. When a
surplus of breeding material is available (Mulock and Christiansen,
1986) due to windthrows (Wermelinger, 2004) or long-term drought
(Rouault et al., 2006), spruce bark beetle populations increase to such
high numbers that the beetle can overcome the defences and kill vig-
orous Norway spruce trees, Mass outbreaks of L typographus affect both
managed and protected forest areas across Europe. To protect the
economic value of wood and to reduce beetle numbers durng out-
breaks, foresters removed trees infested with immature beetles from the
forest (Burton, 2006; Lindenmayer et al., 2008; Stadelmann et al.,
2013). Other control methods, such as deployment of trap trees and
application of pesticides, are effective only when L typographus den-
sities are relatively low (Holuga et al., 2017).

Approximately 10% of the forest area in Europe is located in pro-
tected conservation areas (Bauhus et al., 2009; Parviainen and Schuck,
2011). In these areas, conservation-oriented management aims to pro-
mote multi-layered forests stands (Carey, 2003; Zenner et al., 2012;
O'Hara et al., 2013) and tends to follow a “benign neglect strategy™ in
response to bark beetle outbreaks and other natural disturbances
(Angelstam, 1998; Lindenmayer and Noss, 2006). Nevertheless, most
stands of commercial forests across a wide mnge of temperate and
boreal conditions are single-layered due to historical silvicultural stra-
tegies and high economic efficiency (Nyland, 2003).

Because recently windthrown or drought-stressed trees with com-
promised health provide optimal habitat for the growth of spruce bark
beetle populations, I typographus outbreaks often follow wind dis-
turbance, especially if warmm and dry weather conditions support beetle
reproduction and survival. Within 1-3 years following a windthrow, I
typographus switches from attacking and reproducing on weakly de-
fended, wind-thrown trees to attacking standing trees (Komonen et al.,
2011; Modlinger and Novotnyg, 2015), Under natural conditions, i.e.,
without human intervention, L typographus outbreaks last approxi-
mately 3-6 years (Wermelinger, 2004) and end due to intraspecific
competition (Komonen et al., 2011; Holufa and Lukasovd, 2017), nat-
ural antagonists (Grodzki et al,, 2010), weather (see Grodzki et al.,
2006), and rarely by exhaustion of host trees (@kland and Bjernstad,
2006).

Several studies have attempted to understand how different types of
forest management, i.e., intervention (active pest management) or non-
intervention (passive management), affect the relationship between I
typographus  population numbers and levels of beetle-induced tree
mortality (Sebek et al, 2015; Winter et al., 2015). According to some
authors, active management practices have only limited effectiveness in
reducing beetle-induced tree mortality in Tatras MNational Park Mts,
(Sproull et al,, 2017; Havasovd et al., 2017). The probable reason is that
classical forest protection procedures may actually increase forest sus-
ceptibility to bark beetle attack by altering forest edges, which expose
newly sun-stressed trees that are more attractive to beetles (Grodzki
et al, 2006; Kautz et al,, 2013), and by decreasing habitat hetern-
geneity and complexity, a known defense against bark beetle outbreaks
(Raffa et al.,, 2008; Nelson et al.,, 2014). However, other authors re-
ported that spruce bark beetle-induced tree mortality is lower and
forest recovery is faster in pest-controlled stands than in non-managed
stands in the same mountains (Grodeki et al., 2006; Grodzki, 2016),

I. typographus has a variety of natural enemies (Wegensteiner and
Weiser, 1996; Reeve, 1997; Gilbert and Grégpire, 2003; Hedgren, 2004;
Kenis et al., 2004; Hilszczanski et al., 2007), but their effects on the
beetle's populations in forests under different intervention regimes are
poorly understood.

Most of the parasitoids of I typographus are larval ectoparasitoids.
The majority of the larval parasitoids are wasps that attack their host
through the bark, This biology is manifested mainly in the Braconidae
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and Pteromalidae, but also in the Ichneumonidae, Eurytomidae,
Torymidae, and Eupelmidae (Nuorteva, 1957; Hedgvist, 1963, 1908;
Mills, 1983) The best known cryptoparasitoid is the holarctic Rop-
trocerus xylophagorum (Ratz.), a common and polyphagous parasitoid of
conifer bark beetles (e.g., Hedqvist, 1963; Samson, 1984; Sullivan et al.,
1999; Pettersson et al,, 2000). Coeloides bostrichorum Giraud, Rhopalicus
tutela (Walker), and Dendrosoter middendorffii (Ratzeburg) are also
parasitoids of I. typographus larvae (Sachtleben, 1952; Bombosch, 1954;
Kriiger and Mills, 1990; Hougardy and Grégoire, 2001). Parasitoids
usually locate their host by walking on the bark, paralysing the larvae
or pupae by injecting venom via a long ovipositor, and laying a single
egg on the paralysed host. Larval ectopamsitoids of Scolytinae are
thought to be more host-tree specific than host-specific, but this is
highly variable (Kenis et al.,, 2004),

The pteromalid Tomicobia seitmeri (Ruschka) is a frequent parasitoid
of I typographus adults, Females oviposit into adult beetles. Parasitized
beetles are still able to bore into the bark and lay eggs, but fecundity is
reduced by an average of 30% (Sachtleben, 1952), T. seitneri seems to
be present in most L typographus populations, and parasitism rates
range from 20 to 100% (Faccoli, 2000). Ropalophorus clavicornis
(Wesmael) is a frequently encountered parasitoid of I. oypographus adult
(Nuorteva, 1957; Hedqvist, 1998; Faccoli, 2001) with parasitism as
high as 18% (Bombosch, 1954), The high specificity of parasitoids at-
tacking eggs and adults could be explained by the fact that female
wasps probably locate their host by the host aggregation pheromone, as
shown for 1. seitneri (Mills and Schlup, 1989; Faccoli, 2000), Parasitism
rates and consumption rates are poor indicators of the real effect of
natural enemies on bark beetle populations. The ectoparasitoids
showed a density-dependent response only above a certain host density.
Sewveral authors have concluded that natural enemies do not play an
important role in regulating bark beetle populations (e.g., Sachtleben,
1952; Bombosch, 1954; Faccoli, 2001), but a few others affirm the
contrary (e.g., Mendel, 1987).

Many generalist predators, such as clerid beetles and dolichopodid
flies, feed indiscriminately on both hosts and parasitoids (Mills, 1983),
Predators generally have a larger range of prey species than parasitoids.
They can be efficient antagonists because many species are more mobile
and active during winter than their prey, Like parasitoids, many pre-
dators are known to locate their prey by semiochemicals, i.e., by bark
beetle pheromones or tree volatiles (Kenis et al., 2004). Insect predators
do not seem to prefer specific tree parts, but tend to colonise the lower
parts of bolts (Wermelinger, 2002), Most predatory species belong to
the Coleoptera and Diptera.

Some important coleopteran families of predators are Cleridae,
Monotomidae, and Trogossitidae. Many species of other families are
also  associated with bark beetles Among the Diptera, the
Daolichopodidae and Lonchaeidae are the most relevant families. Both
their larvae and adults may feed on larvae or adults. Experimental
studies showed that Thanasimus formicarius (L.) can reduce a brood of L
typographus by 18% (Mills, 1985),

The most relevant genus of predator in the Dolichopodidae is
Medetera. The adult flies prey on small insects with soft integuments
(Nuorteva, 1956; Lieutier, 1979; Nicolai, 1995). Most species are
known to prey on scolytid larvae, pupae, and teneral adults (Beaver,
1966; Lieutier, 1979). The effect of dolichopodid flies on scolytid sur-
wvival is controversial, Bark beetle mortality caused by Medetera species
was found to be minor (Mills, 1986)and to be independent of Medetera
density (Mills, 1985). However, species of these predaceous flies can
reach densities of up to 10 larvae per 100 em?® (Dippel et al., 1997) and
cause mortality rates of 70-90% (Hopping, 1947, Nuorteva, 1959).
Among the Lonchaeidae, only the genus Lonchaea lives subcortically,
ie., below the tree bark (Morge, 1963). In conifers, some species are
known to be obligatory predators, occurring in high numbers, They can
feed on eggs, larvae, and adults (Morge, 1967).

The larvae of some Raphidioptera prey on beetles or onlarvae under
the bark. A few species of Raphidiidae are known to forage non-
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specifically on cerambycids, bark beetles, and other subcortical or-
ganisms (Schimitschek, 1931; Wichmann, 1957).

Quantifying the effects of predators on bark beetles is difficult. The
consumption of prey in the field is difficult to measure, and predators
may not only forage on the target bark beetle but also on other sub-
cortical insects, including predators and parasitoids (Mendel et al.,
1990), thereby reducing the overall detrimental effect of natural ene-
mies on a bark beetle population. Predators showed a density-depen-
dent response at low beetle densities, but became inversely density-
dependent at higher densities. Futher study is needed to assess the
importance of natural enemies as regulatory factors of scolytids and to
develop strategies to enhance their effects (Kenis et al., 2004).

Studying the effects of all of the natural enemies of beetles in a
forest is challenging and time consuming. Parasitoids and predators are
probably susceptible to forest management practices because they are
specialist consumers of high trophic level prey (Weslien and Schroeder,
1999; Shaw and Hochberg, 2001; Hilszezanski et al.,, 2005). However,
this inference has not been widely supported, and reported results have
been ambiguous or even contradictory. For example, Balazy (1966)
found that forest management lowered numbers of natural enemies of I.
typographus ina mixed forest, but a subsequent study in the same region
found that forest management did not influence the abundance of I
typographus predators (Mazur et al., 1996). No differences in predator
levels among management types were recently reported by Fora et al.
(2014) or Wermelinger et al. (2013), In a non-intervention reserve,
natural enemies did not affect beetle reproductive success (Komonen
et al., 2011).

For parasitism, Feicht (2004) found that levels of parasitism were
high in both managed and natural forests. Wermelinger et al. (2013)
reported that both parasitoids and I typographus were more abundant in
uncleared windthrown areas than in cleared areas. Contradictory re-
sults might origin from differences in the I typographus outbreak phase,
i.e., whether the beetle population is developing on windthrown trees
or has shifted to attacking standing trees, Abundances of parasitoids in
both managed and non-managed forests could depend on the avail-
ability of supplemental food sources. In spite of the reduced diversity of
flowering plants expected in even-aged spruce plantations, several plant
species are present that might provide nectar and pollen throughout the
growing season to the hymenopteran parasitoid complex of I typo-
graphus. Conifer aphids are also abundant in these stands and produce
large amounts of honeydew, which might also be consumed by the
parasitoids (Hougardy and Grégoire, 2000).

We found only one study that supported the hypothesis that natural
enemies are less abundant in commercially managed than in un-
managed forests (Weslien and Schroeder, 1999), However, some of the
methods in that study are unclear, and it is therefore difficult to have
confidence in the results,

A recent meta-data analysis found that pathogen levels were gen-
erally higher in unmanaged than in managed locations, except that the
microsporidium  Chytridiopsis typographi (Weiser, 1954) was maore
common in managed than in unmanaged locations (Vanicki et al,
2016). Beetle infestations in well-managed forests are patchier because
foresters rapidly remove infested trees. Removal of trees heavily in-
fested by bark beetles prevents the kind of pathogen buildup that occurs
in unmanaged forests (Holuga et al, 2009), In unmanaged or poorly
managed forests, trees infested by bark beetles usually occur in groups
that generate hot spots of high beetle and pathogen numbers. The re-
peated development of new generations of bark beetles is common in
these groups of infested trees, and beetle numbers can remain very high
over many generations, When their numbers are very high, young
beetles often cannot find enough space for their maturation feeding and
are forced to continue feeding by crossing other nearby galleries, Such
maovement increases the chance of pathogen transmission and therefore
results in an increase in pathogens (Wegensteiner and Weiser, 1996).

Over 20 bark beetle pathogens are currently known. Some species of
spruce bark beetle pathogens are considered to be generalists because
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they occur in several bark beetle species and in the majority of beetle
populations studied. The most common pathogens of L typographus are
the virus ItEPV (Wegensteiner and Weiser, 1995), the microsporidium
C. typographi, the gregarine Gregarina typographi (Fuchs, 1915), and the
neogregarine Mattesia schwenkei (Purrini, 1977) (Wegensteiner et al,,
1996, 2014; Wegensteiner, 2004; Lukifovi and Holuda, 2012; Holuda
and Lukifowvd, 2017), These pathogens can be horizontally transmitted
to bark beetles by contact, ingestion of faeces, or ingestion of parts of
dead bodies of infected individuals (ItEPV, Gregarina, Chytridiopsis,
Mattesia) (Wegensteiner and Weiser, 1996; Wegensteiner et al.,, 1996;
Wegensteiner, 2004; LukdSovd and Holu$a, 2011). Because micro-
sporidia and other microbial groups are density-dependent pathogens
(Weiss and Becnel, 2014), high beetle population density increases
transmission caused by contact between hosts (Wegensteiner et al.,
2014; Holuga and Lukifovd, 2017). Some of the less common or rare
pathogens (e.g., members of the genera Nosema and Unikaryon) are
vertically, transovarially transmitted wvia the gonadal tissues or are
transmitted by a combination of horizontal and wvertical routes
(Wegensteiner and Weiser, 1996; Wegensteiner et al, 1996
Wegensteiner, 2004),

Environmental and forest structural conditions do not greatly affect
pathogen transfer. Only microclimatic factors (temperature, humidity,
maoisture} surrounding hosts or trees where spores persist can affect
pathogen growth and development. Most pathogen spores do not persist
in the environment for more than 1 year (survival is substantially re-
duced by dryness or direct sunlight), and survival is increased when
spores are bound in the faeces or cadavers of infected individuals
(Kramer, 1976; Weiss and Becnel, 2014),

Additional research is clearly needed to understand how interven-
tion type affects I typographus population numbers, its intraspecific
competition, and its regulation by natural enemies,

To fill this gap in understanding, the current study assessed I ty-
pographus population numbers, I. typographus breeding performance,
and the development of natural antagonists under intervention and
non-intervention types of management. We hypothesized that numbers
of predators and parasites would be similar at intervention and non-
intervention sites but that pathogen infection levels would be higher at
non-intervention sites than at intervention sites. We conducted the re-
search in two adjacent national parks in Central Eurcpe: Tatransky
nirodny park (TANAP, Slovakia) and Tatrzanski Park Narodowy (TPN,
Poland). Both parks are mountainous and are covered by Norway
spruce forests that have been extensively affected by windthrows and
widespread L typographus outbreaks over the past 20 years (Fig. 1).
Both parks also include zones with intervention and non-intervention
types of management.

2. Materials and methods
2.1, Study area

The Tatra Mts. are located at the border between Slovakia
(73,058 ha, i.e, 77.6% of the Tatra Mts. area are in Slovakia) and
Poland (21,076 ha, i.e., 22.4% of of the Tatra Mts. area are in Poland)
(Grodzki et al.,, 2003). The area is the highest part of the Carpathians,
and many peaks exceed 2000 m a.s.1.; the longest idge is 26 km, but the
alpine vegetation occupies only 341 km? (~40% of the area). Although
the area has been affected by human intervention for more than
100 years, natural forests (without intervention) still cover approxi-
mately 400 km? (Fleischer et al., 2017). The area dominated by Norway
spruce ranges from 81% at low elevations to 98% at the middle ele-
vations (Bodziarczyk et al,, 2019), In TANAP, the area dominated by
Norway spruce has dramatically decreased in recent years and ranges
from ~25% at low to ~40% at high elevations due to recent large-scale
disturbances (Kondpka et al., 2019).

Both national parks have been affected by a number of large
windthrow events (Le., an event affecting = 20,000 m” of wood) over
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Fig. 1. Occurrences of windthrow events affecting > 20,000 m? timber (circles) and Ips typographus outbreaks (bands)
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the last 100 years, and some of these events have been followed by
increases in L typographus population density (Grodzki and Guzik, 2009;
Koren, 2015; Holeksa et al., 2016; Fleischer et al., 2017; Grodzki and
Gasienica Fronek, 2018), especially over the past 20 years. Because
TANAP lies on the southern slopes and TPN lies on the northern slopes
of the mountain range, the two parks are affected by different storm
events (Figs. 1 and 2).

2.2, Recent outbreaks of spruce bark beetles in TANAP

The Norway spruce forests in the Tatra Mts. have been affected by
two main windthrow events and long-lasting I. typographus outbreaks
over the past 20 years. The windstorm Elisabeth (November 2004)
damaged more than 2,500,000 m® of forest (mainly spruce forest)
across 12,600 ha in TANAP (Némethy et al, 2018) (Fig. 1). This
windfall event was followed by unprecedented L typographus outbreaks
during which beetle-induced tree mortality extended to the timber line
(1500-1650 m a.s.l., Potterf et al,, 2019) and affected/disturbed more
than 70 km? of mature, mostly natural, Norway spruce Picea abies (L.)
Karst and European larch Larix decidua Mill.) forest (Fleischer et al.,
2016). The outbreak persisted for 10 years (Fig. 1; Appendices A and B),
during which time up to 19 million m® of timber was salvage logged in
the intervention areas.

In May 2014, the windstorm Zofia hit the Tatra Mts. (Gubka et al.,

TANAP and TPN from 1897 to 1960 (the

Fig. 2. Study sites in the two national parks:
TANAP (Tatransky Nérodny Park) and TPN
(Tatrzanski Park Narodowy) are located in
the Tatra Mits. on the border between
Slovakia and Poland. Locations: A - Vyiné
Hégy (intervention), B - Tich4 Dolina (non-
intervention), C - Potok KoScieliski (non-in-
tervention), and D - Kiry (intervention).

0 10 km

Land cover (2003)
|:] Forest
D No forest

Czoch Poland Study sites
e e [ intervention  [[] Non-intervention
Slovakia
Austrial Ukraine Type of management
; Intervention
Hungary

2014; Kunca et al,, 2014). The volume of damaged wood was estimated
at 5 million m? 67% of the damage occurred in small plots scattered
over the region, and 33% of the damage was concentrated in large
windthrow areas (Kunca et al,, 2014). The windthrows in 2004 and
2014 together with the I. typographus outbreaks caused a 90% decrease
in the forested area, i.e., 90% of the former TANAP forested area is
currently deforested or is covered by forest stands younger than
10 years (Gubka et al., 2014; Konépka et al., 2015), The windthrow in
2014 restarted an 1. typographus outbreak, as indicated by the increasing
quantity of salvage-logged timber (Appendix A) along with increasing
numbers of L typographus beetles caught in pheromone traps in both the
intervention and non-intervention zones throughout TANAP (Appendix
B).

2.3, Recent outbreaks of I. typographus in TPN

In October and November of 2002, strong winds damaged ~45,000
m* spruce trees occupying over 3000 ha at TPN; over 350 ha of Norway
spruce forests were completely destroyed. The breakage and uprooting
of trees provided ample breeding material for L. typographus populations
in the eastern part of TPN. Extensive beetle-induced tree mortality
began in 2004 (Grodzki et al, 2010; Sproull et al.,, 2017) and was
augmented by windthrows in 2007 (Grodzki and Guzik, 2009).

At the end of 2013, the Koscieliska Valley was hit by a storm that
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affected both intervention and non-intervention zones of the forests.
Fallen and broken trees were removed from the intervention zone but
not from the non-intervention zone in 2014, Since 2015, the number of
trees infested by I typographus has doubled in the intervention zone and
tripled in the non-intervention zone (Grodzki and Gasienica Fronek,
2017, 2018).

2.4, History of forest management approaches

The establishment of national parks (TANAP in 1949 and TPN in
1954) has resulted in major changes in land use at the landscape scale.
The type of forest management and zonation of intervention zones has
also changed multiple times over past decades. These changes have
affected recreational values, tourism, water regulation, habitat protec-
tion, timber extraction, and many related ecosystem services (Fleischer
et al., 2017).

Since the mid-1990s, a non-intervention approach has been applied
to approximately 30% of the TANAP forests (Koreri, 2015). However,
exceptional pest control measures of varying intensity were allowed
until 2012, at which time logging was prohibited in several reserves
(Ministry of Environment of the Slovak Republic, 2012; Havasovi et al.,
2017). Since 2004 (Fig. 2), windthrown and spruce bark beetle-infested
trees have been logged in the intervention area (but not in the non-
intervention area), which has created extensive clearings in the inter-
vention area. As of 2012, pheromone traps were allowed for the mon-
itoring of I. typographus beetle numbers but not for its control

A total of 71% of TPN is strictly maintained without intervention
(Fig. 2); only pest monitoring is allowed (Grodzlki and Gasienica
Fronek, 2017), The remaining part of TPN is under partial intervention
management that permits pest control via sanitary felling and deploy-
ment of pheromone traps but prohibits the use of insecticides (Grodzld
et al., 2003, 2006). After 2013, an additional large portion of the for-
ests, including those in the study area, was designated as a non-inter-
vention protection area, regardless of the legal status of individual areas
(Grodzki and Gasienica Fronek, 2017, 2019),

2.5 Study sites

The current research was conducted in the Tatra Mts, from 2014 to
2017, We selected four study sites: one under intervention and one
under non-intervention management in each of the two national parks
(Fig. 2, Table 1). In TANAP (Slovakia), the non-intervention site was
located in the core of the non-intervention zone, i.e., 6 km from the
intervention zone and study site. In TPN (Poland), the intervention and
non-intervention sites were 2 km apart (Figs. 2 and 3, Table 1.

The selected forest stands were > 100 years old with Norway
spruce, P. abies, as the dominant tree species (> 90% of the basal area)
(Fig. 3). Age and tree species composition were similar among all four
sites,

The disturbance history of the four sites is illustrated in Fig. 4. The
non-intervention sites (Fig. 4B and C) are characterized by uncleared
windthrows (2004, 2014) and I typographus outbreaks beginning in
2006; no salvage logging or sanitary felling was conducted at the non-
intervention sites. At the intervention sites (A, D), in contrast, the
windthrows were salvage-logged, and beetle-infested trees were
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sanitary felled. After 2014, the beetle-infested area expanded at study
sites (the grev area in B, C, and D in the bottom row of Fig. 4). We
conducted two experiments, one in TANAP and one TPN; the experi-
ments differed because the legislated limitations differed between the
parks.

2.6. Experiment | (TANAP)

We used sentinel logs to assess the relationships between I typo-
graphus abundance, I typographus breeding performance, and L typo-
graphus natural enemies. We deploved spruce sentinel logs because
standing trees infested by spruce bark beetles cannot be cut in non-
intervention areas. The sentinel logs were cut from four spruce trees
each year; the trees were similar in size, were healthy and without L
typographus infestation, and originated from the closest healthy stand in
the intervention zone (49.1280N, 19.8970E). The sentinel logs were
305cm #= 6.2 cm(mean * SE) in diameter and 1 m long, and their
ends were sealed with wax to prevent desiccation.

In each yvear from 2014 to 2017, 10 new sentinel logs were placed
on the ground (with 10 m between logs) at each site (A and B). To
exclude the effects of microhabitat on large-scale parasitoid distribution
(Feicht, 2004; Hilszczanski et al., 2007), we placed the logs in an open
area at each site, parallel to the forest edge and ~30 m from any L
typographus-infested tree. The logs were deployed before the initial
flight of L typographus in mid-April of each year and were assessed in
mid-August of each year.

To assess development of I typographus and its enemies, we used
knives and axes to debark entire sentinel logs. For I typographus, we
recorded the number and length of the maternal galleries, the number
of eggs laid by each female, and the number of individuals of each stage
(egg, 1st- to 3rd-instar larvae, pupae, callow beetles, imagoes). We also
recorded data for (i) ectoparasitoids including the numbers of larvae,
pupae, or cocoons of the Braconidae and Pteromalidae of the order
Hymenoptera, and for (ii) predators, including the numbers of larvae
and adults of the order Raphidioptera and genera Diptera (Lonchaidae,
Dolichopodidae) and Thanasimus (Coleoptera) and the numbers of other
predators, We also recorded all other species found at the sample sites
(Table 2). For the detection of pathogens, all mature (parental) L. ty-
pographus were collected and placed in Eppendorf tubes containing a
piece of wet gauze (to maintain 100% relative humidity) and were
stored —4 °C.

For the analysis of pathogenic organisms, the obtained L. typographus
adults were placed in a drop of water and dissected using surgical
forceps. Bowel organs of the adults were examined with a Nikon
Eclipse-Ci light microscope at 100-400 % magnification. The methods
recommended by Wegensteiner (2004) were used to determine the
presence of viruses, microsporidia, protozoa, and nematodes.

2.6.1. Experiment | data analysis

For analysis of L typographus numbers on the sentinel logs, only L3
(3rd-instar larvae) and more advanced individuals were used. Less de-
veloped individuals (eg., eggs and L1 individuals) were assumed to be
unable to overwinter under normal weather conditions (Fleischer et al.,
2016). Table 2 lists the data recorded at the logs and the related cal-
culations and statistical analysis.

Table 1

Background information on the selected sites (TANAP - Taransky ndrodny park, TPN - Tatrzafiski Park Narodowy).
Site name National park Type of management Elevation (m a.5.1) Coondinates
Vyiné Hagy TANAP, Slovakia intervention 1,305 40.1255N, 20,1 005E
Tiché Dolina TANAP, Slovakia non-intervention L1115 49.2007N, 19.9244E
Potok Kofcieliski TPN, Poland non-intervention 1,100 49.2497N, 19.8650E
Kiry TPN, Poland intervention® 980 49.2630N, 19.8709E

*: intervention was applied only in 2014,
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Fig. 3. Non-intervention (left) and intervention (right) study sites in TANAP (Tatransky Narodny Park, Slovakia) (top) and TPN (Tatrzatiski Park Narodowy, Poland)

(bottom): A - Tichd Dolina, B - Vyiné Higy, C - Potok Kodcieliski, and D - Kiry.

Because of non-normality of the data sets, the Kruskal-Wallis testin
Statistica 12.0 was used to compare the variables between years and
sites (the variables are listed in Table 2),

The variability of dependent variables in relation to two explanatory
variables (vear and type of management: intervention or non-inter-
vention) was analvzed by redundancy analysis (RDA) in Canoco 5.0
(Ter Braak and Smilauer, 2012) (Table 2). The response data were log-
transformed, centered, and standardized by species. Statistical sig-
nificance was evaluated with Monte Cardo permutation tests (with 499
permutations), tvalue biplots were then used with separate in-
dependent variables to illustrate significant dependences.

2.7. Experiment II (TPN)

Experiment 1l was similar to experiment I but did not use sentinel
logs because such logs were not permitted in TPN. Rather than using
sentinel logs, we used naturally uprooted trees (only one per year at
each of the two sites, ie, at sites C and D). For each uprooted tree
(DBH: 31.57 em #+ SE 10.77), we analyzed four sections. The sample
area width (along the longitudinal axis of the tree) was ~0.5 m, and the
length was equal to one-half of the circumference of the trunk. Sections
were located (i) 0.5 m from the tree base; (if) midway between the base
and the bottom of the crown; (iii) at the base of the crown; and (iv) at
the center of the crown (Grodzki, 2007). Because we had only four
samples from different part of tree per year and site, we provide de-
scriptive statistics without statistical analysis (Table 5). Numbers of L
typographus beetles, numbers of predators, and pathogen incidence
were evaluated as described for experiment L

3. Results
3.1 Experiment [

Ips typographus was detected in all sentinel logs. Ips amitinus
(Eichhoff, 1871) and Pityogenes chalcographus (Linnaeus, 1758) were
detected in 9.1% and 17.5%, respectively, of sentinel logs (Table 4).

Neither the number of L typographus matemal galleries (50 to 300
per m*) nor the sex ratio (from 1.0 to 2.5 females per male) differed
between vears at both study sites (Fig. 5).

Other variables decreased over time, but this decrease was sig-
nificant (see Fig. 5) only for the length of maternal galleries, number of
eggs per m* of bark, production per m* of bark, and breeding perfor-
mance. Breeding performance decreased from 9.9 (intervention site) or
5.9 (non-intervention site) daughter beetles per female in 2014 to
nearly zero at both sites in 2017,

From 2014 to 2016, parasitism ranged from 14.3 to 31.3% at the

intervention site and from 1.3 to 4.8% at the non-intervention site, but
was zero in 2017 at both sites. The numbers of predaceous dipterans,
larvae of Thanasimus, and other predators ranged from 0 to 20 per m? in
any year at both sites. Over time, the frequency of Teropium increased
at the non-intervention site. Dryocetes spp. and Raphidieptera occurred
only occasionally (Tables 3 and 4).

In total, we inspected 2.433 parental beetles of I typographus from
TANAP. Intestinal and extra-intestinal nematodes were found in 0 to
33% of the beetles at the intervention site and in 1 to 63% at the in-
tervention site. More than 99% of these nematodes were invasive larvae
and were therefore very difficult to identify (Fig. 6). Almost no pa-
thogens were detected in I typographus beetles during the study period
(Table 2). The microsporium C. typographi, the gregarine G. typographi,
and the virus ItEPV were found in 2, 1, and 5%, respectively, of the
paternal beetles only in the non-intervention site in 2014. The most
common pathogen was M. schwenkei (Fig. 6); it was detected at both
study sites in several vears, as high as in 17% of beetles.

The results of the redundancy analysis of experiment I data are
shown in Fig. 7. Explanatory variables accounted for 25.3% of the
variation in the dependent variables; vear alone accounted for 17.7% of
the variation (p = 0.002), and type of management alone accounted for
17.6% of the variation (p = 0.002), All four axes accounted for 64.1%
of the total variation. The t-value biplots indicated that the abundance
of predaciows dipteran larvae and Thanasimus increased with time and
that the abundance of Thanasimus and the sex ratio of I typographus
were higher at the intervention site than at the non-intervention site.

We found several strong positive and negative correlations between
dependent wvariables. The number of eggs per gallery was positively
correlated with parasitism, and both the number of eggs per gallery and
parasitism were negatively correlated with matemal gallery length. The
infection level of M. schwenkei was positively comrelated with the
number of maternal galleries per m?, and both the infection level of M.
schwenkei and the number of maternal galleries per m* were negatively
correlated with I amitnus abundance, sex ratio of L typographus, and
Thanasimus larval abundance (Fig. 7).

3.2 Experiment Il

Across both sites and all years, L typographus infested 97% of the
sampled areas of the windthrown trees. Because only one tree (with
four sampled areas) was investigated per site per year, we did not
statistically compare individual samples. Instead, we provide a sum-
mary of the population parameters of L typographus (Table 5). Para-
sitism of L typographus larvae ranged from 1 to 21%. The numbers of
predaceous dipteran larvae and larvae of Thanasimus mnged from 2 to
15 per m” in any year. A total of 524 paternal beetles were inspected;
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Fig. 4. Disturbance history of the four study sites (A, B, C, and D) based on classified Landsat imagery (2005-2014; top row), ESRI high-resolution satellite imagery
(2014-2016; middle row), and color-infrared Sentinel 2 imagery (2017; bottom row; healthy vegetation is in red, beetle infestations and tree removal are in grey).
Each panel represent a 1x1 Jan area around the indicated study site. A and D are intervention sites, and B and C are non-intervention sites. The locations of the four
study sites are indicated in Fig. 2. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

ItEPV was detected in only five L. typographus beetles. Nematodes were 4. Discussion

detected in more than 10% of the beetles on only 1 year at 2 site

(Table 5). Perhaps the most important findings of this study were that the
length of I typographus maternal galleries, number of eggs, production
per m” of bark, and breeding performance decreased over time but did
not differ between the intervention site and non-intervention site in
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Table 2
Overview of the variables used in analysis of data in experiment L (Parameters recorded at the logs are in bold; Lt.-Ips typographus).
Variable Description of caloulation Used for RDA
analyse
breeding performance of Ips opogngrhus number of emerging daughters per mother {i.e, par maternal tunnel), the total number of yes
offspring was divided by two because the sex ratio was asumed to be 1:1 (Annila, 1971)
Dryocetes sp. (m*) calculated az means per sentinel log no
egps laid by one female calculated as means per sentinel log no
Gregaring fypegraphi (%) percentage of number of infected L. per site yes
Chymidigpsis fypographi (%) percentage of number of infected Lt. per site yes
Ips typographus Entomoposodns (%) percentage of number of infected Lt. per site yes
Mattesia schwenkei (%) pacentage of number of infected Lt. per site yes
b)smm'mmspernf caleulated as means per sentinel log YE8
larval gallery length (mm) calculated as means per sentinel log yes
maternal gallery length of Ips typographus (mm) caleulated as means per sentinel log yes
Mematodes — extra-intestinal (%) percentage of number of infected L. per site yes
MNematodes - intestinal (%) pearcentage of number of infected Lt. per site no
number of eggs of Ips typographus per m* calculated as means per sentinel log yes
number of eggs per gallery of Ips typographus caleulated as means per sentinel log yes
number of maternal galleries of Ips typographus perm® of  ealculated as means per sentinel log yes
bark
number of Thanasimus larvae per m? calculated as means per sentinel log yes
numbers of larval galleries per maternal gallery caleulated as means per sentinel log yes
other Coleoptera predators (Histeridse, Monotomidae, caleulated as means per sentinel log yes
Nitidulidae, Staphylinidae)
parasitism (%) calculated as percentage of L fypographus beetles at all stages with parasitoids, i.e. parasitoid yes
larvae an or owutside the beetle larvae, and parasitoid cocoons, pupae, and adults as means
Pityogenes chalcographus per m* calculated as means per sentinel log no
predator dipteran larvae per m* calculated as means per sentinel log yes
production of Ips ypographus per m* bark number of L.t not killed by natural enemies or intraspecific competition yes
production of specimens of offspring genemtion per m* per number of beetles not killed by natural enemies or intmaspecific competition per sentinel log o
hark
Raphidioptera larvae (m*) calculated as means { + SE) no
sex ratio of fps ypographus the ratio of the number of maternal galleries and the number of families per sentinel log yes
Tetropium sp. (m®) calculated as means [ + SE) no

experiment I, and the number of matemal galleries and the sex ratio did
not differ between years in the intervention and the non-intervention
site in experiment L

We hypothesized that if parasitoids and predators affected L. typo-
graphus population dynamics, I typographus production would be ne-
gatively related with parasitoid and predator densities in galleries.
However, we found only weak negative relationships between L typo-
graphus production and the abundance of predaceous dipteran larvae
and the abundance of predaceous Thanasimus larvae. The abundance of
predacious dipteran larvae and Thanasimus larvae increased with time,
and the abundance of Thanasimus larvae and the . typographus sex matio
were higher in the intervention site than in the non-intervention site of
experiment I. Parasitism ranged from 0 to 33% at the intervention site
and was unrelated to any measure of European spruce bark beetle

population performance in experiment L.

Across both experiments, the population dynamics of L typographus
seemed to be unaffected by parasites or pathogens in both intervention
and non-intervention sites, i.e., parasite and pathogen levels were very
low regardless of management. The infection levels of microsporium C.
typographi, the gregarine G. typographi, and the virus ItEPV were also
very low during the study period. The abundance of the most common
pathogen, M. schwenkei, was positively correlated with the number of
maternal galleries per m®.

4.1, Population densities

We found high numbers of maternal galleries in sentinel logs
(50-300 per m?*) at the TANAP sites (Table 3), which is consistent with

Table 3
Assessment of natural enemies of I ypographus offspring on sentinel logs at TANAP study sites (experiment [}, Values are means with variance ( + SE) or without
variance.
Year 2014 2015 2016 2017 2014 2015 2016 2017
Study site A A A A B B B B
Intervention Yes Yes Yes Yes No No Mo No
Parasitism (%) 143 £ 26 31.3 £ 3.0 280 + 63 - 28 £ 1.0 13+ 1.4 48 + 18 -
number of Thanasimus lamvae ]:erm2 - 39 £ 22 94 % 15 3l £ 35 - L6+ 1.6 - 07 £ 0
other Coleoptera predators {Histeridae, Monotomidae, Niddulidae, W00 £ 0 120 £ 05 200 = 0 W01 £0 101 £0 &2+ 03 204 £0 106 £ 0
Staphyiinida) (m)
predator dipteran larvae per m* = 09 £ L2 3l £ 11 26 £ 25 26 £ 146 01 £ 0 = 6.1 = 44
Raphidioptera larvae (m*) - - 36 £ 20 - - 1+ 0.4 — -
Nematodes — intestinal (%) 3 11 33 9 9 25 63 1
Mematodes - extra-intestinal (%) 3 16 - 4 18 23 13 12
Gregarina typographi (%a) - - - - 2 - - -
Chymidigpsis fypographi (%) - - - - 1 - - -
I typographus REPV (%) 3 - - - 5 - - -
Mattesia schwenkei (%) = = 17 2 12 1 3
MNumber of . bypographus beetles examined 240 ala 260 247 346 722 180 119
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Table 4

Assessment of other species of bark beetles on sentinel logs at the TANAP study sites (experiment I). Values are means [ + SE).
Year 2014 2015 2016 2017 2014 2015 2016 2017
Study site A A A A B B B B
Intervention Yes Yes Yes Yes No No No No
Ips amifinus per m* 17 =0 07 £ 0 6527 + G553 0x0 05 £ 0 60 £ 147 189 & 31.3 0x0
Pityogenes chalognphus per m* 92 % 0 1862 £ 149.5 185.5 & 87.6 574 & 662 14 = 49 169.0 = 1441 306 £ /8 0 =0
Tewopium sp. (m*) 0x0 0x0 0.5 £ 07 0x0 00 00 9+ 8.2 93 £ 79
Dryocetes sp. {m*) 00 00 1.5 £ 0 00 00 00 ] 00

previously reported high infestation levels (see Holufa and LukiSovi,
2017) that were part of the long-term and widespread outbreak in
TANAP. The ranges of L typographus densities were similar at TANAP
and TPN sites from 2015 to 2017, but no L typographus infestation was
detected in 2014 at sites C and D in TPN. The lack of differences be-
tween sites C and D probably results from the similarity in manage-
ment, i.e., infested trees were no longer removed from the entire TPN
from 2015 to the end of the study. Our findings are largely consistent
with the low densities reported in 2016 by Grodzki and Gasienica
Fronek (2018),

The relatively similar densities of gallery numbers on sentinel logs
at TANAP during the 4 years of the study likely resulted from the fact
that I typographus evenly and ideally used the awvailable space
(Saarenmaz, 1983). Although the abundance of I. typographus in the
surrounding area has increased (Appendices A and B), the numbers of
beetles infesting standing trees and sentinel logs corresponded with the
available space. Moreover, the large number of damaged trees that
remained standing in the study area were likely more attractive to I
typographus than the sentinel logs due to the warm and dry weather
(Fleischer et al., 2016; Mezei et al,, 2017).

The small effect of management type on I typographus beetle po-
pulation dynamics may result from the close proximity between zones
with opposing types of management, such that beetles may have readily
migrated between between zones. Under endemic conditions, however,
1. typographus beetles are likely to migrate from managed to non-man-
aged forests due to the lack of available breeding trees in carefully
managed forests (Montano et al.,, 2016). Under outbreak conditions, in
contrast, forest edges that are newly exposed by windthrows or salvage
logging might increase solar radiation and predispose trees to L typo-
graphus outbreak (Kautz et al, 2013; Mezei et al,, 2012). In addition,
unclear L typographus management strategies in our study area com-
bined with legislative obstacles and the large-scale die off of Norway

spruce forests under past forest management and climate change
(Schurman et al., 2018) likely contdbuted to the unprecedented L ty-
pographus outbreak in the High Tatra Mts. and rendered previously
accepted I typographus control measures as ineffective.

4.2 Imtraspecific competition reduces 1. typographus numbers

Competition resulting from high population densities greatly affects
the mortality and fertility of I. typographus females (Anderbrant, 1988,
1990; de Jong and Grijpma, 1986; Faccoli and Bernardinelli, 2011;
Hedgren and Schroeder, 2004; Holufa and Lukidovd, 2017; Marini
et al, 2012; Wermelinger, 2004), This suggests that L typographus
density may affect reproduction in both the current and following
generation (Anderbrant et al., 1985; de Jong and Grijpma, 1986; de
Jong and Sabelis, 1988; Grodzki, 2004; Sallé et al., 2005) and could
terminate beetle outbreaks (Komonen et al., 2011). Although gallery
density may affect population dynamics (Ginzburg and Taneyhill,
1994), such effects are difficult to assess based on field data (Berryman,
2002; Grodzki and Gasienica Fronek, 2017).

The decreasing production of L typographus offspring beetles per m*
of bark and the decreasing breeding performance in our study are ex-
cellent examples of the changes in I. typographus population dynamics
as an outbreak weakens. High I typographus population densities in-
crease larval competition and thereby reduce larval survival
(Anderbrant, 1990). If larvae fail to find unexploited bark areas within
a radius of < 1 cm, the larvae may either die or pupate prematurely (de
Jong and Sabelis, 1988). The sizes of both sexes were previously re-
ported to decrease with increasing density (Thalenhorst, 1958; Ogibin,
1973; Botterweg, 1983; Anderbrant et al, 1985 Schlyter and
Anderbrant, 1993; Sallé et al., 2005]), which was consistent with the
reductions in gallery length over time in our study (Fig. 5). Females are
smaller and lay fewer eggs in maternal galleries that are short than in

Table 5

Effects of year, TPN site (C and D), on dependent variables in experiment II. Values are means with variance ( + SE) or without variance.
Year 2014 2015 2016 2017 2014 2015 2016 2017
Study site o o o il [ C C C
Intervention Yes no no no no no no no
Mumber of maternal galleries of I typographus per m* - a7 £ 5 36 £ 55 - - T9.7 £ 333 1769 = 659 GE.2 = 345
Sex matio of L oypogrophas - 11 = 0l 13 £ 03 - - 2+ 03 14 £ 03 14 £ 03
Eggs laid by one female - 306 £ 156 474 = 6 - - 389 £ 5& 27 £ 57 409 £ 75
Numbers of larval galleries per maternal gallery - 323 £ 116 419 £ 41 - - 341 £5 23 + 44 36.2 + 98
Production of specimens of offspring generation per m* - 457 + 260 27765 £ 14909 - - Q082 &£ 3376 34837 & 12757 16202 & 176G

per bark

Breeding performance of I ypographus - 138 + 84 87 = 71 - - 138 + 7.6 51 & 45 6+ 22
Temopium sp. (m™) - - 145 + 48 - - - L5+ 0 -
Dryocetes sp. {m*) - - - 682 + 0 - 12 £ 0 - 7.1 + 15
Parasitism (%) - 58 = 35 1 23 - - 09 = 26 = 209 +9
Number of Thanadmus larvae per m* - - - - - - 38 & 6.1 -
Predator dipteran larvae ]:;e'm2 - - 27 = 52 - - 34 = 81 a5 = 7.3 15 = 12.1
Hematodes - intestinal (%) - 1 - - 18 [ - -
Mematodes - extraintestinal (%) - 1 - - 2 14 - -
Gregarina typographi (%) - - - - - - - -
Chymidigpsis oypographi (%) - - - - - - - -
I opographus IEPV (%) - - = = 2 3 = =
Mattesia schwenkei (%) - - = = ] - - -
Number of I fypographus beetles examined 2 163 T - 61 285 5 -
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Fig. 5. Ips typographus performance on sentinel logs deployed at site A (intervention site, white boxes) and site B (non-intervention site, grey boxes) in TANAP
(experiment 1): Small eirele - median, box - 25% and 75% quartile, whiskers - minimum and maximum). The Kruskal Wallis test (KW) was used o com pare years; *,
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maternal galleries of normal length (Thalenhorst, 1958; Anderbrant,
1990, Fig. 5). This indicates that density affects brood physiology over
maore than one generation (Anderbrant et al, 1985). As density in-
creases, not only does each female produce fewer offspring, but final
offspring production is further reduced by lower survival due to larval
competition (Anderbrant, 1990).

Density-dependent offspring survival likely represents an adaptation
tothe changing abundance of the host tree during the endemic phase of
L. typographus dynamics, when small numbers of felled trees are colo-
nized by high numbers of beetles (Hedgren and Schroeder, 2004). That
trend was evident in experiment | regardless of management type
(Table 5, Fig. 5.). The only parameter significantly affected by inter-
vention was the sex mtio (Fig. 7), i.e, the female to male ratio was
higher at the intervention site than at the non-intervention site, This

could likely be explained by the fact that in the short term, outbreak
probabilities may be reduced by management actions (e.g., removal of
dying or damaged trees) that reduce the spatial connectivity between
outbreak spots (Seidl et al.,, 2015) By reducing bark beetle numbers,
however, removal of damaged trees at intervention sites will reduce
intraspecific larval competition and may thereby extend the decline
phase of the L typographus outbreak, We therefore found fewer maternal
galleries per m* of bark but more females per male at the intervention
site than at the non-intervention site.

4.3 Predators

Larvae of Thanasimus sp. were the dominant predators, and their
numbers were as high as 10 specimens per m” in both experiments;

Fig. 6. Light micrographs of spheroids of the virus ITEPYV (A), gamonts of the gregarine Gregaring typographi (B), the nematode Contortylenchus diplogaseer (C), and
spores of the neogregarina Martesia schwenkel (D) detected in experiment IL bar = 100 pm.
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Fig. 7. T-value biplots of the redundancy analysis of experiment | with results
of regression of dependent variables on year (left) and type of management
(right). Breed = Breeding performance of L typographus, ChT = Chymidiopsis
typographi (%), Diptera = predaceous dipteran larvae per m?, Eggs = number
of eggs of Ips typographus per m®, EgeGal = number of eggs per gallery of Ips
typographus, Gallen = numbers of larval galleries per matemnal gallery,
GT = Gregarina ppographi (%), 1A = Ips amitinus per m®, IEPV = Ips typo-
graphus  Entomopoxvirus (%), Larlen = Larval gallery length (mm),
Manage = type of intervention, MatGal = maternal gallery length of L typo-
graphus per m® of bark, MS = Maresia schwenkei (%), NemEX = Nematodes —
extra-intestinal (%), Parasit = Parasitism (%), Produc = Production of L ty-
pographus  per m® per bark, SexRat = Sex ratio of I opographus,
Thanas = number of Thanasimus larvae per m®, (arrows of significant factors do
not extend beyond the red circle). (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)

numbers of all predators exceeded 20 specimens per m” in experiment L.
This is consistent with a previous report on the density of predacious
beetles in the Tatra Mts. (Tvkarski, 2006). As was the case in other
studies (Mazur et al., 1996; Hilszczanski et al., 2007; Fora et al., 2014),
we found no effect of management type on the abundance of predac-
eous beetles.

Thanasimus sp. was significantly more abundant at the intervention
site than at the non-intervention site in experiment I, possibly because it
is favored by open, sunny stands (Schlyter and Lundgren, 1993; Warzee
et al., 2006; Hilszczanski et al., 2007).

The abundance of Dipteran predators of beetles ranged from 0 and 6
specimens per m® in both experiments. Dipterans (mainly
Dolichopodidae and Lonchaeidae) represent the majority of L typo-
graphus predators (Wermelinger, 2002; Hedgren and Schroeder, 2004).
Densities of predaceous dipterans usually usually exceed hundreds
(Kausomovi¢ et al, 2018) or even thouwsands of specimens per m®
(Dippel et al., 1997; Hedgren and Schroeder, 2004), The low numbers
in the current study may be explained by the fact that such predators
may prefer standing trees, i.e., Medetera flies were nearly 10 times more
abundant on standing than on lying trees (Hedgren and Schroeder,
2004). Medetera flies are attracted to their prey by a mixture of tree
volatiles and prey pheromones (Huler et al, 2005). It is clear that
standing trees and cut sentinel logs differ with respect to volatile
composition and release rate (Kalinovi et al., 2014). Medetera females
typically oviposit in the lower bole of a tree (Wermelinger, 2002), and
visual keys such as tree ordentation may also influence host location by
Medetera flies (Gover et al., 2004). It is also possible that the methods
used in our study may have resulted in an underestimation of the
numbers of predaceous dipterans.

The abundance of predaceous dipteran and Thanasimus larvae
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increased from 2015 to 2017 in our study, apparently as a result of
numerical responses to L typographus density (Weslien, 1994; Reeve,
1997; Wermelinger, 2002, 2004; Schroeder, 2007; Holufa and
LukdSova, 2017).

4.4, Parasitism

Parasitism should be ideally evaluated by debarking the infested
tree, observing host galleries for immature parasitoids, and then rearing
the individual pamasitoid larvae, pupae, or cocoons, Unfortunately, only
a few studies have been based on dissecting of logs and rearing of in-
dividuals (e.g., Schroder, 1974; Mendel, 1986). The rate of parasitism
in our study ranged from 0 to 30%. This corresponds with previously
published results from regions with extensive I typographus beetle
outbreaks during different time periods in the Sumava Mts. (Holuga and
Lukdfowid, 2017). The parasitism rate was < 10% (6 and 8%) in short-
term outbreaks (1 year), and ranged from 30 to 40% in long-term
outbreaks (= 10 years) (Holufa and LukdSowd, 2017), However, com-
paring the results of different studies is difficult because some authors
report only the dominance of hatched parasitoids from logs (Feicht,
2006) or traps (Wermelinger et al., 2013).

Parasitoids do not necessarily respond to L typographus density, al-
though ectoparasitoids showed a density-dependent response to high
bark beetle population density in two previous studies (Beaver, 1966,
1967), and parasitism was positively correlated with the number of
eggs per gallery in our study (Fig. 7). In other cases, however, para-
sitism of bark beetle larvae tended to be inversely density-dependent
(Lozano et al., 1993, 1994, 199%a, 1996b). Although pamsitoids may
exhibit a numerical response to bark beetle density, the effect may be
substantially delayed, resulting in the relationship being inversely
density-dependent, with high levels parasitism oceuring only after bark
beetle numbers decline (Reeve, 1997; Wermelinger, 2002, 2004;
Schroeder, 2007; Holufa and Lukifowd, 2017). As a result, the nu-
merical responses may not be positively correlated with beetle (host)
densities. Parasitism will also be affected by other parameters such as
bark thickness, ovipositor length of the parasitoid species, and alter-
native food source for adult parasitoids (Hougardy and Grégoire, 2003;
Wegensteiner et al., 2015).

Although at first glance parasitism in the current study was higher
in most years at the intervention site than at the non-intervention site in
experiment I, the difference was not statistically significant (Fig. 7).
Thus, the salvage logging of windthrows did not appear to negatively
affect the interactions between I typographus and their natural enemies
(Gwiazdowicz et al., 2012; Wermelinger et al., 2013). Consistent with
this finding, sanitation felling of infested living trees has been reported
to have very few negative effects on natural enemy populations (Feicht,
2004; Hilszczanski et al., 2007).

4.5. Pathogens

We hypothesized that pathogen levels would be higher at non-in-
tervention sites than at intervention sites (Vanickd et al., 2016), but
infection levels of most pathogens in the current study were very low
regardless of management. The diversity of pathogen species could be
generally low in the Tatras Mts. (see also Michalkowd et al, 2012). The
fungus C. typographi, the virus ItEPV, and the eugregarine G. typographi
are the most frequently reported pathogens of L typographus, and their
infection levels can vary among locations (Weiser et al., 2000; Weiser,
2002; Wegensteiner, 2004; Takov et al., 2010),

Infections by pathogen species do not lead to the quick and certain
death of L typographus; because pathogen transmission between speci-
mens is slow, the pathogens are unlikely to significantly affect beetle
population dynamics. Pathogen spores are mainly transferred among L
typographus beetles within a single gallery system, and so infection of
other beetles by faeces and the remains of dead bodies is unlikely when
galleries do not intercept (Wegensteiner and Weiser, 1996). If infection
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levels are at or near zero at the beginning of an outbreak, pathogens
may be unable to increase before the outbreak ends.

The neogregarina M. schwenkei was the most frequently detected
pathogen in our study, and infection levels were positively comrelated
with the number of maternal galleries per m?, evidently because the
levels of infection by pathogens may be influenced by I typographus
population density (Wegensteiner and Weiser, 1996; Holusa et al,
2009). Because M. schwenkel can increase the tendency of I. typographus
beetles to emerge from logs (Weiser, 2002; Holuia and Lukdfovi,
2017), M. schwenkei has the potential to reduce L typographus beetle
reemergence and to increase the mortality of hibernating I. typographus
beetles,

Infection levels can vary considerably in managed as well as un-
managed forest stands (Wermelinger, 2004; Wegensteiner et al., 2007,
2015; LukdSova et al.,, 2012). Perhaps experiment I did not reveal any
effects of intervention on pathogen levels because infection levels were
too low at the study sites.

5. Conclusion

‘We found that the type of forest management, i.e., active pest
control vs. non-intervention management in bilateral national parks in
the High Tatra Mts. (Western Carpathians), did not significantly affect
numbers of L typographus, levels of parasitism or predation. Although
intervention slightly increased numbers of predaceous Thanasimus
larvae, natural enemies had litile or no effect in suppressing I typo-
graphus outbreaks in the High Tatra Mts. Similar results were obtained
in other studies. In a long-term study in Norway, for example, the po-
pulation size of L typographus was not regulated by parasitoids or pre-
dators (@kland and Christiansen, 2001). Our findings indicate that

Appendix A
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increases in intraspecific competition rather than natural enemies
trigger declines in . typographus populations. Pest control was not ef-
fective in stopping an . typographus outbreak in the studied area.
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Volume of wood disturbed by wind (black column) {m*) and infested by bark beetles (white column) {m®) that was subsequently logged in Tatra
national park (TANAP). The data are from Mizerik (2012); Olajec (2011); Novotny (2009, 2010); Ondrejédk (2007, 2008); Litka (2005, 2006, 2013,

2014, 2015, 2016, 2017); and Fabian (2018).
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Numbers of Ips typographus adults per pheromone trap in TANAP: Throughout the park (white columns), at the intervention site (Vyiné Hagy)
(black columns), and at the non-intervention site (Tichd dolina) (grey columns) (values are means + SD). A total of 100 pheromone traps (IT
Ecolure, Fytofarm sro, Slovakia) were installed in 2004; 50 were in the intervention zone and 50 were in the non-intervention zone. According to
current recommendations (Jakuf et al., 2015), one pheromone trap was installed per ~5 ha of forest. The traps were monitored weekly from 2004 to

2017.
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Abstract: The microsporidium Larssoniella duplicati (Weiser, Holuga, Zizka, 2006) is a specific pathogen
of the bark beetle Ips duplicatus (C.R. Sahlberg, 1836), which is a serious pest of Norway spruce (Picea
abies (L.) H. Karst) in Europe. From 2011 to 2016, infection levels of L. duplicati and other pathogens in
I duplicatus populations were assessed along a gradient, ranging from areas in the north, where the
beetle is native, to areas in the south, where the beetle has only recently invaded. The 21 study sites
ranged in altitude from 229 to 1009 m a.s.l. We found that pathogen infection levels in I. duplicatus
populations decreased from the native areas in the north to the new areas of beetle expansion in the
south. We also found that pathogen level increased with altitude. The L. duplicati infection levels
were not associated with the infection levels of other beetle natural enemies. The infection level
decreased with the length of time of beetle establishment in an area. The infection level increased
with the number of beetles trapped and dissected at a site.

Keywords: Ips duplicatus; pathogen; vector; infection level; invasion; latitude

1. Introduction

Changes in climate and land use can increase the spread of organisms [1]. Many of these organisms
are non-native to their new area of distribution; some spread to new areas but also increase their
population densities in their former areas [2,3]. In some cases, such invasive species begin to damage
habitats that are important for humans, like forests with fast-growing tree species [4]. One of the
most commercially important tree species in Europe is the Norway spruce (Picea abies [5]). This tree
is attacked by many species of bark beetles of which Ips typographus (Linnaeus, 1758) is the most
important in terms of loss of mature trees before final cutting [6].

The double-spined spruce bark beetle Ips duplicatus is a native species in Scandinavia, eastern and
northern parts of central Europe and northeast Asia, where it occurs on Norway spruce. The beetle
is currently spreading to Norway spruce in many parts of Europe. Its high outbreak potential is
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supported by climatic change, the physiological weakness of trees, and the attack of such weakened
trees by the fungus Armillaria ostoyae (Romagn. Herink, 1973) and other pathogens [7,8]. Current
studies focusing on wind and bark beetle disturbances suggest increase damages in Europe under
climate change [9-11]. The combination of increasing frequency of drought events, Norway spruce
planting in non-native habitats and warmer temperatures are considered important predisposing
factors triggering the double-spined spruce bark beetle outbreaks. As a result of these factors affected
by climate change, the number of Ips duplicatus generations is increasing to two to three during one
vegetation period in the central European area [12].

From the beginning of the 20th century, the beetle began spreading from its origin in the Palearctic
region to the south because spruce monocultures were being increasingly established in the south in
Europe [8], unlike most other bark beetle invasions that extend from south to north [13,14]. L duplicatus
was first noted in eastern Czech Republic and south Poland in 1960s [15-17]. That area experienced
massive I. duplicatus outbreaks in the 1990s. During the last 200 years, Norway spruce has been planted
in many areas of Europe, mainly out of the natural range of this tree. As the planted trees are growing
out of their natural range, they may be stressed [18], and this has increased the spread of I. duplicatus
to southern Europe [19]; L duplicatus has even been recorded in south Slovakia [15,20] and throughout
Romania [21].

The microsporidium Larssoniella duplicati appears to be a specific pathogen of 1. duplicatus; its
presence in other spruce bark beetles, such as I. typographus, Pityogenes chalcographus (Linnacus, 1761),
and Ips amitinus (Einchoff, 1871), has not been reported [22-24]. This specificity of L. duplicati is not as
usual among pathogens of bark beetles; i.e., the same pathogen usually occurs in multiple bark beetle
species, but other examples are known [25-29].

L. duplicati was first described in the Czech Republic and Poland [24], where its infection levels in
I. duplicatus populations are stable and where the disease is probably chronic [22]. This microsporidium
infects the midgut muscularis, the ovaries, and the Malpighian tubules of adult beetles. The infection is
alwaysin the infected tissue, because infected muscle fibres hold the spores in position [24]. Its infection
levels in the native area of beetle (Scandinavia) and the new outbreak area (Romania) have not been
studied [23].

The current study had two objectives. The first was to compare the infection levels of L. duplicati
in the native and new outbreak areas of I. duplicatus in Europe. The second objective was to identify
variables associated with differences in L. duplicati infection levels in I. duplicatus populations.

2. Materials and Methods

Pathogens of I. duplicatus were studied at 21 sites: four in the Czech Republic, five in Romania,
eight in Poland, and four in Sweden. The altitudes of study sites ranged from 229 to 1009 m a.s.1.
(Figure 1). During the years of 2011-2016, beetles were collected using Theysohn pheromone traps
(Theyson Kunststoff. GmbH, Germany) or Intercept traps (only in Romania) baited with pheromone
lures ID Ecolure (FYTOFARM Group s.r.0., Slovakia), Pheagr IDU (Sci-Tech, s.r.0, Czech Republic),
Duplodor (Chemipan, Poland), or an experimental lure (Romania) [30] (Table 1). In all used pheromone
lures, the main compound is always E-myrcenol—the main aggregation pheromone component for
I duplicatus [31]. The pheromone lures were changed after 10 weeks. Each site was sampled in only 1
or 2 years.
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Figure 1. Study sites (circles) in Europe where Ips duplicatus was collected during 2011-2015 in forest
areas (green).

Beetles were collected from the beginning of May to the end of August. In the study sites, flight
barrier traps were placed 1.5 m above the ground and approximately 15-20 m from a standing spruce
tree that was more than 30 years old. All forest stands at study sites were composed of a mosaic of
trees of all ages, so there was enough suitable material for Ips duplicatus infestation.

Trapped beetles were placed in Eppendorf micro-test tubes with a piece of damp gauze to maintain
humidity. The tubes were stored frozen until the beetles were dissected.

Each beetle was identified to species [32] and then dissected by removing the gut, Malpighian
tubules, ovaries, and the body fat. The dissected tissues were examined with a light microscope (Nikon
Eclipse 50 Ni, Nikon Instruments Inc., Melville, NY, USA) at 40 to 400x magnification to determine the
presence of L. duplicati (oval spores of two sizes, 3-3.5 x 1.5-2 and 2-2.5 x 1.5 in intestinal muscles)
and other pathogens and nematodes.

Data concerning the distribution of coniferous forests relative to the study sites were obtained
from [32] and were corrected using Corine Land Cover. The program ArcMap 10.0 (ESRI, Redlands,
CA, USA) was used to create Figure 1, which shows the distribution of the study sites.

Basic statistical analyses were performed in Statistica 13.1 (Dell software, Austin, TX, USA).
We used the Shapiro Wilk test to determine the normality of the data (infection level). The Wilcoxon
matched pair test was used to compare infection levels between sexes (percentages of infected males
vs. females). Non-parametrical analyses were used as a control for the potential influence of local
differences in infection levels at the country level.

Detailed analyses were done in SAM v4.0 [33]; we computed Moran’s I to assess the spatial
autocorrelation of our dependent variable (infection level of L. duplicati) in seven distance classes.
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We assessed the relationships between infection level of L. duplicati (the percentage of infected
individuals at a site, and the dependent variable) and the following independent variables: altitude,
latitude (north-south gradient), longitude (east-west gradient), infection level of Chytridiopsis typographi
parasitism by intestinal nematodes, parasitism by hemolymph nematodes, number of I. duplicatus
beetles captured and dissected, and year (time of beetle collection). For linear regression of infection
level on independent variables, infection level data were arcsine square root transformed to obtain
normality. Analyses of the interaction among studied independent variables indicated multicollinearity
for longitude (VIF = the variance inflation factor >2), which was the variable that described the
east-west gradient in outbreak area of I. duplicatus. Thus, longitude was not further analysed. As some
independent variables were not significant, we selected variables for inclusion in the final model based
on AlCc (Akaike information criterion with correction for small sample sizes) as implemented in
SAM. In further analyses of L. duplicati, we used seven independent variables: latitude (north-south
gradient); the infection level of the microsporidium Chytridiopsis typographi; the parasitism by intestinal
nematodes; the parasitism by nematodes in hemolymph (hereafter termed hemolymph nematodes);
the altitude of the study site; the number of I. duplicatus beetles trapped and dissected at a site; and the
year of beetle collection.

Table 1. Background information on the study sites where I. duplicatus specimens were collected and
assessed for pathogen infection. Country of origin (Country): Sweden (SWE), Poland (PL), Czech
Republic (CZ), Romania (RO). In traps were used different pheromone lures: 1D Ecolure, Duplodor,
Pheagr IDU and in Romania the experimental lure (exp. lure) [30].

Study Sites Country GPS Coordinates Yearc_lf Pheromone  Altitude

N E Collection Lure (m a.s.l.)
Nds SWE 60.4677 14.5003 2014 ID Ecolure 232
Siljansfors SWE 60.9730 15.0578 2014 ID Ecolure 324
Vansbro SWE 60.5229 14.2389 2014 1D Ecolure 229
Vindeln SWE 64.2000 19.7833 2014 ID Ecolure 291
Petkowka PL 49.7333 19.2333 2015; 2016 Duplodor 668
Rajcza PL 49.7666 19.2333 2015; 2016 Duplodor 646
Romanka Gorma I PL 49.5805 19.2246 2016 Duplodor 829
Romanka Gorna IT PL 49.9338 19.3989 2015 1D Ecolure 1009
Sopotnia Dolna PL 49.9350 19.4664 2015 1D Ecolure 953
Tokarnia PL 49.9833 19.9833 2015 ID Ecolure 688
Ujsoly PL 49.7508 19.2009 2015; 2016 Duplodor 859
Ztatna PL 49.4833 19.1666 2015 1D Ecolure 638
Hlubotky cz 49.6920 17.4146 2013 1D Ecolure 382
Jilové u Prahy I CcZ 49.8866 14.5055 2016 Pheagr IDU 354
Jilové u Prahy Il CZ 49.9166 14.5071 2016 Pheagr IDU 457
Pusta Polom cz 49.8510 18.0242 2014 ID Ecolure 454
Calafindesti RO 47.8513 26.1459 2011 exp. lure 497
Tonu RO 47.6134 25.4817 2013 exp. lure 1080
Solca RO 47.7000 25.7963 2013 exp. lure 625
Sucevita RO 47.7767 254817 2013 exp. lure 605
Todiresti RO 47.7127 26.0328 2013 exp. lure 415

3. Results

A total of 1539 adults of I. duplicatus from the 21 study sites located throughout the Czech Republic,
Romania, Poland, and Sweden were dissected and analyzed.

The L. duplicati infection level in I duplicatus populations (i.e., the percentage of specimens ata
site with L. duplicati) across all countries averaged 4 standard error (SE) 16.7% &£ 8.4% and ranged
from 0% to 39.1%. L. duplicati was detected in 20 of the 21 sites (Table 2). L. duplicati infection levels did
not significantly differ between I. duplicatus sexes (Z = 1.33, p > 0.05). Infection occurred only in the
intestinal muscles of I. duplicatus.
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Table 2. Infection levels of four pathogens in I. duplicatus. Infection level refers to the percentage of
beetles with the indicated pathogen. The location of the study site (Country): Sweden (SWE), Poland
(PL), Czech Republic (CZ), Romania (RO). For each study site there is a number of inspected beetles (N)
and infection levels of: Larssoniella duplicati (L.d.), Chytridiopsis typographi (C.t.), parasitism by intestinal
nematodes (Ln.) and hemolymph nematodes (H.n.).

Study Sites Country N L.d. (%) C.t. (Vo) I.n. (%) H.n. (%)
Nas SWE 46 39.1 - 15.2 -
Siljansfors SWE 70 21.4 143 10.0 43
Vansbro SWE 156 16.7 - 3.2 1.3
Vindeln SWE 72 23.6 - 11.1 5.6
Petkowka PL 107 19.6 - 3.8 46
Rajcza PL 103 13.6 - 14.1 55
Romanka Gorna | PL 27 7.4 - 14.8 -
Romanka Gorna Il PL 192 20.8 - 47 7.3
Sopotnia Dolna PL 35 25.7 - 5.7 29
Tokarnia PL 139 19.4 - 6.5 36
Ujsoly PL 22 9.1 - 13.6 9.1
Zlatna PL 20 10.0 - 10.0 -
Hlubogky CZ 22 13.6 - 18.2 46
Jilové u Prahy I CZ 18 - - 5.6 -
Jilové u Prahy I CZ 43 7.0 2.3 47 47
Pusta Polom CZ 237 27.4 0.8 10.1 1.7
Calafindesti RO 20 20.0 - 10.0 -
Ionu RO 33 18.2 - 121 3.0
Solca RO 80 11.3 - 3.8 3.8
Sucevita RO 45 8.9 - 13.3 6.7
Todiresti RO 52 1.9 - 5.8 9.6

Average levels of L. duplicati infection did not significantly differ among countries (H = 4.96;
p > 0.05). The L. duplicati infection level increased from south to north, averaging 12.1% % 6.5% in
Romania, 15.7% =+ 6.1% in Poland, 16.1% = 8.5% in the Czech Republic, and 25.2% =+ 8.4% in Sweden
(Table 2).

The microsporidium Chytridiopsis typographi (Weiser, 1954) Weiser, 1970) was found at only three
study sites, and these were in the Czech Republic and Sweden. Its infection levels were very low
(Table 2).

In contrast, nematodes were found in I. duplicatus at 21 study sites. The parasitism rate ranged
from 3% to 16% for intestinal nematodes and from (% to 10% for hemolymph nematodes (Table 2).
For both kinds of nematodes, average parasitism rate did not significantly differ among countries
(intestinal nematodes: H = 0.08; p > 0.05; nematodes in the hemolymph: H = 0.81; p > 0.05).

The spatial autocorrelation for L. duplicati infection levels was not significant (Table 3).
This indicated that infection levels tended to be randomly distributed in space, without a tendency
toward clustering or regular spacing. The expected Morans I value was —0.06.

Table 3. Statistics for spatial autocorrelation analysis of L. duplicati infection levels in I duplicatus
populations at the 21 sites in Europe.

Distance Class Distance Centre Moran’s I P
1 452 0.1 0.6
2 306.6 0.1 0.7
3 650.3 -0.2 0.2
4 877.8 -0.1 0.6
5 1137.8 01 0.7
6 1510.1 -0.1 0.9
7 1975.8 —0.4 0.1
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In regression analyses, the L. duplicati infection level was significantly related to altitude, latitude,
year, numbers of dissected beetles, and the infection level of all other pathogens (F = 6.63; p < 0.01;
Table 4). A regression model with all of the variables listed in Table 4 (significant and non-significant)
explained a total of 71.2% of the adjusted variance in the L. duplicati infection level. The L. duplicati
infection level was not significantly related with the infection levels of C. typographi, parasitism by
intestinal nematodes, or hemolymph nematodes. The L. duplicati infection level significantly increased
with latitude, altitude, and the number of beetles captured and dissected at a site, but significantly
decreased with the year of the study (Table 4).

Table 4. Results for a regression model describing the relationship between the L. duplicati infection
levels in I. duplicatus populations and the following variables: latitude (north-south gradient); infection
level of C. typographi; parasitism by intestinal nematodes; parasitism by hemolymph nematodes (i.e.,
nematodes detected in the hemolymph); altitude; number of I. duplicatus beetles captured and dissected;
and year (date of beetle collection). Variance Inflation Factor (VIF), corrected Akaike’s Information
Criterion (AICc) = —11.93. Significant variables are in bold.

Variable VIF t Value * p Value
Constant 3.1 0.01
Latitude 1.1 3.5 0.01
C. typographi 13 14 0.18
Intestinal nematodes 1.4 0.8 0.43
Nematodes in hemolymph 11 —0.8 0.46
altitude 1.4 3.8 0.01
number 1.1 2.9 0.02
year 1.6 —3.4 0.01

* Positive and negative { values indicate positive and negative associations, respectively.

In the next step of the statistical analysis, we deleted non-significant variables from the model;
the resulting model explained 70.1% of the adjusted variance in (r?adj = 0.701; Table 5). We found that
only significant variables from the previous regression left in the model and their p values were more
significant, except of number of dissected beetles.

Table 5. Results of the model that best described (delta AICc <2 based) the relationship between the
L. duplicati infection level in I. duplicatus populations (arcsine square root transformed). The best model
included four predictor variables: latitude (north-south gradient); altitude; number of I. duplicatus
beetles captured and dissected; year (date of beetle collection). Variance inflation factor (VIF). Corrected
Akaike’s Information Criterion (AICc) = —25.95 (significant variables are in bold).

Variable VIF t Value p Value
Constant 39 0.002
Latitude 1.0 4.0 0.002
Altitude 1.2 3.7 0.002
Number 1.0 2.8 0.020
Year 1.1 —39 0.002

4. Discussion

The current research studied the species-specific pathogen L. duplicati associated with the
double-spined spruce bark-beetle in areas where I. duplicatus is native, as well as in areas where
I duplicatus is newly established in Europe. We found two interesting patterns: L. duplicati infection
levels in I. duplicatus populations significantly decreased across the latitudinal gradient from the north
to the south and significantly increased with increasing altitude.

In the areas where I duplicatus is native, the L. duplicati infection level was as high as 30%; in the
areas experiencing new outbreaks of the beetle, infection levels varied around 10% [34]. In the current
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study, the highest infection level was 39.1%, and the infection level was higher than 10% at most of the
study sites, what is consistent with previous reports [22-24]. The spatial distribution of infection levels
was not influenced by the spatial arrangement of the study sites (i.e., sites with high or low infection
levels did not tend to cluster in space). This was true even though some of the sites, especially those
in Poland and the Czech Republic, were located near areas with spruce forests that have been highly
stressed by drought and fungal diseases. Such stressed forests typically support higher population
densities of I. duplicatus than non-stressed forests [20,35]. Generally, latitude-altitude gradient can be
explained by increasing number of individuals in population at northern study sites and in long-term
outhreak areas. Study sites with more abundant populations of bark beetles are collected more often
and with higher infection levels of pathogens [36].

We also suspect that L. duplicati may influence the invasive potential and spread of I. duplicatus.
This is because L. duplicati is likely to reduce the fitness of the infected beetles and infection level
is growing more slowly in the newly established outbreak areas. In addition to being infected by
L. duplicati, I. typographus and related bark beetles are also attacked by ectoparasitoids and by the
pathogen Mattesia schwenkei Purrini, 1977. Infection level of this antagonists of I. typographus had
lower infection levels in areas with new outbreaks of the beetle than in areas with long-lasting
outbreaks (more than 10 years) of the beetle [37]. When bark beetle numbers are low or when contacts
between individuals in breeding systems are limited, e.g., as is the case in managed forests, there is a
reduced probability of pathogen transmission and therefore a low infection level of some common
pathogens [23].

The infection level of L. duplicati increased with the number of individuals dissected at a site.
Nevertheless, the infection levels do not change with changes in host population density [22-24,54],
which suggests that transmission is vertical rather than horizontal [23], as it is for some other
microsporidium pathogens [29,38]. Therefore, it is unclear why the infection level should increase
with number of analyzed beetles of I. duplicatus. In the case of horizontally transmitted pathogens,
the infection levels sometimes double or triple during the beetle reproductive period of even one
generation [39]. In the current study, the main factor associated with low L. duplicati infection levels in
I. duplicatus was the length of time that the area had been infested with the beetle. This effect of time
since beetle establishment is somewhat unclear in the current study, however, the latter factor was
confounded with collection date.

L. duplicatus produces only one generation per year in the boreal forests and in northern
Poland [8,40] but up to three generations per year in Central Europe [12,15,41]. Although new
outbreaks of I. duplicatus occur only sporadically at higher altitudes [16,20,42—44], the L. duplicati
infection level was related to altitude in the current study. This could be explained by the relationship
between latitude and altitude, i.e., the more southern sites had both low infection levels and
low altitudes.

We also found that the L. duplicati infection level did not differ between I. duplicatus sexes or
among the studied countries, which is consistent with previous reports for L. duplicati as well as for
other pathogens of bark beetles [39,45].

The only insignificant relationships between L. duplicati infection levels and the other variables
were with the infection levels of C. typographi, parasitism by intestinal nematodes, and hemolymph
nematodes.  Nematodes and C. typographi are the most frequently reported antagonists of
I duplicatus [23,26,27,46]. The infection level of C. typographi is often very low [23]. In our study,
we found C. typographi at only three sites, and infection was always less than 2.4%, suggesting
that C. typographi was probably not affecting I. duplicatus population density. Parasitic nematodes
are commonly associated with I. duplicatus, occurring in more than 70% of the beetle’s gallery
systems [46-49]. As in the case of C. typographi, nematodes did not appear to affect L. duplicati
infection levels.
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5. Conclusions

L. duplicati is probably a chronic pathogen of I. duplicatus and might have little or even no negative
effect on the beetle—especially out of the native distribution area of its host. This microsporidium may
negatively influence the flight capability of pioneer beetles and their ability to successfully invade
new host trees, but in time (few years) the infection level of this microsporidium increases in a new
population and the differences are minimized. The infection levels of L. duplicati in I. duplicatus
populations decreased with latitude; it was highest in the north (Sweden), where the beetle is native,
and was lowest in the south (Romania), where the beetle has only recently invaded. This is most
probably connected with colonization aspect of a new sites. Infection levels increased with altitude,
but the effect of altitude was confounded with the effect of latitude.

The most important conclusions of our research on an alien pest and its pathogen is that they
follow a latitude-altitude gradient. This most probably reflects fact that spread of pathogen is prolonged
(e.g., similar to known escape from enemies” hypothesis in bark beetles) [50]. Nevertheless, altitude
in coincidence with latitude, indicate some climatic limits of the pathogen—as north sites and high
elevations are often more cold and wet than the opposite. This is also impartant regarding pest
management. Even if L. duplicati does not have a strong impact on alien bark beetle, its virulence could
have some impact on invasive success of the bark beetle.
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Abstract

The striped ambrosia beetles Trypodendronlineatum and T. domesticum are timber forest pests in the Palearctic region and North America.
Because only a few pathogens are known for Trypodendron species, the aim of this work was to determine the spectrum of pathogen
species of T. lineatum, T. laeve, and T. domesticum. Trypodendron species were collected in pheromone traps at nine localities in the
Czech Republic, fivelocalities in Poland, and one localityin Austria. In total, 2,439 T. lineatum, 171 T. domesticum, and 17 T. laeve beetles
were dissected and examined. Infection was found in only two of the 17 specimens of 7' laeve and in only two of the 171 specimens of T.
domesticum;in all four cases, the parasites were nematodes. Parasitisation of T lineatum by nematodes was found in 7. lineatum at eight
localities with a mean (£ SE) parasitisation level of 8.1 £4.7%. A Chytridiopsis sp. was detected in cells of the midgut epithelium of one
T. lineatum specimen, and Gregarina sp.wasdetected in the midgut lumen oftwo T lineatum specimens; no other pathogens were found
in T. lineatum. Thelow infection ratesand the tendency for infection by nematodes can be explained by the monegamy of Trypodendron

spp. and their feeding on fungi in short galleries that are not connected to the galleries of conspecifics.
Keywords: Trypodendron spp.; nematodes; Chytridiopsis cf. typographi; Gregarina cf. typographi; monogamy
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1. Introduction

Ambrosia beetles (including Trypodendron spp.) are per-
sistent forest pests that significantly reduce the quality of
cut wood by producing dark-stained pin holes in lumber or
in veneer processed from infested logs. Wood degradation
and dark staining arise from the growth of associated fungi
(“ambrosia fungi”) that are carried into the sapwood by
parental adult beetles and that serve as food for their larvae
(Massoumi Alamouti et al. 2009; De Fine Licht & Bieder-
mann 2012).

Thevarious species of ambrosia beetles attack both coni-
fers and deciduous trees. The beetles typically attack trees
that have been cut or weakened by disease, but some taxa
attack apparently healthy trees (Kithnholz et al. 2001). In
addition to reducing value of wood products by generating
pinholes and staining, the beetles can also vector fungi that
are highly pathogenic to living trees (Hulcr & Dunn 2011;
Suhetal. 2011; Evanset al. 2013; Freeman et al. 2013; Car-
rillo et al. 2014).

Whilethestripedambrosia beetle Trypodendron lineatum
(Olivier, 1795) and T. domesticum (Linnaeus, 1758) are
recognized as timber forest pests in the Palearctic region
and North America (Wood 1982), the importance of the
ambrosia beetle T. laeve (Eggers, 1939) is unclear. T. laeve
is apparently rarebut has been occasionally detected in many

parts of Europe (Muona 1994; Martikainenetal. 1996, 1999;
Martikainen 2000; Daisie 2009; Kirkendall & Faccoli2010;
KniZek 2011; Luka3ova et al. 2012).

The species of pathogens that attack bark beetles in the
genus Ips have been well described for the most important
speciesin this genus (Wegensteiner 2004; Takovetal. 2010;
Lukasova & Holuda 2012; Holu$a et al. 2013; Lukésova et
al. 2013), including the European spruce bark beetle (fps
typographus) (Linnaeus, 1758) and the economicallyimpor-
tant species associated with spruce in Central Europe (Chris-
tiansen & Bakke 1988; Wermelinger 2004). Incontrast, only
asmall number of pathogens of Trypodendron species have
been described.

The microsporidium Pleistophora xyloteri (Purrini
& Ormiéres 1981) was described in T. domesticus (syn.
Xyloterus domesticus) in Lower Saxony. According to this
one report, P. xyloteri spreads in the cells of the posterior
partof the beetle midgut. The pathogen also invades oeno-
cytes on the surface of the gut, and the infected elements
form spherical pseudocysts with masses of spores. In the
specimens examined by Purrini & Ormiéres, only spores
were present. They were broad and oval and ranged from
2.5% 2.0pmto 4.0 % 2.3 pm; the most common sizewas 3.0 x
2.0 pm. Such variability in the size of spores is common
among microsporidian parasites of bark beetles. Purrini &
Ormiéres (1981) also observed the presence of one spheri-
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cal nucleusin the middle of the spore. Although the authors
examined almost 500 beetles from 11 localities, the rate of
infection was only 2%, and infection was detected in only
two localities.

In T. lineatum, the bacteria Pseudomonas caviae, Pseu-
domonas septica, Cloaca cloacae, and Bacillus coagulanshave
beenreported (Novak 1960; Lysenko 1959). Fungidetected
in T. lineatum include Beauveria bassiana (Magema et al.
1981), Paecilomyces farinosus (Kirschner 2001), and Mucor
hiemalis (Magema etal. 1981). Inlaboratory tests, Novak &
Samsinakova (1962) found that B. bassiana caused 100%
mortality of T. lineatum larvae in 6 to 8 days and 100% mor-
tality of adults in 12 days. The latter authors also found that
the effects of temperature, humidity, spore formulation, and
sporedoseon theinfectionof T. lineatumby B. bassiana were
similar to those reported by Prazak (1988, 1991, 1997) for
otherbarkbeetle species, but different test conditions caused
36% to 55% mortality in most cases, while only a few experi-
mentslead to mortality rates higher than 80% (Prazak 1988,
1991, 1997). Novak & Samsinakova (1962) reported that
male beetles inoculated with B. bassiana transmitted the
fungus to healthy female beetles and that the transmission
reduced the number of eggs laid by 20%. Application of B.
bassiana spores to the bark surface reduced the number of

egg nichesby up to 44% depending on the spore concentra-
tion, and treatment of soil caused 88 to 100% mortality of
hibernating offspring beetles (Prazak 1988).

The aim of the current research was to determine the
spectrum of species pathogenic to T.. lineatum, T. laeve, and
T. domesticum in Central Europe.

2. Methods

Trypodendron species were studied at nine localities in the
Czech Republic, five localities in Poland, and one locality in
Austria. Beetles were collected with Theysohn pheromone
traps containing the lure Linoprax ®, Trypodor®, or XL
Ecolure® (Table 1, Fig. 1). Traps were placed in forests or,
as in the Austrian location, near the forest in early March
andwere checked at 1-week intervals until the end of June in
1998,2010,and 2011. The trapped beetles were individually
placed in 2-cm?® Eppendorf micro-test tubes with a piece of
wet gauze to maintain 100% relative humidity. The beetles
from all localities except Austria were immediately frozen
and stored at —10 °C until they were dissected. The beetles
collected in Austria were immediately dissected or were
stored for <8 days at 4 °C before they were dissected.

Table 1. Background information on Trypodendron beetles trapped and dissected in this study. A = Austria; CZ = Czech Republic; PL =
Poland; Lae, Lin, and Dom = number of T. laeve, T. lineatum, and T. domesticum, respectively.

Locality GPS coordinates  Altitude [ma.s.L] Year Lae Lin Dom Pheromone lure

Dubovi (CZ) 48%45'N, 14°27E 790 011 5 20 — XLEcolure
Hainfeld/Ramsau (A) 47°59'N, 15°49'E 500 1998 — 31 — Linoprax
Hnévanov (CZ) 4841'N, 14°25'E 700 011 12 17 3 XL Ecolure
HormiMarsov (CZ) 50°41'N, 15°50°E 850 011 — 208 4 XL Ecolure
Hradec nad Moravici (CZ) 49°50'N, 17°53'E 500 2011 — 1,220 114 XLEcolure
Jaronin (CZ) 48°58'N, 14°13'E 73 011 - 2 — XL Ecolure
Jelednia (PL) 4934'N, 19°16'E 850 011 — 161 12 Trypodor
Kartwzy (PL) SN, 1795TE 260 011 — 270 15 Trypodor
Lazec (CZ) 48°50'N, 14°1TE 800 2011 — 21 — XLEcolure
Lipusz (PL) 54°14'N, 17°4TE 170 011 - 28 — Trypodor
Otin (CZ) 49°16'N, 15°33'E 590 011 — 16 — XLEcolure
Staré Hamry (CZ) 49°28'N, 18°24'E 525 2011 - 42 - XL Ecolure
Tichd (CZ) 48°38'N, 14°33'E 750 010 - 12 — XL Ecolure
Wegierska Gérka . (PL) 493N, 19°1TE 860 011 — 66 13 Trypodor
Wegierska Gorka Il. (PL) 49°32°N, 19°14'E 1100 011 — 325 10 Trypodor

SSUVN TN

S40W L)

BN el

STVN TN

SN TN

ATTVNL —4TOIN

Fig. 1. Map of study localities in 1998, 2010, and 2011.
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Each beetle was dissected by removing the whole gut
together with parts of the muscles, the fat body, Malpighian
tubules, and ovaries or testes (Wegensteineret al. 1996). The
dissected tissue was then inspected with a light microscope
at40 to 400x magnification.

3. Results

In total, 2,439 T. lineatum, 171 T. domesticum, and 17 T.
laeve beetles were trapped and examined (Table 1).

In T. laeve, parasites were found in only two of the 17
specimens. Again, nematodes in both cases, were located in
the intestines of specimens from Hnévanov.

In T. domesticum, parasites were found in only two of
the 117 specimens. Once again, nematodes were the only
parasites detected; nematodes were found in one male from
Jele$nia and in one female from Wegierska Gorka I.

In T. lineatum, nematodes were the main parasites
detected. They were detected in T. lineatum from eight of
the 15 localities, and the average (+ SE) parasitisation level
was 8.1+ 4.7%. One T. lineatum beetle had Chytridiopsis
sp. in the cells of its midgut epithelium, and two beetles had
Gregarina sp. in their midgut lumina (Table 2). No other
parasites were found in T. lineatum specimens.

Table 2. The percentage of Trypodendron lineatum specimens at
the 15 localities with parasites.

N Nematodes Chytridiopsis Gregarina Numberof
Localities sp. sp. specimens
[%] examined
Dubovi (CZ) — — — 20
Hainfeld/Ramsau (A) — 34 6.9 31
Hnévanov (CZ) 120 - - 17
Homi Marsov (CZ) — — — 208
Hradec nad Moravici (CZ) - — - 1,220
Jaronin (CZ) — — — 2
Jelednia (PL) 31 — — 161
Kartuzy (PL) - - - 270
Lazec (CZ) 4.8 — — 21
Lipusz (PL) 7.1 — — 28
Otin (CZ) 111 - — 16
Staré Hamry (CZ) — - — 42
Tichd (CZ) 16.7 - - 12
Wegierska Gorkal. (PL) 1.5 — — 66
Wegierska Gorkall. (PL) 8.3 — — 325

4. Discussion

Barkbeetlesinclude highly aggressive tree-killers, facultative
colonizers of weak or recently killed trees, less-aggressive
consumers of living trees, and saprophagous exploiters of
dead trees (Paine et al. 1997). As is true for many insects
with microbial symbionts (Martin 1987), bark beetles feed in
nutritionally poor substrates including woody tissues, bark,
and phloem, fruits, and the pith of twigs. Associations with
fungi are apparently universal within this group, and many
species havespecialized structures, termed mycangia, for the
transport of fungi (Wood 1982).

Ambrosia beetles represent the most advanced of such
associations, and this specialization has allowed them to
exploit the three-dimensional niche of xylem and not to be
limited to the essentially two-dimensional niche of inner
bark, where competition with other phloeophagous organ-
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isms may be fierce (Lindgren & Raffa 2013). Trypodendron
spp.areincluded among ambrosia beetles because the brood
in the chambers along the galleries feed on a cultivated
ambrosia fungus. Adults bore into dead trees and winter-
felledlogs and introduce “ambrosia” fungi upon which they
and their larvae feed (Borden 1988). Infestation density is
indicated by the number of penetration holes in the host,
and T.. linetaum can produce almost 400 entrance holes/m?
(Borkowski & Skrzecz 2016).

The genus Trypedendron includes 14 species (Robideau
et al. 2015) that differ in the amount of damage they cause
to host trees, as well as in geographic distribution and host
range. The most economically important species T. linea-
tum commonly attacks coniferous trees. On the contrary, 7.
domesticum is usually found in deciduous forest (Salom &
McLean 1990; Petercord 2006; Humble 2009). It was there-
forenotsurprisingthat,in thecurrentstudy, T. lineatum was
the most abundant and most common of these beetles, fol-
lowed by T. domesticum and T. laeve.

In bark beetle genera other than Trypodendron, larvae
and offspring beetles can feed in the gallery formed by the
parent and also in the galleries formed by neighbouring
beetles because the galleries could interconnect. This
facilitates the horizontal transfer of pathogens that are
spread perorally via pathogen-loaded faeces (for pathogens
localized in the intestine, including C. typographi and G.
typographi) and of those that are transmitted after the death
of the host [for pathogens localized in the fat body, such as
Mattesiaschwenkei (Purrini, 1977)]. Infectionlevels by these
pathogenspecies areinfluenced by beetle population density
(Wegensteiner & Weiser 1996). In contrast, the gallery
systems of Trypodendron species don’t interconnect, and
offspring larvae only feed on fungi in their own galleries.
This may explainwhy nematodeswere thedominant parasite
at some localities and why levels of infection were very low
in the current study relative to those reported for Ips spp.
(Gruecmanové & Holuga 2013; Grucmanové et al. 2014,
2016).

The low rate of parasitism documented in the current
study may also be explained by monogamy of Trypodendron
spp. Females initiate the attack and are joined by a single
male. Although the Trypodendron male remains with the
female in the gallery and helps the female clean the gallery
(McIntosh 1994), only one pair of beetles is in close contact
per gallery. In polygamous species, like Ips spp., the male
initiates the attack, generally by excavating a nuptial cham-
ber, and mates with several females (Raffa et al. 2015). This
increases parasite transmission and infection levels in the
population (Lukésova & Holuga 2011).

Other than nematodes, only two pathogens were found
in the current study: a Chytridiopsis sp. and a gregarine
Gregarina cf. typographi commonly occur in the midgut of
anumber of representatives of the Scolytinae subfamily, and
their infection level varies greatly among sites (Takov et al.
2007; Holusa et al. 2009; Takov et al. 2010). Chytridiopsis
typographi [(Weiser, 1954) Weiser, 1970] also occurs in
many species of bark beetles (Haidler 1998; Hindel et al.
2001) and is apparently a non-specific pathogen in the intes-
tineof a number of pests in coniferous stands (Wegensteiner
2004). The G. cf. typographi infection level varies greatly

Brought to you by | Czech University of Life Sciences
Authenticated
Download Date | 4/14/18 5:21 PM

167



R. Wegensteiner et al./ Lesn. Cas. For.J. 62 (2016) 202-206

(Holu$a et al. 2009; Wegensteiner et al. 2010). Because
molecular and morphological data were lacking or limited
in the current study, we presented both pathogens only as
Chytridiopsis sp. and Gregarina sp.

5. Conclusion

The current study documents very low infection levels by
pathogens and nematodes of the ambrosia beetles 7. lin-
eatum, T. laeve, and T. domesticum. We suspect that the
low infection levels result from the monogamy and feeding
behaviour of Trypodendron species. These ambrosia beetles
feed on fungi in galleries that do not connect with the gal-
leries of conspecifics; this reduces contact and therefore the
probability of horizontal transmission.

Acknowledgements

We thank the Austrian Federal Forest Company (OBf), the Tyrolean

Sfederal state forest protection officer Dipl, Ing. Christian Schwanin-
ger (Tyrol, Austria). This researchwas supported by project B05/16
Sfromthe Internal Grant Agency of Czech University of Life Sciences
Prague, Faculty of Forestry and Wood Sciences, and project of the
National Agency for Agriculture Researchof the Czech Republic No.
(271220317, The authors thank Dr. Bruce Jaffee (USA) forlinguistic
and editorial improvements.

References

Borden, J., 1988: The striped ambrosia beetle. Dynamics of forest
insect populations. Patterns, causes, implications. A. Berryman,
Plenum Press, p. 579-596.

Borkowski, A., Skrzecz, 1., 2016: Ecological segregation of bark
beetle (Coleoptera, Curculionidae, Scolytinae) infested Scots
pine. Ecological Research, 31:135-144.

Carrillo, D., Duncan, R. E., Ploetz, J. N., Campbell, A. F., Ploetz,
R. C., Peia, J. E., 2014: Lateral transfer of a phytopathogenic
symbiontamong native and exotic ambrosia beetles, Plant Path,
63:54-62.

Christiansen, E., Bakke, A., 1988: The spruce bark beetle of Eura-
sia, Dynamics of Forest Insect Populations. Plenum Press, New
York, p. 479-503.

Daisie, 2009: Handbook of alien species in Europe. Springer, Dor-
drecht, 387 p.

DeFine Licht,H.H., Biedermann, P, H. W., 2012: Patterns of func-
tional enzymeactivity in fungusfarmingambrosiabeetles. Fron-
tiers in Zoology, 9:13.

Evans, I. P., Scheffers, B. R., Hess, M., 2013: Effect of laurel wilt
invasion on redbay populations in a maritime forest commu-
nity. Biological Invasions, 16:1581-1588.

Freeman, S., Sharon, M., Maymon, M., Mendel, Z., Protasov, A.,
Aoki, T. etal., 2013: Fusarium euwallaceae sp. nov. —a symbi-
otic fungus of Euwallacea sp., an invasive ambrosia beetle in
Israel and California. Mycologia, 105:1595-1606.

Gruemanova,S., Holuga, J., 2013: Nematodes associated with bark
beetles, with focus onthegenusfps (Coleoptera: Scolytinae) in
Central Europe. Acta Zoologica Bulgarica, 65:547-556.

Grucmanova, S., Holusa, J., Trombik, J., Lukagova, K., 2014:
Large larch bark beetle Ips cembrae (Coleoptera: Curculioni-
dae, Scolytinae) in the Czech Republic: analysis of population
development and catches in pheromone traps. Forestry Jour-
nal, 60:143-149.

Grucmanova, S., Holuga, J., Cermak, V., Nermut, J., 2016: Nema-
todes associated with Ips cembrae (Coleoptera: Curculionidae):
comparison of generations, sexes and sampling methods. Jour-
nal of Applied Entomology, 140:395-403.

Haidler, B., 1998: Pathogene und Parasiten von Fichtenborkenki-
fern in einem Fichtenbestand am Achner Kogel bei Tamsweg,.
(Diplomathesis), Formal- und Naturwissenschaftliche Fakul-
tit der Universitit Wien, 144 p.

Hindel, U., Kenis, M., Wegensteiner, R., 2001: Untersuchungen
zum Vorkommen von Pathogenen und Parasiten in Populati-
onen iiberwinternder Fichtenborkenkifer (Col., Scolytidae).
Mitteilungen der Deutschen Gesellschaft fiir allgemeine und
angewandte Entomologie, 13:423-428,

Holuéa,].,Weiser,].,Ziika,Z.,2009:Pathogens of thesprucebark
beetles Ips typographus and Ips duplicatus. Central European
Journal of Biology, 4:567-573.

Holuga, 1., Lukasgova, K., Wegensteiner, R., Grodzki, W., Pernek,
M., Weiser, 1., 2013: Pathogens of the bark beetle Ips cembrae:
microsporidia and gregarines also known from other Ips spe-
cies. Journal of Applied Entomology, 137:181-187.

Huler, J., Dunn, R. R., 2011: The sudden emergence of pathoge-
nicity in insect-fungus symbioses threatens naive forest eco-
systems. Proceedings of the Royal Society Biological Sciences,
278:2866—-2873.

Humble, L. M., 2009: Distinguishing native and non-indigenous
Trypodendron species in surveillance trap captures. Natural
Resources Canada, Canadian Forest Service, Victoria, BC: 3.

Kirschner, R., 2001: Diversity of filamentous fungi in bark beetle
galleries in Central Europe. In: Trichomycetes and Other Fun-
gal Groups: Professor Robert W, Lichtwardt Commemora-
tion Volume, Science Publishers, Inc., Enfield (NH), USA:
175-196.

Kirkendall, L. R., Faccoli, M., 2010: Bark beetles and pinhole bor-
ers (Curculionidae, Scolytinae, Platypodinae) alien to Europe.
ZooKeys, 56:227-251.

Knizek, M., 2011: Scolytinae. Catalogue of Palaearctic Coleoptera,
Apollo Books, Stenstrup, 7:204-251.

Kiihnholz, S., Borden, J.H., Uzunovic, A., 2001: Secondary amb-
rosia beetles in apparently healthy trees: adaptations, poten-
tial causes and suggested research. Integrated Pest Manage-
ment Reviews, 6:209-219.

Lindgren, B.S., Raffa, K.F., 2013: Evolution of tree killing in bark
beetles (Coleoptera: Curculionidae): trade-offs between the
maddening crowds and asticky situation. The Canadian Ento-
mologist, 145:471-495.

Lukasova, K., Holusa, J., 2011: Gregarina typographi (Eugre-
garinorida: Gregarinidae) in the bark beetle Ips typographus
(Coleoptera: Curculionidae): changes in infection level in the
breeding system. Acta Protozoologica, 50:311-318.

Lukasova, K., Holusa, J.,2012: Patogeny lykozrouti rodu Ips (Cole-
optera: Curculionidae: Scolytinae): review. Zpravy lesnického
vyzkumu, 57:160-164.

Lukasova, K.,Holu3a, J., Turé¢ani, M., 2013: Pathogensof Ipsamiti-
nus:new species and comparisonwith Ips typographus. Journal
of Applied Entomology, 137:188-196.

Lukasova, K., Knizek, M., Holuga, J., Cejka, M., Kacprzyk, M.,
2012: Is the bark beetle Trypodendron laeve (Coleoptera: Cur-
culionidae: Scolytinae) analien pest in the Czech Republic and
Poland? Polish Journal of Ecology, 60:789-795.

Lysenko, O., 1959: Report on diagnosis of bacteria isolated from
insects (1954-1958). Entomophaga, 4:15-22.

Magema, N., Verstraeten, C., Gaspar, C., 1981: Les ennemis natu-
rels du Scolyte Trypodendron lineatum (Olivier, 1795) (Coleop-
tera, Scolytidae) dans la forest de Hazeilles et des Epioux. Anna-
les dela Société royale zoologique de Belgique, 111:89-95.

Brought to you by | Czech University of Life Sciences
Authenticated 205
Download Date | 4/14/18 5:21 PM

168



R. Wegensteiner et al./ Lesn. Cas. For. J. 62 (2016) 202-206

Martikainen, P., 2000: Flight period and ecology of Trypodendron
proximum (Niijima) (Col., Scolytidae) in Finland. Journal of
Applied Entomology, 124:57-62.

Martikainen, P., Siitonen, J., Kaila, L., Punttila, P., 1996: Intensity
of forest management and bark beetles in non-epidemic con-
ditions: a comparison between Finnish and Russian Karelia.
Journal of Applied Entomology, 120:257-264.

Martikainen, P., Siitonen, J., Kaila, L., Punttila, P., Rauh, J., 1999:
Bark beetles (Coleoptera, Scolytidae) and associated beetle spe-
ciesinmaturemanaged and old growth borealforests in south-
ern Finland. Forest Ecology and Management, 116:233-245.

Martin, M. M., 1987: Invertebrate microbial interactions: ingested
fungal enzymes in arthropod biology. Comstock Publishing
Associates, Ithaca, NY: 176.

MassoumiAlamouti, S., Tsui, C. K. M., Breuil, C., 2009: Multigene
phylogeny of filamentous ambrosia fungi associated withamb-
rosia and bark beetles. Mycological Research, 113:822-835.

Mclntosh, R. L., 1994: Dispersal and development of the striped
ambrosia beetle Trypodendron lineatum (Oliv.) in industrial
sorting and storage areas. MSc, Thesis. The University of Brit-
ish Coloumbia. Vancouver, British Columbia, 145 p.

Muena, J., 1994: Tarkennuksia eraiden kuoriaislajien esiintymi-
seen Suomessa ja Venajan Karjalassa (Coleoptera). Sahlbergia,
1:7-10.

Novak, V., 1960: Pfirozeni nepfatelé a nemoci drevokaze
tarkovaného Trypodendron lineatum Oliv. Zoologické listy —
Folia Zoologica, 9:309-322.

Novak, V., Samsinsakova, A., 1962: Les essais d’aplication du
champignon parasite Beauveria bassiana (Bals.) Vuill. dans
la lutte contre les parasites en agriculture et sylviculture en
CSSR. Colloques Internationaux de Pathologique des Insec-
tes, Paris, p. 133-135.

Paine, T. D., Raffa, K. F., Harrington, T. C., 1997: Interactions
among scolytids bark beetles, their associated fungi, and live
host conifers. Annual Review of Entomology, 42:179-206.

Petercord, R., 2006: Flight period of the broad-leaved ambro-
sia beetle Trypodendron domesticum L. in Luxembourg and
Rhineland-Palatinate between 2002 and 2005, [IUFRO Work-
ing Party 7.03.10. Proceedings of the Workshop 2006, Gmun-
den/Austria, p. 213-218.

Prazak, R., 1988: Die Wirkung des insektenpathogenen Pilzes
Beauveria bassiana (Bals.) Vuill. Auf den Gestreiften Nutz-
holzborkenkifer Trypodendron lineatum Oliv (Coleoptera:
Scolytidae). (PhD thesis), Universitit fiir Bodenkultur Wien.

Prazak, R., 1991: Studies on direct infection of Trypodendron lin-
eatum Oliv. With Beauveria bassiana (Bals.) Vuill. Journal of
Applied Entomology, 111:431-441.

Prazak, R., 1997: Laboratory Evaluation of Beauveria bassiana
(Bals.) Vuill. (Deuteromycotina: Hyphomycetes) against
Trypodendron lineatum Oliv. (Coleoptera: Scolitidae). Zeit-
schrift fur Plankrank heiten und Pflanschutz- Journalof Plant
Diseases and Protection, 104:459-465.

206

Purrini, K., Ormiéres,R., 1981: On three new sporozoan parasites
of bark beetles (Scolytidae, Coleoptera). Zeitschrift fiir ange-
wandte Entomologie, 91:67-74.

Raffa, K.F.,Aukema, B., Bentz, B,, Carroll, A. L., Hicke, J. A., Kolb,
T.E., 2015: Responses of tree-killingbark beetles to achanging
climate. CABBI 2015, p. 173-201.

Robideau, G. P, Foottit, R. G., Humble L.. M, Noseworthy, M. K.,
Wu, T.,. Bilodeau, G. J., 2015: Real-time PCR identification of
theambrosia beetles, Trypodendron domesticum (L.) and Trypo-
dendron lineatum (Olivier) (Coleoptera: Scolytidae). Journal of
Applied Entomology, 140:299-307.

Salom, 8. M., McLean, J. A., 1990: Flight and landing behavior of
Trypodendron lineatum (Coleoptera: Scolytidae) in response
to different semiochemicals. Journal of Chemical Ecology,
16:2589-2604.

Suh, J., Rivest, A. J., Nakashiba, T., Tominaga, T., Tonegawa, S.,
2011: Entorhinal cortex layer 11l input to the hippocampus is
crucial for temporal association memory. Science, 334:1415-
1420.

Takov, D., Doychev, D., Wegensteiner, R., Pilarska, D., 2007:
Study on the pathogens of bark beetles (Coleoptera, Scolyti-
dae) from different coniferous stands in Bulgaria. ActaZoolo-
gica Bulgarica, 59:87-96.

Takov, D., Pilarska, D., Wegensteiner, R., 2010: List of proto-
zoan and microsporidian pathogens of economically impor-
tant bark beetle species (Coleoptera: Curculionidae: Scolyti-
nae) in Europe. Acta Zoologica Bulgarica, 62:201-209.

Wegensteiner, R., 2004: Pathogens inbark beetles. Bark and wood
boring insects in living trees in Europe, a Synthesis, Kluwer,
Dordrecht: 291-313.

Wegensteiner, R., Weiser, J., 1996: Occurrence of Chytridiopsis
typographi (Microspora, Chytridiopsida) in [pstypographus L.
(Col., Scolytidae) field population and in a laboratory stock.
Journal of Applied Entomology, 120:595-602.

Wegensteiner, R., Weiser, 1., Fiihrer, E., 1996: Observations on
the occurrence of pathogensinthe barkbeetle Ips typographus
L. (Coleoptera, Scolytidae). Journal of Applied Entomology,
120:199-204,

Wegensteiner, R., Dedryver, C. A., Pierre, J. S., 2010: The com-
parative prevalence and demographicimpactof two pathogens
in swarming /ps typographus adults: a quantitative analysis of
long term trapping data. Agricultural and Forest Entomology,
12:49-57.

Wermelinger, B., 2004: Ecology and management of the spruce
barkbeetlelps typographus —areview of recentresearch. Forest
Ecology and Management, 202:67-82.

Wood, 8. L., 1982: The bark and ambrosia beetles of North and
Central America (Coleoptera: Scolytidae), a taxonomic mono-
graph. Great Basin Naturalist Memoirs, 6:1-1359.

Brought to you by | Czech University of Life Sciences
Authenticated
Download Date | 4/14/18 5:21 PM

169



