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Abstrakt

Lesni ekosystémy stifedni Evropy jsou nékolik poslednich desetileti pod tlakem silicich
pfemnozeni kurovcd. Pfemnozeni kdrovel jsou nejéastéji vyvolavana cCastéjsim vyskytem
vétrnych disturbanci ¢i obdobi sucha, které jsou v mnoha ptipadech spoustécim mechanismem
pro rozvoj populace. Tyto mechanismy a kalamitni stav, v némz se smrkové porosty ocitly, jsou
z velké ¢asti vysledkem puisobeni zmény klimatu. Jelikoz klimaticka zména bude v budoucnu
jesté intenzivngjsi, je tieba prehodnotit stavajici postupy managementu pfemnozeni kiirovet.
Vyzkum by mél vyhledavat inovativni a efektivnéj$i zpusoby, jak disturbance lépe zvladat,
zmirnovat jejich dopady nebo s nimi pii hospodaieni pfimo pocitat. Pfedlozena disertacni prace
se zaméfuje na rozSifeni poznatkli o vybranych ndastrojich managementu kirovcovych
disturbanci, zhodnoceni jejich G¢innosti a jejich moznych vedlejsich vlivi na lesni ekosystémy.
Préce je sloZzena ze 4 studii zaméfenych na management pfemnozeni kirovct, které se opiraji
o vyuziti procesniho modelu iLand. Zavéry téchto studii jsou podpoteny vysledky dalsiho
vyzkumu, na kterém se autorka podilela, jenz byl zaméfen na rozsiteni obecnych poznatkl o

popula¢ni dynamice kiirovct a dopadt jejich piremnozeni.

Studie Zimova et al. (2020) hodnoti vliv zkracovani doby obmyti jako néstroje pro
snizovani rizika vniku poskozeni porostli vétrem a kirovcem. Vysledky ukazuji, ze tento
piistup snizuje riziko disturbanci jak ktrovcovych, tak vétrnych, avS§ak v podminkach zmény
klimatu jeho Gc¢innost klesa. Zkracovani doby obmyti také kratkodobé snizuje zasoby uhliku
vlese a muze mit negativni dopady na ukazatele biodiversity, zejména z divodu snizeni

pocetnosti dospélych stromii, které jsou dulezitym habitatem pro fadu druhd.

Studie Dobor et al. (2019) a Dobor et al. (2020a) se zamétily na efektivitu nahodilé
tézby vétrem poskozenych stromt vzhledem ke vzniku a prub&hu pifemnozeni kdrovci.
Testovana byla jak rizna intenzita provadénych zasaht, tak i jejich prostorové rozmisténi.
Simulace prokazaly, ze nahodila tézba je efektivnim nastrojem pro prevenci nebo potlaceni
pfemnoZeni pouze je-li provadéna ve vysokych intenzitach. Obdobné jako v ptipadé sniZeni
doby obmyti, i zde se Ginnost vyrazné snizila vlivem teplejSiho klimatu. Nahodila tézba
nem¢éla vyrazny Gcéinek na celkovy uhlik v lese. Hladina uhliku odstranéného tézbou ven z lesa
a uhliku v zivych stromech, které byly usetfeny pied dopady disturbance, se vzajemné
kompenzovaly. Celkové mnozstvi uhliku v lese bylo vice zasazeno zménou klimatu nez
uvedenym managementem. Na rozdil od toho nahodila tézba zapfiCinila zvySovani uhliku

ulozeného v zivych stromech.



Shrnutim a rozsifenim piedchozich podkladu je studie Dobor et al. (2020b) vénujici se
hodnoceni kombinovaného vlivu nahodilych téZeb a snizeni obmyti s cilenou zménou dievinné
skladby. Vysledky prokazaly, ze zména klimatu zvétSuje rozdily mezi zranitelnosti
stejnorodych a druhové pestrych porost ve prospéch pestrych porosti. Naopak, management
zamé&feny na udrzeni pievazné smrkovych porosti nebyl udrzitelny ani pii vysoké intenzité
nahodilych téZeb a vyrazném sniZeni obmyti. Zména dievinné skladby byla prospésna nejen
Z hlediska snizeni vlivu disturbanci ale i z hlediska zasob uhliku v lese a rtiznych ukazatelt

biodiverzity.

Predeslé studie jsou doplnény o podrobné zhodnoceni pii¢in a dopadi kirovcové
kalamity v Ceské republice (Hlasny et al. 2021) a o prispévek k empirickému vyzkumu

populaéni dynamiky ktrovcia (Zimova et al. 2019).

Prezentované vysledky poukazuji na skutecnost, ze stdvajici postupy managementu
disturbanci nebudou v podminkach zmény klimatu dostacujici a vyzaduji revizi. Pfedlozena
disertaéni prace je dulezitym pftispévkem k problematice managementu kirovcovych
disturbanci v podminkach zmény klimatu. V dal§im obdobi by tyto vysledky mély byt

zohlednény v praktické ochran¢ lesa i vzdélavani.

Kli¢ova slova: gradace lykozrouta, klimatické faktory, ochrana lesa, nahodilé tézby



Abstract

Forest ecosystems of central Europe have been under pressure from bark beetle
disturbances for the last few decades. More frequent windthrows and droughts were increasing
triggering bark beetle epidemics. This disturbance intensification was caused, to a large extent,
by climate change, which accelerates bark beetle development and compromises the defence of
host trees. Therefore, bark beetle disturbance management needs to be revised, as climate
change will continue to intensify in the future. Research should endeavour to search for
innovative and more effective ways of managing disturbances, mitigating their impacts, and
incorporating them into management planning. This thesis aims to expand the knowledge about
selected measures and strategies for bark beetle disturbance management, evaluate their
effectiveness and possible collateral effects on forest ecosystems. The thesis consists of four
publications focused on managing bark beetle disturbances conducted using the process-based
landscape-scale model iLand. These studies are further supported by additional research papers
focused on different aspects of bark beetle population dynamics and impacts on forest

ecosystems.

The study by Zimova et al. (2020) assesses the effect of reducing the rotation period as
a tool for reducing the risk of bark beetle and wind damage. The results show that this approach
reduces the risk of both bark beetle and wind disturbances, but this effect decreases under
climate change. Shortening the rotation period also reduces forest carbon stocks, mainly in the
short term, and negatively affects some biodiversity indicators, such as the abundance of large

habitat trees.

The studies Dobor et al. (2019) and Dobor et al. (2020a) focus on the efficiency of
salvage logging of wind-damaged trees and bark beetle outbreaks dynamics. Different
intensities and spatial distributions of salvage logging were tested. Simulations have shown that
salvage logging is an effective tool for preventing or suppressing outbreaks only if carried out
at high intensities. The efficiency decreased significantly under climate change, as in the case
of reducing the rotation period. Salvage logging did not have a significant effect on the total
carbon in the forest. The levels of carbon removed from forest by logging and the carbon in

living trees that were not affected by the disturbance compensated each other.

An extension of the previous studies was the study Dobor et al. (2020Db). It evaluated the
combined impact of salvage logging, reduced rotation period, and adaptive changes in tree
species composition. The results showed that climate change increases differences between the

vulnerability of homogenous and species-diverse stands, favouring more diverse stands. On the



contrary, management aiming at maintaining predominantly spruce stands was not sustainable
even with the high intensity of salvage logging and significant rotation period reduction. The
change in tree composition was beneficial not only in reducing the impact of disturbances but

also in terms of carbon stocks and various biodiversity indicators.

The previous studies are supported by the detailed evaluation of the causes and impacts
of the bark beetle outbreaks in the Czech Republic (Hl&sny et al., 2021) and by the empirical
research on bark beetle population dynamics (Zimova et al., 2019).

The presented results show that the current bark beetle management practices will not
be sufficient to face bark beetle outbreaks amplified by climate change and require fundamental
revision. Particularly the combination of silviculture approaches to risk management with
traditional bark beetle management strategies should receive increased attention in the future.
The research presented in this thesis is essential contribution to bark beetle disturbance
management in climate change conditions. The results can be used in practical forest protection

and education.

Keywords: bark beetle outbreak, climatic factors, forest protection, salvage logging
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1 Uvod

Lesni ekosystémy jsou vysoce ohrozeny probihajici zménou klimatu. Pfedpoklada se,
ze Vbudoucnu s castéji se vyskytujicimi klimatickymi extrémy se porosty budou muset
vyrovnat s drastickou zménou piirodnich podminek stanovist’ (Kolstrom et al., 2011). Lesni
porosty jsou vSak vzhledem k jejich dlouhodobému vyvoji velmi citlivé na rychle se ménici
podminky a stavaji se tak velmi zranitelnymi. Extrémni podminky (napf. sucho, vétrné
disturbance a nasledné gradace kurovce) ohrozuji ekosystémové sluzby a funkce, které les
poskytuje (Lenton et al., 2008).

Klimaticka zména ma vliv na mnozstvi riznych ekosystému a jeji vyvoj je ovlivnén
lidskou ¢innosti (Turner et al., 2020). Ke stavu klimatu ptispivaji antropogenni zmény Krajiny,
jako jsou zmény ve vodnim rezimu, intenzivni zemé&délstvi ¢i stale vyssi procento zastavénych
ploch. Jednim z hlavnich faktort ovliviiyjicich klimatickou zménu je vSak zvySujici se stav
koncentraci sklenikovych plynt (Nitschke and Innes, 2008). Dusledky sklenikového efektu se
projevuji piedevsim zménou srazkového rezimu a nartstem teplot vzduchu, které soucasné
zpusobuji nedostatek vody a ¢ast&jsi extrémni sucha. Tyto jevy maji vliv na vyvoj a mortalitu
lesnich ekosystému. Jak roste intenzita sucha, roste soucasné mortalita stromu, snizuje Se
ukladani uhliku v lese a zvysuje se vyskyt pozarti (Hanewinkel et al., 2013; Turner et al., 2020).
Nejnovéjsi vyzkumy ukazuji, ze v mnoha regionech budou klimatické extrémy castéjsi, delsi a
jejich priabéh intenzivnéjsi (Turner et al., 2020). Podminky klimatu budou sniZovat
obranyschopnost stavajicich lesnich porostil, které tak budou nadéle vystaveny disturbancim a
nebudou tak poskytovat ekosystémové sluzby v pivodnim rozsahu. (Cook et al., 2018; Jonsson
et al., 2009; Morris et al., 2018; Seidl et al., 2017).

Ekosystémové procesy jsou nejcastéji narusovany Ciniteli jako je vitr, klirovec a pozary.
(Lindroth et al., 2009; Seidl et al., 2014b). Frekvence jejich vyskytu v soucasné dobé velmi
rychle nabira na intenzité a naristad zdjem o jejich management (Seidl et al., 2017, 2011b;
Turner, 2010). Disturban¢ni Cinitelé na sobé byvaji ¢asto prostorové a Casoveé zavisli. Jako
ptiklad lze uvést zfejmé propojeni mezi vétrnymi a naslednymi kiirovcovymi disturbancemi
(Stadelmann et al., 2014), stejn¢ tak jako mezi kiirovcovymi disturbancemi a suchem (Seidl et
al., 2016). Lesni ekosystémy jsou siln¢ zasazeny disturbancemi a klima zifejmé v tomto ohledu
ma klicovou roli, ktera mimo jiné spo¢iva i ve vlivu klimatickych zmén na popula¢ni dynamiku
kuroveu, ktefi jsou na zmény teplot vysoce citlivi (Bentz et al., 2019; Cudmore et al., 2010).
Jejich masové §ifeni nasledujici vétrné disturbance nebo obdobi sucha je zdvaznym problémem

ohrozujicim vyspélé pievazné smrkové porosty (Jonsson et al., 2007; Wermelinger, 2004).
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Zintenziviujici se gradace kurovci poslednich nékolika desetileti pfispély k zdvojnasobeni
mortality porosta stfedni Evropy (Seidl et al., 2014b; Senf et al., 2018). V porovnani s obdobim
1971-1980 se predpokladd, ze vlivem klimatické zmény bude do roku 2030 kiirovcova
disturbance sedminéasobna (Seidl et al., 2014b). Ceska republika se stala epicentrem
kirovcového ohniska ve stfedni Evropé (Hlasny et al., 2021). Posledni roky zde objem tézby
smrkového diivi poskozeného kiirovcem dosahuje desitek milionii kubickych metri ro¢né a
V historickém kontextu tak nyni ¢elime nejvéts§imu pfemnozeni smrkovych kirovet (HI&sny et

al., 2021; Ministry of Agriculture of the Czech Republic, 2020).

Pfirodni disturbance maji v utvafeni dynamiky lesni krajiny, ve struktufe a fungovani
ekosystému kli¢ovou roli. Jsou pfirozenou soucasti kolob¢hu zivin. Diky ptitomnosti mrtvého
dieva a mnozstvi svétla dopadajiciho na ptidu zvySuji diverzitu stanovistnich podminek a s tim
roste i biodiverzita (Turner et al., 2004). V n¢kterych piipadech se jeji uroven po zasazeni
disturbanci miZe rovnat i pralesnim ekosystémim. Casto se na takovych stanovistich objevuji
i zdkonem chranéné druhy rostlin i zivo¢ichli. Pisobenim disturbanci ani vyrazné€ netrpi kvalita
vody. Snizenim transpirace a zménou vsakovani se v§ak po urcitou dobu zméni jeji distribuce
Vv krajin¢. Nové podminky vzniklé piisobenim disturbance mohou mit nékdy pozitivni vliv na

zdravotni stav porostl a jejich produkci (Beudert et al., 2015).

V hospodaiskych lesich se vSak disturbance projevuji pfevazné jako negativni faktory,
lesni hospodafstvi (Lindroth et al., 2009; Seidl et al., 2014b; Seidl and Blennow, 2012). Smrk
je hlavni hospodaiskou dievinou v mnoha statech. Jeho ohroZeni disturbancemi muze mit
dopad na ekonomiku celého lesnického sektoru a ovlivnit svétové trhy se dievem (Grégoire et
al., 2015; Montagné-Huck and Brunette, 2018). Disturbance ohrozuji také ekosystémové
sluzby. Jedna se o sluzby jak regulacni, tak kulturni, mezi nimi naptiklad problematika uloZeni
uhliku, biodiverzita, ale také rekreace a estetickd hodnota lesa (Dobor et al., 2018; Thom and
Seidl, 2016).

Nedilnou soucasti lesniho hospodafeni v Evropé je snaha o pfedchazeni disturbancim
nebo alesponn zmirnéni jejich dopadi. Management se zamétuje bud’ na piimou kontrolu
populaci ktrovce nebo navytvafeni porosti odolnéjsich negativnim podminkéam
(Wermelinger, 2004). Cilem pfimych metod managementu je snizovat populace kirovct za
pomoci odchytovych zafizeni a insekticidnich pfipravkt a také zamezovat piitomnosti
materialu vhodného k rozmnoZovani imag za pomoci jeho odstranovani z porostu (Faccoli and

Stergulc, 2008; Stadelmann et al., 2013). Naopak, nepifimy management ma za cil naptiklad
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zlepSovani vitality stromi, snizovani zastoupeni hostitelskych dfevin a zranitelnych vékovych
stadii, snizovani konektivity velkych celkl hostitelskych difevin apod. K tomu slouzi naptiklad
probirky, zmény téZebni Gpravy nebo volba vhodné drevinné skladby, které maji za kol
diverzifikovat porosty (Fettig and Hilszczanski, 2015). Aby se zamezilo Sifeni kirovce, je
vhodné orientovat management nejen na Grovein porostd ale i na troveti Krajiny. Uspéchy
managementu lokalnich ohnisek jednotlivych porostii nemusi mit vyrazny vliv na dynamiku
kiirovce na urovni krajiny a mohou zkreslovat uc¢innost opatteni. Je tedy tfeba dirazné sledovat
dopady provedené¢ho managementu na okolni porosty a provadét opatieni komplexné ve vétSim
métitku s dosahem na celou krajinu (Bjorkman et al., 2015; Honkaniemi et al., 2020; Jactel et
al., 2009).

Vyzkumu managementu disturbanci lesnich ekosystému se jiz vénovalo mnoho studii.
I piesto zlstavaji nékteré zakonitosti vztahi managementu lesa, jeho vlivu na dynamiku
disturbanci, dopady na ekosystémové sluzby a interakce se zménou klimatu nedostate¢né
objasnéné (Hlasny et al., 2019; Kausrud et al., 2012). Intenzivni vyskyt disturbanci a jejich
dopad na ekosystémové sluzby zduraznuje potfebu zkvalitnéni managementu (Senf et al.,
2018). V ramci zmény klimatu se situace bude nadale zhorSovat a proto jsou revize stavajicich
opatieni a hledani novych feSeni nevyhnutelné (HIasny et al., 2019; Honkaniemi et al., 2020;
Seidl et al., 2018). Dalsi vyzkum by se m¢l zaméfovat na kvantitativni pochopeni dopadi
interakci raznych opatfeni managementu. Je tfeba zohlednit moznost zmény porostni skladby
vstiic diverzifikovanym porostiim, ktera miize byt provadéna za soucasného vyuziti dalSich
opatfeni jako je nahodilé té¢Zba, odchyt kiirovci €1 pfedmytni té¢Zba na ohroZenych stanovistich.
Interakce téchto postupti vSak mohou vést k nepfedpokladanym ucinktim na procesy v lesnim
ekosystému. Vztahy ekosystémii postizenych disturbanci s managementem mohou byt
ovlivnény klimatickou zménou a jejim ptsobenim budou modifikovany i jednotlivé dopady
(Dobor et al., 2020b, 2019; Zimova et al., 2020).

Tato prace je snahou o uceleni a prohloubeni poznatki o0 moznostech managementu
ktrovcovych disturbanci, jejich efektivit¢ a zhodnoceni moznosti budouciho hospodateni v

lesich sttedni Evropy v podminkach zmény klimatu.
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2 Cile préace

Cilem této prace je kvantifikovat Gi¢innost opatieni zaméfenych na snizovani rizika
vzniku a dopadti pfemnozeni klrovce na lesy, Vliv vzajemné interakce téchto postupt a
zhodnotit pfipadné zmény jejich ucinnosti v disledku zmény klimatu, ktera ovliviwyje jak vyvoj
kirovcee, tak i1 kondici stromt. V souladu se zadanim dizertacni prace feSeni sestava z nékolika
piipadovych studi opirajicich se pfevazné o vyuziti procesniho modelu iLand. Doplnénim jsou
zde nékteré poznatky z empirického vyzkumu prohlubujici problematiku popula¢ni dynamiky
karovct. V praci jsou na zakladé vysledkd formulovana doporuc¢eni budouciho managementu

kirovcovych disturbanci za podminek zmény klimatu.

Cile préce byly dosazeny v rdmci Sesti védeckych publikaci uvetejnénych v ¢asopisech
s impakt faktorem. Cile a hypotézy, o které se jednotlivé studie pti feSeni opiraly, jsou

nasledujici:

Dil¢i cil 1: Vyhodnotit vliv zkraceni doby obmyti na miru poSkozovani porosti vétrem
a karovcem. Cilem je testovat nékolik intenzit relativniho zkraceny doby obmyti a vyvoj
ovlivnény zménou klimatu. Zaroven bude hodnocen dopad na uhlik a ukazatele biodiverzity
prostfedi. Hypotézou je, ze zkraceni doby obmyti povede ke snizeni mnozstvi vhodného
hostitelského materialu a nasledné tak k redukei Skod zptisobenych kliroveem. Tento efekt vSak
muze byt negativné ovlivnén zménou klimatu. Predpoklada se, ze zvoleny management, bude
mit kratkodoby negativni dopad na mnozstvi uhliku v prostfedi a podepiSe se i na stavu

ukazatelu biodiverzity.

Dil¢i cil 2: Vyhodnotit vliv rizné intenzity odstraiovani vétrem poSkozenych stromt na
prubéh pfemnozeni kirovce a na zadsoby uhliku v lesnim ekosystému. Tento cil se tedy
zaméfuje na vyhodnoceni moznych vedlejSich nepftiznivych dopadii nahodilych tézeb.
Hypotézou je, Ze prevence vzniku piemnozeni kurovcd V podob& odstrafiovdni vétrem
poSkozenych stromd zmirni prubéh pfemnoZeni a zvysi objem uhliku v Zivych stromech.
Z hlediska celkové zasoby uhliku v ekosystému, do které spada i mrtvé dievo, je vSak vysledny

efekt nejasny.

Dil¢i cil 3: Vyhodnotit vliv riizné intenzity a prostorového uspofadani odstranovani
vétrem poskozenych stromt na miru $§kod zpusobenych kirovcem. Testovan je vliv plosného
odstranovani poSkozenych stromi s rtiznou intenzitou, odstraiiovani stroma pouze v okoli cest
a odstranovani stromil v souvislych ¢astech Uzemi, které mohou reprezentovat naptiklad

bezzésahové plochy. Nase hypotézy jsou, Ze odstraniovani poSkozenych stromt povede ke
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snizeni dopada kurovcovych disturbanci. Umisténi tézby v okoli cest by mohlo byt efektivni
pro zpomaleni postupu kirovce porostem. Bezzasahova uzemi nemusi mit negativni vliv na
ostatni Gizemi, pti dusledném provadéni odstraiiovani materialu z oblasti s moznosti zasahu.
Déle se predpoklada, ze zména klimatu snizi U¢innost vSech testovanych variant z davodu

urychleného vyvoje kiirovct a oslabeni obrannych mechanismt stromii.

Diléi cil 4: Vyhodnotit interakci managementovych opatfeni v podob¢ odstranovani
poSkozenych stromu, zkraceni doby obmyti a postupné zmény dievinné skladby. Cilem je
otestovat rozdilné intenzity a kombinace uvedenych opatieni, jejich interakce a dopady na
Skody zptisobené kiirovcem. Piedpokladem je, Ze intenzivni odstrafiovani poskozenych stromi
a postupné snizovani véku porosti, zpusobené zkracenou dobou obmyti, povede ke snizeni
dopadi kirovcovych disturbanci. Diferenciace porostu zménou skladby dievin povede ke

snizeni dostupnosti hostitelského materialu, a tak naslednému omezeni dopadt kirovce.

Kromé vyse uvedenych cilli zaméfenych na optimalizaci postupii managementu lesa,
byly v ramci disertaéni prace provedeny dalsi dvé podpurné studie, které vhodnym zptisobem

doplnuji studie opirajici se o modelovani. Cili téchto studii bylo:

- Shrnout a zhodnotit vyvoj kirovcové disturbance na uzemi Ceské republiky.
Zhodnotit piimé dopady disturbance na lesnicky sektor i v oblasti problematiky
socialni, ekonomické a ekologické. Nastinit mozny dalsi vyvoj kurovcové
problematiky.

- Rozsitit poznatky populacni dynamiky ktiroveti a mechanizmi jejich $ifeni do

novych oblasti vyskytu.
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3 Rozbor problematiky

vvvvvv

borealni lesni ekosystémy. Obranné mechanismy hostitelského stromu i vyvoj samotnych
kiirovel jsou proménné silné zavislé na klimatickych faktorech a reaguji tedy velmi citlivé na
zmény klimatu (Netherer and Schopf, 2010). V soucasné dobé lze také v disledku toho
pozorovat zvétSujici se a nové vznikajici ktirovcova ohniska, mnohdy vsak situace vede jiz
k rozpadu lesa na krajinné Urovni (Grodzki, 2010; Hlasny and Sitkova, 2010). Ve stiedni
Evropé a Severni Americe, jako vysledek reakci klirovci na jiz probihajici klimatické zmény,
puvodni druhy kirovei, jako napft. 1ps typographus (Linnaeus, 1758) v Evrop¢ a Dendroctonus
ponderosae (Hopkins, 1902) v Americe, napadly porosty na desitkach miliont hektart a $ifi
se dal (Bentz et al., 2010; Dobor et al., 2020b; Raffa et al., 2008). Mortalita porosta v Evropé
se za poslednich 30 let zdvojnasobila (Senf et al., 2018) a jednim z dalezitych faktort je to, Ze

dopady ktrovcovych disturbanci se zaroven zvysily o 60 % (Seidl et al., 2014b).

V Evropé mezi nejvyznamnéjsi Sktiidce jehli¢natych porosti patii lykozrouti rodu Ips
(Holusa et al., 2003). Nejrozsitengjsim druhem je Ips typographus, ktery svym vyskytem silné
koresponduje se svoji hostitelskou dfevinou smrkem ztepilym [Picea abies (L.) H. Karst.].
Smrk se fadi mezi nejrozsifenéjsi dieviny stfedni a severni Evropy (Jonsson et al., 2012). Je
jednou z nejvice hospodatsky cenénych dievin ve stfedni Evropé at’ uz vzhledem ke svému
rastovému potencialu, nizkym kvalitativnim pozadavkiim na lokalitu ristu, snadnym vyuzitim
nebo dobrou kvalitou dieva. V Ceské republice zastoupeni smrku stale dosahuje vice jak 50 %
a v disledku klimatu je jednou z nejohrozenéjsich dievin (Hanewinkel et al., 2013). Na tomto
faktu se podili také jeho Casté vysazovani mimo piirozeny areal vyskytu, kde je jeho odolnost
a adaptaéni schopnost sniZzena (Klimo et al., 2000). Ips typographus k naletu upiednostiiuje
vyspelé smrky ve véku 60 let a vice s primérem ve vycetni tloust’ce nad 20 cm. AvSak ve
vyS§$ich populaénich hustotach miize napadnout i stromy mladsi a s mensim prumérem (Jactel

et al., 2009).

Mezi nékolik dalSich druhd karoveu, ktefi ohrozuji smrkové porosty spolu
s lykozroutem smrkovym, jejichz vyskyt se Casto prostorove prekryva, patii lykozrout seversky
Ips duplicatus (Sahlberg, 1836), jehoZz vyznam v poslednich letech rychle narusta, Iykozrout
mensi Ips amitinus (Eichhoff, 1871) a lykozrout leskly Pityogenes chalcographus (Linnaeus,
1761) (Grodzki, 2007; Holusa and Liska, 2002). Tato prace se zamétuje predevsim na druh Ips
typographus avsak Setfeni jednotlivych studii a zavéry jsou stavény tak, ze mohou byt obecné

vztazeny na vice druhi kiirovcd.
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3.1 Mechanismy ovliviiujici popula¢ni dynamiku kiirovei

Mechanismy ovliviiuyjici populacni dynamiku kiirovcti mohou mit rtizné zptisoby déleni
podle nahledu na problematiku. Napiiklad dle pivodu na biotické a abiotické faktory (Marini
etal., 2013) nebo na mechanismy zavislé na hustoté (napt. populacni hustota, mira pfemnozeni)
a na hustot¢ nezavislé (napft. klimatické faktory jako je teplota, srazky ¢i vyskyt silného vétru
¢i potravinové zdroje) (Marini et al., 2017; Stiling, 1988). V této kapitole jsou faktory
ovlivilyjici dynamiku kurovet rozdéleny na spoustéci mechanismy a mechanismy ptispivajici

k ukonceni gradaci.

K spésné kolonizaci hostitelského stromu vede komplexni interakce mezi mnozstvim
dospélcu, fyziologii dfevin a jejich schopnosti obrany. Iniciace procesu kolonizace muze
vzniknout na zdklad¢ mnozstvi spoustécich mechanismt. Takovymto vyznamnym spoustécim
mechanismem je vitr (Eriksson et al., 2005). Ve vétsiné ptipadt se kiirovcova ohniska zprvu
objevuji v regionech zasazenych bouti s vétrem o vysokych rychlostech, odkud se pak dale $iii
(Marini et al., 2017). Smrk ztepily je v porovnani s jinymi druhy malo odolny vétru (Schmidt
et al., 2010). Je také hlavni hostitelskou dievinou lykozrouta smrkového a jeho porosty se tak
po zasahu vétrem stavaji vhodnym zdrojem k Sifeni kirovea (Wermelinger, 2004). Vétrem
zasazené stromy s nizkou nebo chybéjici rezistenci mohou byt velmi snadno kolonizovany.
Diky velkému mnozstvi vhodného materialu se tak dé&je Casto v nizkych hustotach a je tak
snizena pfirozena kompetice o zdroje (Christiansen and Bakke, 1988; Schroeder, 2010). Vétrna
disturbance se tak stava ohniskem $iteni kuirovcd, coz vede az k poskozovani zdravych stromi
(Eriksson et al., 2005). Jako piiklad zde muze slouzit gradace kirovei v Bavorském lese po
zasazich vétrem v letech 1983 a 1984, kdy bylo poSkozené dievo ponechano v porostu a tento
postup vedl k intenzivnimu Sifeni ktirovct napii¢ parkem a poskozovani zdravych porosti
(Heurich et al., 2001; Lausch et al., 2013). Stejnym zpuisobem muiZeme pozorovat zménu
krajinného razu Tater, které podléhaji poslednich 200 let masivni destrukci porostli zplisobené
frekventovanymi zasahy vétru (Fleischer et al., 2017). V souvislosti s klimatickou zménou se
predpoklada, ze interakce mezi kiiroveem a vétrnou disturbanci se bude zintenziviiovat (Seidl

and Rammer, 2017).

Riziko napadeni smrkovych porostii klirovci neni spojeno pouze umisténim blizko jiz
existujicimu kirovcovému ohnisku. Vznik velkych gradaci a ohnisek ziru zalezi také na hustot¢
populace imag, ale pifedevsim na odolnosti jednotlivych stromti. Nicméné za epidemickych
podminek bylo 90 % novych ohnisek nalezeno v oblastech vzdalenych do 100 m od pivodniho

nélezu (Wichmann and Ravn, 2001). K rychlému Sifeni disturbanci dochazi v disledku
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poskozeni porostil vétrem, pii¢emz Casto piispiva také nedostate¢né ¢i pomalé zpracovani
(Marini et al., 2017; Wermelinger, 2004). Potterf and Bone (2017) prokazali nelinearni vztah
mezi rozsahem vétrnych disturbanci a ristem populaci kiroveu. Vysoka atraktivita velkych
oblasti zasazenych vétrem miize omezit disperzi klirovca vV dané lokalité vzhledem k mnozstvi
hostitelského materialu. Kiirovec tak po néjakou dobu nevyhledava vzdalené atraktivni stromy
a nesifi se hned do novych mensich ohnisek zasahu vétrem. Soucasnd praxe tak doporucuje
zam¢éfit se v prvni fad€ na zpracovani mensich zasahti vétrnou disturbanci, avsak velké oblasti
musi byt pozdéji také zpracovany pred dokoncenim vyvoje klirovci. Studie Gc¢innosti téchto

postupti vak ¢asto nejsou prilis prukazné (Stadelmann et al., 2013).

Dalsimi faktory, které ovliviiuji vyvoj a $ifeni kiirovet mohou byt nadprimérmé teploty
a dlouha obdobi sucha spojena s nedostateénym zasobovanim vodou (Marini et al., 2017,
Wermelinger, 2004). V minulosti bylo sucho spise faktorem, ktery ptispival ke zhorSeni situace
kirovcovych disturbanci, pouze velmi vyjimeéné byl primarnim spousté¢em (Rouault et al.,
2006). Zména klimatu vSak zvySuje rizika vyskytu sucha. To se pak v kombinaci s vysokymi
teplotami mize stat ¢astéji samostatnym spoustécim mechanismem kirovcové disturbance
(Bentz et al., 2019; HIlasny et al., 2014; Netherer et al., 2019). Klimaticka zména navic
2018). Spise v minulosti mohli k rozvoji gradaci ptispét i porosty zasazené silnym znecisténim

ovzdusi, kuptikladu Beskydy v 70. a 80. letech (Hlasny and Sitkové, 2010).

Na rozdil od spoustécich mechanismil, procesy, které vedou k ukonCovani gradaci,
nejsou doposud dostateéné zndmé a jejich problematice se vénuje jen omezeny pocet studii. Za
kolaps gradaci je oznacovan stav, kdy populace ktirovcii dosahnou tak nizkych poctl, Ze nejsou
schopny odolavat obranym mechanismim zdravych stromli a nemohou je tak kolonizovat.
Kolaps gradaci je pfipisovan pfedev§im absenci spoustécich mechanismli a chybi piesné
objasnéni biotickych faktort, které mohou k ukonceni gradace piispét (Biedermann et al.,
2019). Mortalitu ktirovet ovliviuji pfirozeni neptatelé, at’ uz se jedna o mnozstvi predatori
Vv podobé dravych brouki (Cleridae) nebo much (Dolichopodidae) ¢i parazitické vosicky
(Pteromelidae, Braconidae). V neposledni fadé mutizeme uvést také patogenni organismy.
Vsechny tyto biotické faktory mohou zaptic¢init kolisni populace kurovet. Nejéastéji
nalezenymi patogeny u lykozrouta smrkového, 1ykoZrouta severského a dalSich druhii kirovca
je z prvoku Gregarina typographi (Fuchs, 1915) a mikrosporidie Chytridiopsis typographi

(Weiser, 1954). Vzhledem k pfenosu patogenti s potravou je ¢asto jejich hladina nizsi v lesich

19



s funkénim managementem, diky v€asnému odstranovani nalétnutych kment (Holusa et al.,

2009; Wegensteiner and Weiser, 2004; Wermelinger, 2004).

Ve stiedni Evropé¢ se lesni hospodaii zabyvaji managementem ktirovcovych disturbanci
nejéastéji v malém méfitku, tedy na trovni od jednotlivych stromu a porostd, zatimco
fungovani disturbanci na arovni krajiny neni dostate¢né zohlednéno. Avsak tento piistup muize
vést ke zkreslenému vnimani ucinnosti a nizké efektivité opatfeni managementu. K tomu, aby
byla obrana ucinna, je dilezité, aby rizika Sifeni kiirovetl a pouzita opatfeni byla pouzivana
nejen na urovni porostd, ale také v kontextu krajiny, kde bude klicovym prvkem zaméfeni na

propojeni mezi populacemi ktirovcu a jejich hostiteld (Seidl et al., 2016).

Popula¢ni dynamika karovci je ovliviiovdna mnozstvim faktord at’ uz biotickych,
abiotickych nebo antropogennimi zasahy, napiiklad v podobé managementu. Velkou ¢ast vlivi
na vznik a sifeni gradaci jiz z predeslych vyzkumi a pozorovani zname, i kdyz nékteré jejich
vlastnosti a interakce jsou stile pfedmétem studii. Mechanismy, které vedou k ukoncovani
gradaci vSak dostatecné objasnéné nejsou (Biedermann et al., 2019; Sambaraju et al., 2012). |
piesto, ze existuje nékolik konceptti fungovani kolapsti gradaci, problematiku je tfeba dale
rozvijet (Marini et al., 2013; Stadelmann et al.,, 2013). Kvantitativnim studiim vlivu
managementu na potlacovani gradaci se vénuje velmi malé mnozstvi studii. Vysledky jsou
navic Casto uvadény v rdmci minulého chladngj$iho klimatu a efektivita jejich vyuziti za
podminek zmény klimatu je problematicka (Hlasny et al., 2019). Pro lep$i pochopeni
mechanismi gradaci bude zapotiebi vyzkumi vétsiho i mensiho rozsahu k osvétleni vztahti
mezi jednotlivymi proménnymi, aby na zakladé té€chto empirickych védomosti mohly byt

gradace oSetfeny spravnym managementem (Biedermann et al., 2019).
3.2 PremnoZeni ktirovea a klimaticka zména

Lesy jsou zasadn¢ ovlivilovany zménou klimatu, kterd se projevuje kombinaci
oteplovani, zménou rezimu srazek, vyskytem extrémnich jevii a meénicim se rezimem
disturbanci (Jandl et al., 2019; Keenan, 2015; Krumm et al., 2020; Lindner et al., 2010; Marini
etal., 2012). Mezi piimé dopady klimatické zmény na lesni ekosystémy miizeme fadit naptiklad
prodlouzeni vegetacni sezony nebo vliv vyssi koncentrace oxidu uhli¢itého na fyziologické
procesy, které ptisobi pozitivné (Weslien et al., 2009). Negativnim vlivem pak mohou byt nizsi
srazky a vyssi teplota, vedouci k distresu z nedostatku vodnich zdroji (Zang et al., 2014).

Vyznamnym nepifimym dopadem klimatické zmény je vliv na zménu chovani Skidci a
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patogend, jejich Sifeni a popula¢ni dynamiku, které ovlivni lesni ekosystém (JOnsson et al.,

2007; Dkland et al., 2015).

Z hlediska vlivu zmény klimatu piimo na popula¢ni dynamiku kirovc mizeme dopad
rozdélit na dva typy. Pfimy dopad se projevuje na procesech vyvoje, které jsou siln¢ zavislé na
teploté, tedy napiiklad aktivita rojeni, rychlost vyvoje nebo mortalita v zimnim obdobi.
Nepiimo je populace zasazena dostupnosti stromi vhodnych k vyvoji (Jonsson et al., 2007).
V soucasnosti se musime potykat s klirovcovymi disturbancemi extrémnich méftitek, které jsou

zpusobeny kombinaci uvedenych podminek (Seidl et al., 2011a).

S klimatickou zménou souvisejici zmény teplot a posun teplotnich limit vede k
roz$ifovani teritorii ktrovcu (Jonsson et al., 2009). Vzhledem K citlivym reakcim kdrovei na
teploty, se zvySuje zavaznost prub&éhu a dopadi kurovcovych disturbanci v pfirozenych
aredlech vyskytu, ale také probiha sifeni do novych oblasti. V téch mtize dochazet k nedostatku
potravnich zdroji, coz je pti¢inou invaze kiirovce do neptivodnich oblasti, které jsou ¢asto diky
oslabeni hostitelskych dievin zménou podminek jesté zranitelngjsi (Cudmore et al., 2010).
teploty a maximalni rychlosti vétru siln¢ ovliviiuji dynamiku ktirovcové disturbance (Seidl and
Rammer, 2017). Zména podminek prostiedi silné ovliviiuje piedpoklady obranyschopnosti
stromd. JiZ nyni se fada zemi potyka s dopady sucha a v budoucnu se oéekava, ze extrémné
sucha obdobi budou ¢asté&jsi a budou trvat déle. Nedostatkem vlahy oslabené dieviny tak
poskytnou vhodny hostitelsky material (King and Karoly, 2017; Matthews et al., 2018). Trend
zvySovani vyskytu velkych kirovcovych gradaci s ohledem na jejich vyvoj posledni desitky let
bude diky témto podminkam pokracovat (Seidl et al., 2014b; Senf et al., 2018).

Na druhou stranu klimaticka zména mize mit na Sifeni kiirovct i negativni efekt. Pokud
jejim prostiednictvim dojde Kk upfednostiovani listnatych dievin snasejicich vyssi teploty na
ukor stromt vhodnych pro kirovce, vznikne tak deficit hostitelského materialu (Thom et al.,
2017a; Thorn et al., 2017a). S cilem snizit zranitelnost porostd vaci disturbancim a
diversifikovat reakce porost na ménici se environmentalni podminky se zvysily snahy o
obnovu pfirozeného dievinného slozeni (Hlasny et al., 2017; Lindner et al., 2010). Lesni
planovani by v ramci globalnich zmén mélo uvazovat v $ir§Sim kontextu a vzit v tvahu krom¢é
potieby zmirnit kiirovcové gradace i dalSi pozadavky lesniho ekosystému, jako je napiiklad
zvySeni biodiversity v obhospodafovanych porostech (Angelstam et al., 2018), zména rychlosti

rastu stromu (Yousefpour et al., 2019), zmirnéni zmény klimatu zvySenim zasob uhliku
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(Ekholm, 2016) nebo zmény prostiedi a jejich dopad na spoleCenské pozadavky (Seidl and
Lexer, 2013).

Pro uspésny rozvoj velkych kurovcovych gradaci jsou zapotiebi vhodné podminky
prostiedi. K tomu mize vést n€kolik faktorti, mezi které se naptiklad fadi urcity pocet
nasledujicich let s pocasim, které umozni pfeziti a rast kirovcové populace nebo dostatek
hostitelskych dfevin vhodnych ke kolonizaci. Vhodnost hostitelskych stromt je ve velké mife
ovlivnéna druhovou skladbou porostu a jeho vékovou strukturou, které jsou dominantnimi
faktory ovliviiujicimi zavaznost kirovcovych gradaci (Fettig and Hilszczanski, 2015). Tyto
zasadni faktory maji vzhledem Kk posunu teplot i mnozstvi srazek, zpusobenych klimatickou
zménou, kliCovou roli v pfezivani a $ifeni kurovct. Prioritou vyzkumu je tak hledat vhodné
zpusoby managementu k jejich omezeni. Je nutné drzet se predpokladu, ze se lesni ekosystémy
za pomoci managementu budou muset nadale vyrovnavat s podminkami, které jim tato globalni

environmentalni zména piinasi (Bentz et al., 2010; Sambaraju et al., 2012).
3.3 Management pifemnoZeni kiirovci

Management kiirovcovych disturbanci mize byt rozdélen do dvou hlavnich smért.
Piimé metody kontroly obsahuji kratkodobé taktiky managementu, které se zaméfuji ve vetsi
mife na aktualni populace kirovcu a jejich kontrolu. Naopak nepiimé metody se zabyvaji
moznostmi, jak pfemnozenim piedchdzet a snizit pravdépodobnost vzniku kirovcovych

gradaci a jejich zadvaznost (Fettig and Hilszczanski, 2015).

Mezi jeden z hlavnich nastroji ptimych metod managementu patii té€zba nalétnutych
stromtl a materialu vhodného pro kolonizaci kiirovci. Zde se v anglické literatuie (a tim padem
i v ¢lancich, které tvoti jadro této prace) lze setkat se dvéma terminy, a to nahodilou téZbou
(salvage logging) a sanitarni tézbou (sanitary logging), které jsou Casto terminologicky
zaménovany, piestoze se ve smyslu nékterych autorti lisi. Na zéklad¢ rozboru literatury jsou
tyto terminy pro ucely psani této prace rozliSeny, a proto je v nasledujicich fadcich jejich

pouzita terminologie stru¢né piiblizena.

Salvage logging se zamétuje na odstranovani stromi zasazenych nejcastéji vétrnou
disturbanci. Tyto zasahy jsou vSak délany ptredevsim s ohledem na zachrénéni alespon ¢asti
ekonomické hodnoty dieva, ktera by jinak byla ztracena (Beghin et al., 2010; Stadelmann et al.,
2013). Tento druh tézby se stal klicovym nastrojem pokalamitniho managementu lesa.
V hospodaiskych lesich je provadéni této té€Zzby za ucelem zabranéni ztraty zisku zavinéné

degradaci dfeva a jeho prodejem za niz$i ceny vice jak opravnéné. AvSak v nékterych
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piipadech, jako je tomu dnes ve stfedni Evropé€, je provadéni této tézby Casto nakladnéjsi, nez
je hodnota ziskaného dieva. Tento jev je zpusoben zahlcenosti trhu a nizkymi prodejnimi
cenami (Molinas-Gonzales et al., 2017; Mdller et al., 2018). Tuto metodu je tieba cilit na
stanovi$té, ktera maji vySsi riziko vypuknuti kdrovcového ohniska, avSak je tieba zvazit

efektivitu jejich provedeni (Eriksson et al., 2005).

Sanitary logging se zamétuje na vyhledani a odstranéni jednotlivych nemocnych nebo
hmyzem napadenych jedincti z porostu za G¢elem zamezeni jejich Sifeni mezi stromy okolnimi.
Ucelem sanitarni t&Zby je predevsim redukce populace kirovel za podminek, kdy se da
efektivné provadét vyhledavani jednotlivych ktrovcovych stromi. Nejedna se tedy o tak
intenzivni zasah jako salvage logging (Hlasny et al., 2019). Wermelinger (2004) uvadi tii
zakladni pravidla vedouci k efektivité sanitarni tézby: I. vyhledani a pokaceni stromid musi
probéhnout pted vylétnutim dospélct, Il. kmeny musi byt odstranény z lesa a jeho okoli
ptipadné asanovany na skladkach a Ill. pokud jsou v kife jiz kukly nebo Zluti brouci je tieba
kiru $tépkovat, ¢i 1épe spalit. Pouziti nahodilé nebo sanitarni tézby vyzaduje diukladnou ivahu
o ekonomicnosti tézby a jejich vedlejsich dopadech ve srovnani s obvyklymi tézebnimi reZzimy

(Dobor et al., 2020a; Hlasny et al., 2019).

Dalsi z pfimych metod kontroly populaci kiirovcu je vyuzivani feromonovych lapacu,
které dfive byly hojné vyuzivany k odchytu kirovcia (Galko et al., 2016; Holusa et al., 2017).
Tato metoda byla vSak primérné vyvinuta pouze pro monitoring a Vv soucasném stavu lesa
ovlivnéného zménou klimatu od metody vétSina stath upousti a vyuzivaji ji pouze jako
dopliikovou k jejimu pivodnimu téelu monitoringu a ochrané Zijicich stromd (Bentz and
Jonsson, 2015). Uginn&jsim feSenim k odchytu ¢asti populace kirovet u disturbanci mensiho
rozsahu se tak jevi pokladani lapaki nebo stojici lapaky s feromonovou navnadou, ¢i trojnozky.
Zde je vsak stézejni dodrzovat pravidlo, Ze lapaky, které nejsou oSetfeny insekticidem, musi
byt sledovany a vzhledem ke stadiu vyvoje kirovce zavcas odstranény z porostu (Holusa et al.,
2017). Tak tomu byt nemusi v pfipadé vyuziti insekticidnich ptipravkd, které at’ uz v podobé
kontaktnich insekticidnich postiikti nebo insekticidnich siti mohou mit az 100% u¢innost pfi
spravne aplikaci (Zahradnikova and Zahradnik, 2015). Rychlym a u¢innym zajisténim skladek
kirovcového dieva muze byt metoda fumigace. Jedna se o aplikaci insekticidu v plynném
skupenstvi na dievo (celou skladku) pod plachtou. V tomto pfipadé byla neddvno vyvinuta
substance EDN (etandinitril), ktera je schopna po urcité dobé degradovat a neovlivni tak
prostiedi skladky (Stejskal et al., 2017). Vyuziti insekticidi v boji proti kurovci je stale

kontroverzni téma. V ptipadé¢ jejich aplikace je nutné dukladné posoudit dopad jejich vyuziti
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na necilové druhy hmyzu a tim padem na biodiversitu stanovisté, jejich rozlozitelnost a celkovy

vliv na prostiedi (Hurling and Stetter, 2012).

Na trovni endemickych populaci miize byt vhodnou dopliujici technikou implementace
predatorti, parazitoidii a patogent jako soucast biologického boje. Asi nejlepsi vysledky byly
zaznamenany pii pouziti entomopatogenni houby Beauveria bassiana ((Bals.) Vuill., 1912).
V laboratornich podminkéach jeji t¢inky dosahovaly 70—100 % mortality infikovanych jedincu.
I pies jeji velky potencial se vyuziti v terénnich podminkach potyka s jistymi obtizemi a je tieba
vyvinout praktické metody K jeji aplikaci a rozsifeni mezi Skudce z fad kuroveu. Jeji infekéni
hladina v podminkach mimo laboratof se pohybuje pouze kolem 30 % (Grodzki and
Kosibowicz, 2015; Kreutz et al., 2004). Antagonisté maji na kiirovcové gradace pouze nepatrny
vliv ve srovnani s faktorem odolnosti stromt. Efektivni vyuziti jejich vlivu na kirovcové
populace dosud neni pfesné€ zndmo a je stale otdzkou vyzkumu (Galko and Pavlik, 2009; Holusa

and Lukasova, 2017; Wermelinger et al., 2013).

Nepiimé metody managementu se snazi piredchazet vzniku vhodnych podminek pro
disturbance. Jednim z nastroji je zména dievinné skladby porostu. Porosty, které jsou druhové
diversifikované, maji zvySenou rezistenci vuéi herbivorim (Guyot et al., 2016).
Diverzifikovany porost vykazuje siln&j$i resilienéni mechanismy. Diky zméné druhové skladby
jsou hostitelské stromy po porostu roztrousené a pro Sktidce je obtiznéjsi je vyhledat vzhledem
k diversifikaci semiochemikalii (Seidl et al., 2014a; Zhang and Schlyter, 2003). V porostech
ohroZenych disturbanci je tfeba vysazovat méné zranitelné a k poskozeni nachylné druhy, které
jsou na stanovisti pivodni nebo jejich adaptace na podminky neoslabi jejich obranné

mechanismy (Jandl et al., 2019).

Vhodnym néstrojem pro snizovani rizika poSkozeni porostti vétrem a kirovcem se jevi
doba obmyti. Jedna se o Casovy usek, ktery ubéhne mezi dvéma mytnimi tézbami (Roberge et
al., 2016). Délka této doby je ve velké vétsin€ hospodatskych lest stiedni Evropy fizena hlavng
k maximalizaci produkce a ekonomickych ukazateld. V podminkach zmény klimatu je vSak
tiecba zménit uvazovani a snazit se dosahnout rovnovahy mezi kontrolou rizika disturbanci,
ovlivnénim mnozstvi uhliku v lese, biodiverzitou a dalsimi aspekty (Angelstam et al., 2018;
Ekholm, 2016; Yousefpour et al., 2019). V¢&k stromu souvisi s pravdépodobnosti vyskytu
vyskyt poSkozeni kmene u star$ich jedinct vede k vétSimu riziku poskozeni vétrem. Vzhledem
k preferencim  stfedoevropského nejzavaznéjsiho Dbiotického Skudce 1. typographus

Vv kolonizaci starSich a vzrostlejSich hostitelskych stromi, lze ptedpokladat omezeni rizika
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naletu snizenim vékové struktury porosti smrku (Jactel et al., 2009). Ve smrkovych porostech
velké ¢asti Evropy doba obmyti pfesahuje 100 let a jsou tak vystaveny vétSimu riziku nejen
vétrné, ale pravé takeé kurovcové disturbance (Lindner et al., 2000). Zkréaceni doby obmyti a
tedy omezeni vyskytu vhodnych hostitelskych porosti by tak mohlo vést ke snizeni
pravdépodobnosti vyskytu ni¢ivych kirovcovych disturbanci (Gardiner and Quine, 2000;
HIasny et al., 2017; Jactel et al., 2009). V rizikovych oblastech by zaméfeni managementu a
lesnického planovani mélo byt cileno na heterogenitu porostd. Porosty diverzifikované ve
vekové struktuie, velikosti a druhovém sloZzeni maji mensi riziko propuknuti kiirovcového
ohniska nebo zasahu vétrnou disturbanci a pfi zasazeni disturbanci nejsou poskozeny porosty

v tak velkém méfitku jako ve stejnorodych porostech (Fettig et al., 2007).

Dulezitym néstrojem nepiimého managementu populaci kiirovct (resp. obecné rizik) je
probirka, kterd miize ve svém disledku omezit mnozstvi materialu vhodného pro nalet ktirovct.
(Fettig and Hilszczanski, 2015). Cast&j§i probirky mohou omezit projevy sucha (Sohn et al.,
2016), zvysit diverzitu porostu, ktera omezuje moznosti §ifeni kiroveu (Honkaniemi et al.,
2020), ¢i zvysit strukturalni rozmanitost a obnovu vedouci k snadnéjsi regeneraci porostu po
disturbanci (Churchill et al., 2013). Probirka vS§ak vede pfedevsim ke snizeni konkurence
stromll o zdroje (napf. svétlo, voda, Ziviny), a tim je zvySena obranyschopnost jedinct, ktefi

zustanou v porostu (Oliver and Larson, 1996).

Vyuziti nastrojii ptimé kontroly byva vétSinou nakladné a proto je Casto limitovano
dostupnosti zdroji, trznimi a logistickymi podminkami ¢i otdzkami environmentalniho vlivu
(Fettig and Hilszczanski, 2015). Tyto metody jsou obvykle preferovany pied nepiimymi
postupy. Resi problematiku kirovci v aktuadlnim &ase a snadné&ji 1ze pozorovat jejich éinnost
na rozdil od nepifimych nastroju, jejichz dopad se projevuje v dlouhodobé&jsim hledisku
(McFarlane et al., 2006). Opatfeni nepfimého managementu maji preventivni charakter. Jejich
cilem je snizit pravdépodobnost a zavaznost poSkozeni porostu kirovci. Takovymi metodami
je tieba vést porosty k vétsi resilienci lesa, tedy schopnosti lesa odolat naporu disturbanci a
rychle se po ném znovu obnovit. Nepiimé metody se zaméiuji na slozeni porostu a jeho citlivost
k budoucimu poskozeni (Fettig and Hilszczanski, 2015). Krovcové disturbance patii mezi
procesy lesniho ekosystému velmi citlive reagujici na klimatickou zménu. Pro lesni hospodaie
je management disturbanci klicovou vyzvou. Studie ukazuji, ze za podminek, které se do
budoucna o¢ekavaji, se néktera z tradi¢né vyuzivanych opatieni mohou stat nea¢innymi (Dobor
et al., 2020a, 2019; Zimova et al., 2020). Vyhodnoceni opatieni managementu disturbanci by

se tak méla stat prioritou vyzkumu (Morris et al., 2017).
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3.4 Vliv gradaci kiirovce a jejich managementu na lesni ekosystémy

Kazda disturbance méni celkovou strukturu lesa. Snizuje zasobu rostouciho diivi a
V nasledujicich letech také primarni produktivitu krajiny. Zaroven vsak po disturbanci mize
nastoupit proces regenerace a opétovna sukcese (Zeppenfeld et al., 2015). Nasledujici 3
kapitoly préace se vénuji problematice vlivu ktirovci a jejich managementu na vybrané aspekty
fungovani lesniho ekosystému. Kapitoly jsou strukturovany na podkapitoly dle studie Hlasny
et al. (2019).

3.4.1 Vliv gradaci kurovcu a jejich managementu na cyklus uhliku

Pifemnozeni kirovci mé znaény vliv na biochemické cykly, které v lesnim ekosystému
probihaji. Lesy zmirfiuji zménu klimatu tim, Ze ukladaji velké mnozstvi uhliku. Uhlik se
v podobé¢ CO2 vyskytuje v atmosféfe, kde hraje zasadni roli v probihajici zméné klimatu
(Chapin et al., 2006). Stromy je z atmosféry asimilovan a procesem fotosyntézy ptetvoren na
zasoby uhlohydratu, které jsou vyuzivany jako zdroj energie pro rast rostlin. Celkové mnozstvi
asimilovaného CO; fotosyntézou oznaCujeme jako hrubou primarni produkci (GPP).
V duisledku nakladt na rist a zachovani jednotlivych ¢asti stromu dochazi k uvoliovani CO»
z vegetace zpét do atmosféry. Jedna se o proces autotrofni respirace a jejim odectenim od GPP
ziskame &istou primarni produkci (NPP). Cista primarni produkce se sklada ze slozek produkce
nadzemni (napf. nadzemni ¢asti rostlin, mechy, fasy) a podzemni (napft. kofeny rostlin) (Gower,
2003; Kirschbaum et al., 2001). Do kolob&hu uhliku vSak zasahuje také proces dekompozice,
ktery zpusobuje respiraci pidy (heterotrofni respirace). Po odecteni heterotrofni respirace od
Cisté primarni produkce ziskame hodnotu &isté produkce ekosystému (NEP). Cista produkce
ekosystému je tedy rozdil mezi mnozstvim uhliku fixovanym procesem fotosyntézy v lesnim
ekosystému a jeho celkovou respiraci (Gower, 2003; Chapin et al., 2006). NEP je v sou¢asnosti
siln¢ ovlivnéna zménou klimatu a disturbancemi. Pii zasahu vétrné a nasledné kirovcové
kalamity se uhlikova zasoba v podobé¢ zivého uhliku snizuje se zvySujici se mortalitou stromd,
ale zaroven se navySuje jeho zasoba ulozena v mrtvém dievu. Pouze tedy s predpokladem, ze
ur¢ité mnozstvi uhliku se v budoucnu bude uvoliovat z rozkladajicich se stromt a tim opét
vracet do kolobéhu. Bez zasahu managementu je v porostu po disturbanci tedy uhlik pouze
presunut z zivé biomasy do mrtvého dieva (Bradford et al., 2008; Lindner et al., 2010). Pokud
vSak stromy nejsou ponechany volné v lese, ale jsou odvezeny z divodu zamezeni Sifeni
kiirovet nebo z ekonomickych divodt, dochazi tak ke ztraté uhliku z lesa (Kurz et al., 2008).
Uhlik z ekosystému ubyva také ztratou listové plochy (Peters et al., 2013) a zvySenou ztratou

uhliku z pady (Mayer et al., 2014). Cast&jsi disturbance navic uvoliiovanim uhliku do atmosféry
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piispivaji k oteplovani klimatu a tim dal$imu negativnimu ovlivnéni v boji s disturbancemi
(Kurz et al., 2008). Ztrata na zasobach uhliku se vzdy musi po disturbanci opét po urcité dobé
obnovit. Simulace v lesnim porostu stfednich horskych poloh stiedni Evropy ukazuji, Ze aby se
zasoby uhliku po vétrné a kurovcové disturbanci opét obnovily, muze to trvat desitky let.
Vysoke teploty a suché podminky zmény klimatu tuto obnovu jesté prodlouzi (vice Dobor et
al., 2018).

3.4.2 Vliv gradaci ktirovct a jejich managementu na biodiverzitu

Vliv ktrovcovych disturbanci na biodiverzitu je zavisly na vyuziti managementu.
Napiiklad zanechavani lezici mrtvé difevni hmoty v porostu a zdroven vétsi pristup svétla do
prostoru tvoii vhodné prostiedi pro fadu lesnich druhti. Ur¢iti jedinci patii dokonce do seznamu
chranénych druht rostlin a zivo¢ichi (Beudert et al., 2015). V narodnim parku Bavorsky les,
ktery byl béhem poslednich 25 let siln¢ zasazen klirovcovymi gradacemi byl zjiStény stav
pocetnosti rostlin a zivo¢ichit dokonce srovnatelny se starovékymi lesy (Hilmers et al., 2018).
Piisobeni disturbanci je vSak specifické pro kazdy druh dle jeho Zivotni strategie a
pozadovaného habitatu, kdy na nékteré druhy mize plsobit pozitivnim a na jiné negativnim
efektem (Thorn et al., 2017b). Dulezité je také si uvédomit, ze pozitivni vliv kiirovcovych
disturbanci na biodiverzitu mnoha druhi je silné¢ omezen, pokud je po disturbanci v porostech
provadén management s odstraniovanim dievni hmoty z lesa (salvage logging). Jako ptiklad lze
uvést pusobeni odstraiiovani dfevni hmoty po kalamitach, které ma za nasledek snizovani
mnozstvi druhii saproxylickych broukt na stanovisti, ktefi jsou vazani na vyskyt mrtvého dieva.
Na druhou stranu ma v§ak toto odstranéni stromu pozitivni vliv na biodiverzitu druhi spojenych

s otevienym stanovistém jako jsou napiiklad Carabidae (Thorn et al., 2017a).
3.4.3 Socialné-ekonomické dopady gradaci kurovca a jejich managementu

Fungujici lesni ekosystémy v mnoha ohledech pozitivné ovliviiuji ¢lovéka. Analyza
ucinkd disturbanci na ekosystémové sluzby ukézala, Ze vSechny kategorie téchto sluzeb
(zajistovaci, regula¢ni, kulturni a podpurné sluzby) jsou jejich dopadem ovlivnény pievazné
negativné (Thom and Seidl, 2016). Gradace mohou ve velkém méfitku ovlivnit trh a potazmo
regionalni ekonomiky prostrednictvim fady dopadu. Jednim z nich je negativni dopad na trh se
dievem v podob& nadmérného mnozstvi kirovcového dieva v nabidce, diky ¢emuz nastava
pokles cen. Zasahem do ekonomiky muze byt také pokles turismu s ohledem na snizenou
vizualni kvalitu lesa, ¢i omezeni pohybu po porostech. Kratkodobé muze byt trh prace ovlivnén
i pozitivné, vzhledem ke zvySenym pozadavkim na pracovniky v lesnictvi. VétSina téchto
dopadu je zpisobena synchronizovanym provadénim managementu k odstranéni rizikového
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materialu na velkych plochach (Grégoire et al., 2015; Hlasny et al., 2019; Morris et al., 2017).
Z dlouhodobého hlediska Ize vSak ocekavat, Ze béhem regenerace porosti po disturbancich
budou omezeny zdroje dfevni hmoty. Tento proces povede ke snizeni exportu a nynéjSich zasob

na skladkach dieva, coZ povede k postupnému zvySovani cen dievni hmoty na trhu (Bogdanski

etal., 2011).

Zaroven s ekonomickymi dopady maji disturbance i rizné socialni dopady. Gradace
kurovet vedou k rozsahlym zménam lesni krajiny. Napiiklad padajici stromy souviseji ¢asto
s omezenym ¢i zakazanym piistupem do lesa, ktery je vefejnosti siln€ negativné vniman. Navic
zpracovanim disturbanci zasazeného porostu pro navstévniky ztraci na kvalité esteticka
hodnota lesa a vnimani prostfedi jako vhodného pro odpocinek. Tato ztrata estetické kvality
lesa, omezeny pristup nebo zruseni lesnich stezek a konflikty ve vyuzivani pidy maji t€zko
zhodnotitelny negativni dopad na kvalitu zivota (Arnberger et al., 2018; Kooistra and Hall,
2014). Navstévnici lesnich porostid tak ziskavaji negativni zkuSenost, a vizualni raz porostu
zasazeného disturbanci v nich vyvolava pocity smutku ¢i obav (Qin et al., 2015). Reakce lidi
na problematiku disturbanci a jejich managementu zavisi na pfistupu, jakym jim je
problematika piiblizena, pficemz netplné ¢i nespravné informace vedou cCasto k socidlnim
konfliktim. Tyto socialni dopady mohou ¢asto vést az ke konfliktim v politické sfére (Mdller,
2011). Karovcové disturbance tak maji vliv i na humanitni Grovni a zptasobuji dopady na
socialni sféru (vice Kapitola 5.6). Pfi¢emz vnimani dopadt zavisi ¢asto na adaptabilité, socialni
zranitelnosti, tradicich, ekonomickém zazemi komunity a povédomi o problematice u
jednotlivych piipadt vyskytu disturbance (Qin et al., 2015). Znalost socialnich dopada
kirovcovych disturbanci a jejich managementu je velmi nedostate¢na a této problematice je

v budoucnu tieba vénovat vice prostoru ve vyzkumu (HIasny et al., 2019).
3.5 Vyuziti modela pro hodnoceni dynamiky prirodnich disturbanci

K hodnoceni komplexnich dopadii disturbancnich udalosti se pouzivaji rizné
kvantitativni modely. Defini¢né je model zjednoduSenim reality a za pomoci piesného a
zamérného zjednoduseni se da o fungovani realnych systému zjistit mnoho podrobnosti (Seidl,
2017). K modelovani rozlozeni porostti, druhového slozeni, dynamiky spolecenstev a lesniho
ekosystému obecné byly vyvinuty modely sriznymi piistupy. Modely se pohybuji od
nejjednodussich teoretickych modela (Hubbell, 2001), pfes modely ristu stromt a vyvoje na
urovni stanovisté ¢i krajiny (Shifley et al., 2017), az po modely simulujici vyvoj globalni
vegetace (Prentice et al., 2007).
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I ptesto, ze za poslednich 20 let se poCet modeli vyrazné zvysil, prevladaji stale
statistické koncepty nad mechanistickymi (procesné¢ orientovanymi) koncepty pro explanatorni
a prediktivni aplikace. Zrovna tyto koncepty jsou vSak rozhodujicim nastrojem pro dalsi
pochopeni managementu lesnich ekosystému za ptsobeni disturbanci v ramci zmén klimatu.
Aktudlnimi vyzvami v modelovani disturbanci lesa jsou: a) piekonat zbyvajici limity
porozuméni procest probihajicich v lese, b) podporovat mechanistické koncepty v modelovani
disturbanci, ¢) integrovat disturban¢ni procesy v modelech dynamiky ekosystému uréenych pro
podporu rozhodovani v oblasti lesniho managementu a d) zachytit slozitost disturbanénich
procest v podrobnostech jaké obnasi na vSech organiza¢nich urovnich lesa. Dosavadni modely

zobrazovaly disturbance spiSe jednoduse jako celek (Seidl et al., 2011a).

Modely byly casto uzivany jako primarni nastroj k vyzkumu vztahi mezi
disturbancemi. Teoretické modely mohou pomoci Kk pochopeni disturban¢nich vztahi
z pohledu popula¢ni dynamiky (Jonsson et al., 2011). Oproti tomu simulaéni modely mohou
byt vyuzity pro zobrazeni interakci ekosystému skrze zpétné vazby plsobeni na vegetacni

strukturu a §irsi casové horizonty (Temperli et al., 2013).

vvvvvv

omezené dostupné a dat je Casto nedostatek. Empirické a procesné orientované modely se
V lesnickém managementu vyvinuly proto, aby vyieSily rizné otdzky a dokazaly na zakladé
feSeni navrhovat nové moznosti v lesnim managementu. Empirické modely se snazi popsat
statistické vztahy mezi daty s omezenym ohledem na vnitini strukturu pfedméti, pravidla nebo
chovani (Seidl et al., 2011a). Na druhou stranu procesn¢ orientované modely popisuji data
primarné s pouZzitim kli¢ovych mechanisml nebo procest, které vnitini strukturu, pravidla a
chovani predmét zkoumani determinuji (Adams et al., 2013). Navic mechanismy v procesnich
modelech jsou natolik obecné, ze mohou poskytnout zaklad pro dalsi predméty zkoumani,
zatimco empirické modely zUstavaji vétSinou vyuZitelné pouze pro predmét, pro ktery byly
sestaveny, tim, Ze se nevazi na zadny specificky mechanismus. Na tomto zaklad¢ se tedy
procesni modely povazuji za vyhodnéjsi pro vyuziti v pfedpovidani dynamiky lesa at’ uz je
model na zaklad¢ jednotlivého stromu, stanovisté nebo komplexné celé krajiny (Korzukhin et

al., 1996).
3.5.1 Modelovani dynamiky a dopadd pfemnozeni Ips typographus

Modelovani hmyzich disturbanci je vénovano nékolik typti modeli. K zakladni predikci
pravdépodobnosti jsou bézné vyuzivany jednoduché pravdépodobnostni modely s vyuzitim
logistickych regresnich modelt ¢i neuronovych siti. Takovéto modely simuluji  naptiklad
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indikétory urcujici stanovisté a strom a jsou nejcastéji tvoreny na zakladé klimatickych, ptidnich
a porostnich proménnych (Ogris and Jurc, 2010). Dilezitym konceptem jednoduchych
pravdépodobnostnich modelt je fyziologické modelovani, které je zaméteno na vitalitu
hostitele a jeho vystaveni stresu, tudiz i nachylnost k poskozeni Skidcem. Fyziologické
modelovani propojuje fyziologii hostitele s problematikou promén klimatu. Toto modelovani
samo o sob& vSak nezohlednuje interakce mezi hostitelem a sktidcem (Seidl et al., 2011a).
Ptechodem od jednoduchych modelt k procesné orientovanym jsou fenologické modely,
simulujici zivotni cyklus hmyzu. Tyto modely zohlednuji poZzadavky na teplotu specifické pro
dany druh a jeho Zivotni stadium, a tak reprezentuji vliv klimatu na vyvoj hmyzu (Jénsson et
al., 2009, 2007; Wermelinger and Seifert, 1999). Potencial vyskytu kurovci vyzaduje
identifikaci kli¢ovych proménnych, které reguluji vyvoj Sktidce, jako naptiklad zimni mortalita,
dostatek vhodnych hostitelskych stromil se snizenou obranyschopnosti, vhodné povétrnostni
podminky Kk $ifeni i pro mozny vznik vétrné disturbance (Fettig et al., 2007; Régniere and
Bentz, 2007). Procesné orientované modely slouzi k simulaci proménnych a jejich vzajemnych
vztaht,, jako je naptiklad vztah vyvoje Skiidce na mnozstvi zdroji v krajin€. Tyto modely
zohlednuji zakladni vztahy mezi proménnymi az po komplikované interakce v lesnim
ekosystému. Piikladem komplexniho procesné orientovaného modelu je iLand (Seidl et al.,

2012a), ktery byl vyuzit v této disertacni praci.

Pro hodnoceni aspekti vyvoje lykozrouta smrkového, jeho populacni dynamiky a
komplexnich prostorovych a ¢asovych interakci v lesnim ekosystému slouzi mnozstvi modeld.
Jako ukéazku diverzity téchto pfistupli se nize prace zminiuje o nékolika vybranych modelech

dané problematiky.

Model Phenips je fenologicky model k hodnoceni naletu lykozrouta smrkového. Tento
model simuluje potencialni sezonni vyvoj tohoto kiirovce na zakladé klimatickych podminek
(Baier et al., 2007). Vyuziva teploty vzduchu i teploty kury k urCeni nac¢asovani a pribéhu
sezonni dynamiky lykozrouta smrkového. V modelu se pracuje predevsim se zahdjenim jarniho
rojeni, pocatkem naletu nasledujicim po jarnim rojeni, délkou vyvoje generace ve stromg,
pocatkem dcefiné i sesterské generace a mirou, kdy neuplné vyvinuté generace dokonci plné
vyvoj (Berec et al., 2013). Phenips zvazuje U¢inky regionalni topografie a stanovistnich
podminek na teplotu vzduchu a kiiry a vyuziva k tomu topoklimatické data. Jeho vyuziti pak
nejlépe slouzi pro monitoring aktualniho stavu vyvoje lykoZrouta na specifickém stanovisti
nebo stromové urovni. V regionalnim métitku simuluje maximalni pocet generaci, kterych je

tieba k posouzeni dopadi mozné klirovcové gradace. Systém vSak nehodnoti konkrétni Skody,
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které disturbance zpusobi. Jeho parametrizace je nastavena pro horské oblasti stiedni Evropy,
ale mensSimi Gpravami parametri dle nadmotské vysky zdjmové oblasti mize byt adaptovan

pro aplikaci v Sir§im geografickém rozsahu (Baier et al., 2007).

Model TANABBO, umoznuje predikci nachylnosti porosti k napadeni kiirovcem na
zakladé vybranych faktoru prostiedi a jejich vlivu na hustotu populace I. typographus (Kissiyar
et al., 2005). Tento model vyuziva data dalkového priazkumu zemé, ktera poskytuji vizualizaci
populacni dynamiky sktidce. Je mozné jej pouzit pro jakékoliv zajmové uzemi s predpokladem,
Ze je pro n¢j nutné nejprve vytvorit samostatnou geografickou databazi systému GRASS GIS
(Jakus et al., 2005). Vhodny je pfedevsim pro kratkodobé prognézy. Program TANABBO je
tvofen tfemi skupinami moduld: Prognosticka cast, opera¢ni ¢ast a pomocné moduly. V
pomocnych modulech se nachazi vegetacni indexy a import udaji. Prognosticka ¢ast obsahuje
submoduly pro vypocty dynamiky a prognoéz poskozeni porostu lykozroutem smrkovym,
moznost validace a testovani prognostickych metod a podporu v oblasti managementu lesa.
Zohlednéna je zde i vyS$si pravdépodobnost napadeni porosti po vétrné kalamité. V operacni
¢asti se nachazi vyse zminény modul pro vypocet vyvoje lykozrouta Phenips, moduly teploty
vzduchu a kiiry, potencidlni solarni radiace, korekce dle meteorologickych méfeni, index sucha,
deficit vlahy a rizika sucha. Operaéni progndzy jsou stanovovany pravé predev§im na zakladé
fenologického modelu Phenips, ptipadnych pozorovani z monitorovacich feromonovych lapaci
a submodulu pro vypocet indexu sucha a kumulativniho transpira¢niho deficitu. TANABBO je
systém, ktery na zaklad¢ identifikace ohroZenych porostl pfinese v€asné varovani pred naletem

Sktdce (Jakus et al., 2017).

V této praci vyuzity model iLand je procesné orientovany model, ktery simuluje
dynamiku lesniho ekosystému vcetné vlivu disturbanci (Seidl et al., 2012a). Simulace
zohledniuji predev§im hlavni demografické procesy v lesnim ekosystému, mezi které patii
napiiklad rust, regenerace nebo mortalita, a procesy jako kolob&éh uhliku, dusiku a vody
(Mékeld, 2003). iLand patii mezi modely simulujici vyvoj jednotlivych stromi. Tyto modely
se mohou vyuzivat k ziskani velkého rozsahu riznych poznatkl a maji tak v lesnictvi a ekologii
dlouhou tradici (Maréchaux et al., 2021). Zakladni mortalita stromt zptsobena stresem je
vV modelu simulovana na zékladé¢ procesné orientovaného ptistupu k vyc€erpani nestrukturalnich
karbohydrata (Seidl et al., 2012a). Jsou zde zastoupeny tii disturbanc¢ni Cinitelé (kirovec, vitr a
pozary), které jsou pfipojeny v samostatném modulu, ktery mize byt individualné upraven na

zakladé zmény jeho parametru (Seidl et al., 2012a). Vice v ¢asti prace 4.2-4.4.
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4 Metodika

4.1 Vymezend studijni lokalita a klimatické data

V ramci predlozené disertaéni prace jsou uvedeny 4 piipadové studie modelovani
managementu kirovcovych gradaci v podminkach zmény klimatu (Kapitola 5.1, 5.2, 5.3 a 5.4).
Studijni plochou téchto praci je oblast Nizkych Tater, nachazejici se ve sttedovychodni ¢asti
Slovenska o rozloze 16 050 ha. Dominantni dievinou lesnich porosti je smrk ztepily se 70%
zastoupenim v dievinné skladbé, pii¢emz jeho porost ¢ini 75 % z celkové zalesnéné plochy.
DalSimi nejdilezitéjSimi druhy jsou napiiklad modiin opadavy, borovice lesni, jedle bélokora
a z listnatych predev§im buk lesni. Uzemi je spravovano holoseénym zptisobem v oblastech,
které jsou sloZeny Cisté ze smrku. Dominantnim zpisobem obnovy je vSak se¢ clonna
vyuzivana v oblastech s porosty jedle a buku (Obr. 1). Primérna doba obmyti je v porostech
ptiblizné 100 let.

Management system Site index

Poland

Hungary

shelterwood

- clearcutting 21-25
26-30

B 31-35
R

Obr. 1 Management uplatiovany na studijni lokalité¢ (vlevo). Smrk je obhospodafovan
holose¢nym zptsobem (zelend) a ve smiSenych porostech se uplatiuje clonna sec (rizova). Site
index (vpravo) ukazuje primérnou vysku porosti ve véku 100 let. V pfilozené mapé je
oznaceno umisténi studované plochy.

V piipadovych studiich byly ke spusténi simulaci vyuzity dva typy klimatickych dat.
Referen¢ni klimatickd data vznikla na zadkladé udaju z meteorologické stanice Poprad —

Génovce, na jejichz podkladé¢ wvznikla fada klimatickych dat ndhodnym ftazenim rokt

podrobngji Dobor et al. (2018). Klimaticka zména byla skupinou scénaitt zmény klimatu
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fizenych scénaii koncentraci sklenikovych plynii (Representative Concentration Pathway —

RCP) RCP 4.5 a RCP 8.5 (Kapitola 5.1, 5.2,5.3a5.4)
4.2 Simula¢ni model iLand

K simulaci slozit¢é dynamiky lesniho ekosystému vcetné vzajemnych interakci byl
vyuzivan model iLand (individual-based forest landscape and disturbance model), ktery
simuluje funkéni, strukturalni a prostorové procesy na urovni jednotlivych stromt a krajiny.
Tento model simuluje dynamiku lesniho ekosystému v podminkach zmény klimatu a vlivu
disturbanci, se zvlastnim zaméfenim na modelovani interakci a zpétnych vazeb mezi
managementem, klimatem a disturban¢nimi rezimy (Seidl et al., 2012a). Tento procesné
orientovany systém funguje na zaklad¢ vicetirovitového propojeni ekologie krajiny, systémové

ekologie a ekologie spolecenstvi (Mékeld, 2003).

iLand pracuje na arovni jednotlivych stromt. Umisténi kazdého stromu na ploSe spolu
s jeho reakci na kompetici poskytuje procesné orientovany indikator aspé$nosti jednotlivych
stromd v konkurenénim boji o zdroje. Produktivita je simulovand na zakladé adaptivniho
chovani stroml na jejich prostfedi. Pfedev§im se jednd o efektivitu vyuZivani svétla na

stanovi$ti (Seidl et al., 2012a).

Pfirozena mortalita je v iLandu simulovana na zaklad¢ vycerpani zasob karbohydratt
(carbon starvation). Model tak kombinuje vnitini slozku mortality, ktera je zaloZena na
vlastnostech a stanoviStnich pozadavcich jednotlivych druht dievin (Keane et al., 2001) a
slozku mortality zptisobenou stresem ve spojeni s vyCerpanim karbohydrati (Guneralp and
Gertner, 2007). Tyto procesy jsou simulovany na urovni kazdého jednotlivého stromu
s pfihlédnutim na adaptivni chovéani stromi, které je nasledkem jejich pfizpisobovani
ptirodnimu prostiedi (Seidl et al., 2012a). VSechny udalosti zpusobujici mortalitu stromu
(vyjimkou je tézba) vedou ke vzniku stojiciho mrtvého dfeva. Listovy pokryv a biomasa
jemnych kotenil jsou v roce thynu stromu piesunuty do humusové vrstvy ptudy, zatimco vétve
a silngjsi koteny jsou dale soucasti leZiciho mrtvého difeva a jejich rozklad je rovnomérné

rozdélen do nasledujicich 5 let po thynu stromu (Seidl et al., 2012b).
4.3 Implementace disturbanci

Mortalita v dasledku disturbanci je v modelu implementovana v podobé samostatnych
modula. Tyto moduly pro disturbance jsou zde zpracovany pro 3 disturbancni Cinitele, a to

kirovcee, vitr a pozary. Kazdy modul mtze byt individualné spustén nebo vypnut a upraven na
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zakladé zmény jeho jednotlivych parametrt (Seidl et al., 2012a). S ohledem na zamé&feni prace

zde nésleduje stru¢ny popis implementace poskozovani porostli vétrem a kuirovcem.
4.3.1 Kiarovcovy modul

Kirovcovy modul iLandu v simulaci dynamiky vztahi mezi klirovcovou disturbanci,
prostiedim a klimatem zohlediuje fenologii klirovct, jejich vyvoj, prostorové sifeni, kolonizaci
hostitelského stromu, jeho obranné reakce a stejné tak i ovlivnéni antagonisty a dal$imi faktory.
Modul je nastaven tak, aby zohlednil vSechny fidici procesy, které kiirovcovou disturbanci
ovliviuji na vSech trovnich. Témito procesy jsou predevsim na drovni stromu jeho zranitelnost
vici Skudci a obrana, pro stanovisté se jedna o teplotni pozadavky a fenologii kuirovcti. Na
arovni krajiny zohlednuje distribuci hostitelskych stromi i kirovet a v regionalnim méfitku
koliséani klimatickych podminek a extrémy, které mohou spustit gradaci. Parametrizace modulu
vznikla na zaklad¢ odborne literatury. Dle ptivodniho ucelu je nastavena k implementaci na
systém smrku ztepilého a Iykozrouta smrkového. Jeji nastaveni je vSak natolik obecné, ze po

nékolika zménach je mozné vyuzit jej i pro jiného ktirovce (Seidl and Rammer, 2017).

Modul se sklada z parametrt, které se daji rozdélit do skupin: iniciace gradace

lykozrouta, disperze dospélct, kolonizace hostitele, pfezimovani a kolaps gradaci.

Vzhledem Kk vyznamnosti kirovcového submodulu jsou vtéto praci uvedeny

rozdélené do skupin a jsou stru¢né popsany.
Parametry iniciace gradace lykozrouta

Poase — Jedna se o vypoctenou rocni pravdépodobnost vyskytu kiirovcové disturbance.
Hodnota je vypoctena na zdklad¢é pozorované periody mezi jednotlivymi disturbancemi. Tato
perioda miize byt zjiiténa na zakladé dendrochronologickych udaji (Cada et al., 2013) nebo
historickych zaznami o vyskytu disturbanci (Thom et al., 2013). Muze byt definovana jako
prostorové jednotna pravdépodobnost pro celou krajinu, ale také miZe byt vyjadiena jako mapa,
ktera odpovida prostorovému rozdéleni této pravdépodobnosti po tizemi. Pravdépodobnost
vzniku karovcovych ohnisek se vyrazné li§i rok od roku. Nedavné studie spoustécich
mechanismi ukazuji, Ze zmény klimatu v regiondlnim méfitku jsou dilezitym faktorem pro
iniciaci gradaci (Seidl et al., 2016).

rc —modifikator citlivosti klimatu je méfitkem relativnich zmén klimatickych podminek,

pro které byl stanoven parametr Ppase. V regionalnim méfitku propojuje zmény klimatu mezi

roky a je tak uniformni pro celou krajinu. Je stanoven bud’ na zdkladé klimatickych vztaht
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béhem gradace, zjisténych modelovanim nebo empirickymi analyzami a je zavisly na
relativnich letnich srazkach piedchoziho roku ve vztahu k dlouhodobému praméru (Seidl et al.,

2016).

Pwindthronn — pravdépodobnost nalétnuti stromil zasazenych vétrem kurovei. Tento

parametr je stanoven na zaklad¢ empirickych dat uvedenych v publikaci Eriksson et al. (2005).
Parametry Siteni dospélcii

Kspread — Vypocitava pravdépodobnost, Ze se imaga rozsiti do x metrd z ptivodni oblasti,
kde gradace zacala. Jadro funkce je pfevzato z Fahse and Heurich (2011).

Ncohorts, main — Vyjadiuje miru reprodukce broukd, tedy pocet kiirovcovych kohort, které
se roz$ifi z nalétnutych pixeli za kazdou generaci. Empirické vyzkumy udavaji velmi
proménlivé hodnoty mezi 4 a 24 (Wermelinger and Seifert, 1999).

Ncohorts, sisterbroods — Mira reprodukce dospélct piicitana k hlavni generaci, pokud se plné

vyvine a vylétne sesterské rojeni. Predpoklada se, ze mira reprodukce béhem sesterského rojeni

je o polovinu niz$i neZ u rojeni hlavni generace
Kolonizace hostitelskych stromt

DBHmin — hrani¢ni primér stromt ve vySce 1,3m, od kterého je strom mozZno povazovat

za potencialniho hostitele vhodného pro nalet 1ykoZrouta

Pcolonize — pravdépodobnost tspéSného naletu jednou kohortou vyjadiend jako funkce
stress indexu, ktery zavisi na rovnovaze uhliku (Seidl et al., 2012a).

Ptezimovani

Mpg — mortalita béhem pfezimovani. Fixni mnozstvi imag béhem piezimovani uhyne

(Jonsson et al., 2012).

Mw — pfidand hodnota mortality pfi vyskytu dni s minimalni teplotou nizsi nez -15°C

(Kostal et al., 2011).
Kolaps gradaci

Mns — ptidana hodnota mortality vzhledem k antagonistiim a snizené kondici dospélct
Vv pozd¢jsich stadiich gradace. Jak a pro¢ gradace najednou skonci, jesté neni zcela vysvétleno.
Literatura se v8ak viceméné shoduje v ndzoru, Ze regionalni kirovcové gradace vzdy po 6
letech skonci (Seidl et al., 2016). Antagonisté jako predatorské vcely, parazitické mouchy a

ptaci, hraji dtlezitou roli ve zmiriovani kiirovcovych gradaci (Wermelinger, 2004).
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Jiz pocate¢ni hodnoceni integrovaneho kirovcového modulu v rdmci testovani kratké
fady ktirovcovych disturbanci ukazalo velmi vysokou spolehlivost dat vychéazejicich z modelu.
Vysledky simulaci v porovnani s daty realné pozorovanymi ve stejné lokalité uspokojivé
reprodukovaly disturbance. Piestoze simulace vykazovaly jistou miru odchylky od realnych dat
(nadhodnoceni i podhodnoceni), jejich spolehlivost se pohybovala od 80 % vyse (Seidl and
Rammer, 2017). V préaci Sommerfeld et al. (2020) byly zevrubné testovany prostorové a ¢asové
vzorce simulovanych disturbanci, které byly nasledné porovnavany s nezavislymi daty (Kautz
et al., 2011). Kurovcovy modul opét vykazoval ve vysledcich vysokou miru spolehlivosti
(Sommerfeld et al., 2020). Model iLand byl béhem poslednich let diikladné testovan a jeho
podoba véetné moduld byla upravovana na zaklad¢ simulaci pro rizné typy lest sttedni Evropy
a zapadni ¢asti USA. Jeho simulace produktivity, vegetaéni dynamika a disturban¢ni vzorce tak

byly Gspésné srovnavany s readlnymi pozorovanymi daty (Seidl et al., 2018).
4.3.2 Modul poskozovani porostli vétrem

Modul poskozovani porostt vétrem musi vzit v tivahu dynamickou strukturu stanovisté
a krajinny rdmec v kombinaci se silou vétru jakozto vnéj§im Cinitelem. Procesni model iLand
simuluje vétrné disturbance na zakladé¢ informaci o aktualni rychlosti vétru, které byly v piipadé
této prace ziskdny z meteorologickych stanic umisténych v okoli zajmové krajiny. Zasahy
vétrem jsou pak definovany rychlosti (primérna hodinova rychlost vétru) a smérem vanuti.
Poskozeni porostii pak zplsobuji pouze ty vétrné udalosti, které ptekroci urCitou rychlost.
Casové fady vétrnych podminek lze dosadit vygenerovanim z klimatickych modeléi nebo
Z empiricky zjiSténé distribuce rychlosti vétru, stejné tak mize byt determinovan i den vétrné
udalosti a délka jejiho trvani (podrobné&ji Kapitola 5.3, Seidl et al., 2014b, Seidl and Rammer,
2017). Predpoklada se, ze velké vétrné disturbance zasdhnou predev§im na okrajich lesniho
porostu (Blennow and Sallnés, 2004). V iLandu jsou za mista potencialné ohrozend vétrem
povaZovany pouze bunky, jejichZ stromovd vySka dosdhne hranice 10 m vrchni vysky
stromovych korun (Seidl et al., 2014a). Ve vypoctech modulu je samoziejmé zvazovan efekt
umisténi porostnich okrajl, vegetace na navétrné stran¢ a také efekt krytu sousednich stromii,
ptipadné jejich nedostatek (Hale et al., 2012). Zasahem vétru vznikaji zlomy, ¢i vyvraty,
pticemz kriticka rychlost je pro kazdy druh poskozeni pocitana zvlast' dle Gardinera et al.
(2000). Timto poskozenim jsou odkryty dal$i stromy v porostu utvarejici novy okraj, ktery je
pii dal§im zdsahu vétrem zranitelnéjSi a je modelem zvazovén v dalSich vypoctech. Vétrny

modul je tak pfi zohlednéni rozdilii v terénnim uspofadani, zranitelnosti a struktuie vegetace
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funkénim a pomérné pfesnym nastrojem k zohlednovani dopadu silného vétru (Seidl et al.,

2014a).
4.4 Implementace managementu do modelu iLand

Aby bylo v simulacich mozZno zohlednit také dynamické propojeni faktort piirodnich a
sociélnich systému, iLand obsahuje i nastroje pro simulaci managementu lesa. Systém simulace
managementu zahrnuje vSestranny pfistup s Sirokym spektrem hospodaiskych zasaht. Pracuje
na zakladé¢ modulu umoziujiciho simulovat soucasné n€kolik Ciniteli managementu, zména
managementového planu je tak provadéna dynamicky. V ramci vysadby model umoziuje
ovlivnit vysku, vék a druh vysazovanych sazenic. Ve vysadbé porostnich smési je mozné
upravit zastoupeni jednotlivych vysazovanych druht a tim ovlivnit cilovou dievinnou skladbu
lesa. Vychova porostu v podobé¢ profezavek a probirek a nasledna mytni tézba jsou v modelu
provadény dynamicky dle vyvoje jednotlivych stanovist' a je mozné je ovlivnit nékolika
parametry. T¢ézba tak miize byt ptizptisobena dle tloustkovych tfid stromi, mnozstvi stromt na
hektar nebo objemu dfevni hmoty, které chceme vytéZit, ¢i naopak ponechat na stanovisti. Ve
studii zkracovani doby obmyti byl vyuzit parametr vé€ku, kdy model vybird k t&zb¢ jedince
dosahujici ur¢itého stafi. Nahodila téZba je v modelu aktivita uplatiovana na plochach, které
ovlivnila disturbance. Pokud je plocha modelem vyhodnocena jako zasazena, model
automaticky spusti té¢zbu/odstranovani poskozenych stromt. Na velkych plochach pak model
automaticky resetuje obmyti. V ramci pfedkladanych studii byla vyuZzita moznost zmény
intenzity provadéni zdsahu nahodilé t€zby a také jeji prostorové umisténi do ur€itych casti
porostu. Tyto zdsahy managementu mohly byt simulovany samostatné ¢i ve vzijemnych
kombinacich. Zména parametrii managementu nasSich studii probé&hla upravou JavaScriptového

souboru, se kterym model pracuje.
4.5 Design jednotlivych studii

Ctyfi studie uvadéné v této praci jsou zaméfeny na simulaci zasahti managementu a
jejich vlivu na disturbance ktirovcti za podminek zmény klimatu. Zakladni nastaveni modelu je
pro vSechny tyto studie stejné a je uvedeno v Kapitolach 5.1, 5.2, 5.3, 5.4. Podrobnéji jsou zde

uvedeny pouze zasadni charakteristiky jednotlivych studii, ve kterych se odlisuji.

45.1 Zkracovani doby obmyti jako nastroj pro snizovani rizika disturbanci — potenciél a

omezeni.

StéZejni charakteristikou bylo zkraceni doby obmyti, které je redlné ve studijni lokalité

upraveno lesnickou legislativou, kdy primérna doba obmyti smrkovych stanovist’ je 100 let a
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u listnatych stanovist’ 115 let. Tyto hodnoty byly stanoveny jako vychozi a z nich byly
odvozeny a simulovany 4 alternativni scénafe s relativnim zkracenim doby obmyti o 10, 20, 30
a 40 %. Nicméné hodnota doby obmyti nesméla klesnout pod 60 let. VSechny tyto
managementové scénaie byly simulovany jak v referenénim klimatu, tak v podminkach zmény
klimatu. Béhem pribéhu simulace dlouhé 200 let bylo simulovano pribézné 6 vétrnych
udalosti. Hodnoceny byly jak kratkodobé efekty v prvnich 30 letech samotné simulace, tak
efekty dlouhodobé ve zbylych 170 letech (Kapitola 5.1).

4.5.2 Nahodila tézba jako efektivni nastroj ke ztlumeni Sifeni klirovce a zachovani uhliku

Vv lese

Simulovéno bylo sedm rtiznych intensit provadéni nahodilé tézby a to 0, 20, 40, 60, 80,
95 a 100% intenzita odstranéni klirovcového materialu ze stanovisté. Stromy poskozené vétrem
¢i kiirovecem byly odstranény ve stejném roce, ve kterém doslo k disturbanci a neprobihala zde
preventivni tézba zivych stromi (sanitdrni tézba). Simulace dlouhé 200 let prob&hly s péti
riznymi vétrnymi scénafi obsahujicimi 5 vétrnych udalosti s riznou distribuci b&hem let.
Vsechny tyto moznosti managementu a vétru probchly také ve spojeni s 13 rlznymi

klimatickymi scénafi (Kapitola 5.2).
4.5.3 Prostorové rozmisténi nahodilé t€zby ovliviiuje klirovcové disturbance

Experimentalni design této studie spocival v simulaci tfech druhli prostorového
rozmisténi nahodilé t€zby v riznych intenzitach. Prvni rozmisténi je uniformni t€zba po celé
ploSe s riznymi intenzitami nahodilé tézby (viz Kapitola 5.2). Druhym typem je soustfedéni
nahodilych téZeb do okoli lesnich cest. Tento typ predstavuje omezené moznosti managementu
disturbanci v podobé provadéni opatfeni v dobie piistupnych oblastech. Naopak poslednim
typem rozmisténi je provadéni nahodilé t€Zby v urcitych blocich (Obr. 2). Tento pfistup pocita
s moznosti, Ze v nékterych oblastech t€Zba neni mozna naptiklad z dtivodu ochrany pfirody.
Posledni dva zminéné zptsoby byly simulovany ve scénaii pokryti 40 a 60 % celkové plochy
timto zplisobem managementu a také o dvou riznych intenzitach nahodilé t€zby 60 a 95 %

(Kapitola 5.3)
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Obr. 2 Schéma prostorového rozmisténi nahodilé tézby na lokalité. Procenta uvadéji,

kolik z celkové plochy bylo osetfeno managementem.

4.5.4 Role managementu kiirovcovych disturbanci v monokulturnich a druhové rozmanitych

lesich

Piedkladana studie je shrnutim a rozsifenim problematiky managementu v ptedchozich
ptedlozenych ptipadovych studiich. Simulace ptedstavovaly rtizné vzajemné kombinace a
nastaveni piistupti ke zvladnuti ktirovcovych disturbanci. Soucasti simulaci bylo provadéni
nahodilé tézby, rizna délka obmyti a zména v cilovém sloZeni dfevin na stanovisti. Studie byla
tedy vyhotovena v souladu s problematikou lesnictvi ve stfedni Evropé, a dilematem, zda
zachovat velky podil smrku kvtli zpracovatelskym/ekonomickym ucelim nebo vysazovat
cilené¢ ostatni druhy dievin ke vzniku druhové diversifikovaného porostu, ktery se blizi

ptirodnimu sloZeni (vice v Kapitola 5.4).
4.6 Design podpirnych studii

Kromé vyse uvedenych studii zaméfenych na modelovani zasahi vedoucich k
optimalizaci managementu lesa je prace doplnéna o dvé podpurné studie, které svou tématikou

vhodné dopliuji problematiku klirovcovych disturbanci.
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4.6.1 Infek¢ni hladina mikrosporidie Larssoniella duplicati u invazniho druhu karovce Ips

duplicatus

Prispévek o vlivu mikrosporidie na popula¢ni dynamiku ktirovce vztazenou k ohniskiim
jeho vyskytu v ptavodnim i novém aredlu vznikl na zakladé odbéru vzorku kirovce Ips
duplicatus z lapa¢i ve 4 statech (Svédsko, Polsko, Ceské republika, Rumunsko) sledujiciho
Siteni kiirovce Evropou. Kazdy jedinec byl vypitvan a mikroskopovan pro zjisténi pfitomnosti
mikrosporidie i dalSich patogent. Statistické analyzy sleduji vztah mezi infekéni hladinou

mikrosporidie a dal§imi proménnymi (Kapitola 5.5).

4.6.2 Vyvoj kiirovcové kalamity v Ceské republice, jeji spoustéci mechanismy, dopady a vliv

managementu.

Na zakladé n&kolika zdroji (Lesni ochranna sluzba, Cesky statisticky ufad a Ustav
hospodarské upravy lesa) byla zkompletovina a zkombinovana data o $kodach kirovcem
v jednotlivych okresech Ceské republiky v obdobi let 2003—2019. Studie se podrobnéji
zamé&fuje na periodu 2017-2019, kdy kiirovcova gradace dosahla nebyvalé intenzity. Tato data
byla zkoumana v souvislosti s prediktory klimatu a lesni struktury. Navic bylo prozkouméano
mnozstvi voln¢ dohledatelnych materialt reportazi a zprav Kk porozuméni dopadu disturbance

na socialni, ekologicky a ekonomicky sektor (Kapitola 5.6).
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5 Vysledky

Predlozena disertacni prace vznikla na zakladé¢ 6 odbornych ¢lanki, zabyvajicich se
problematikou, ktera je soucasti jednotlivych cili prace. Na kapitoly vysledki obsahujici

jednotlivé publikace je odkazovano v ptedchozich kapitolach.

Problematikou managementu kurovcovych disturbanci se zabyvaji 4 publikace. Prvni

publikace je zaméiena na vyuziti nastroje zkracovani doby obmyti:

Kapitola 5.1) ZIMOVA, S., DOBOR, L., HLASNY, T., RAMMER, W., SEIDL, R., 2020.
Reducing rotation age to address increasing disturbances in Central Europe: Potential and
limitations. Forest Ecology and Management 475.
https://doi.org/https://doi.org/10.1016/j.foreco.2020.118408

vyuziti nastroje managementu ktiirovcovych gradaci v podob¢ nahodilé té¢Zby provadéné
V rizné intenzité a rizném rozloZeni provadéni t€Zby ve vymezené lokalité je popsano v

publikacich:

Kapitola 5.2) DOBOR, L., HLASNY, T., RAMMER, W., ZIMOVA, S., BARKA, I, SEIDL,
R., 2019. Is salvage logging effectively dampening bark beetle outbreaks and preserving
forest carbon stocks? Journal of Applied Ecology 57, 67—76. https://doi.org/10.1111/1365-
2664.13518

Kapitola 5.3) DOBOR, L., HLASNY, T., RAMMER, W., ZIMOVA, S., BARKA, I., SEIDL,
R., 2020. Spatial configuration matters when removing windfelled trees to manage bark
beetle disturbances in Central European forest landscapes. Journal of Environmental
Management 254, 1-12. https://doi.org/10.1016/j.jenvman.2019.109792

vyuzitim riznych kombinaci pfedeSlych 2 nastrojii managementu a nastroje postupné zmény
dievinné skladby se zabyvéa publikace:
Kapitola 5.4) DOBOR, L., HLASNY, T., ZIMOVA, S., 2020. Contrasting vulnerability of

monospecific and species-diverse forests to wind and bark beetle disturbance: The role of
management. Ecology and Evolution 10, 1-13. https://doi.org/10.1002/ece3.6854

Vyse uvedené vysledky byly doplnény také nasledujicimi podpirnymi studiemi, kde
k empirickému vyzkumu mechanismd, které mohou ovlivnit popula¢ni dynamiku ktrovce
prispiva vystup:

Kapitola 5.5) ZIMOVA, S., RESNEROVA, K., VANICKA, H., HORAK, J., TROMBIK, J.,

KACPRZYK, M., LINDELOW, A., DUDUMAN, M., HOLUSA, J., 2019. Infection
Levels of the Microsporidium Larssoniella duplicati in Populations of the Invasive Bark
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Beetle Ips duplicatus: From Native to New Outbreak Areas. Forests 10, 1-10.
https://doi.org/10.3390/f10020131

a shrnutim vyvoje kalamity ktirovee v Ceské Republice, jeji prognostikou a struénym
hodnocenim jejich dopadt na socialni, ekologickou a ekonomickou oblast se zabyva:

Kapitola 5.6) HLASNY, T., ZIMOVA, S., MERGANICOVA, K., STEPANEK, P.,
MODLINGER, R., TURCANIL, M., 2021. Devastating outbreak of bark neetles in the
Czech Republic: Drivers, impacts, and management implications. Forest Ecology and
Management 490, 1-13. https://doi.org/10.1016/].foreco.2021.119075
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ARTICLE INFO ABSTRACT

Forest disturbance regimes are intensifying in many parts of the globe. In order to mitigate disturbance impacts a
number of management responses have been proposed, yet their effectiveness in addressing changing dis-
turbance regimes remains largely unknown. The strong positive relationship between forest age and the vul-
nerability to disturbances such as windthrows and bark beetle infestations suggests that a reduced rotation
length can be a potent means for mitigating the impacts of natural disturbances. However, disturbance miti-
gation measures such as shortened rotation lengths (SRL) can also have undesired consequences on ecosystem
services and biodiversity, which need to be considered in their application.

Here, we used the process-based landscape and disturbance model iLand to investigate the effects of SRL on
the vulnerability of a 16,000 ha forest landscape in Central Europe to wind and bark beetle disturbances. We
experimentally reduced the current rotation length (between 100 and 115 years) by up to —40% in 10% in-
crements, and studied effects on disturbance dynamics under current and future climate conditions over a 200-
year simulation period. Simultaneously, we quantified the collateral effects of SRL on forest carbon stocks and
indicators of biodiversity. Shortening the rotation length by 40% decreased disturbances by 14%. This effect was
strongly diminished under future climate change, reducing the mitigating effect of shortened rotation to < 6%.
Collateral effects were severe in the initial decades after implementation: Reducing the rotation length by 40%
caused a spike in harvested timber volume (+92%), decreased total forest carbon storage by 6% and reduced the
number of large trees on the landscape by 20%. The long-term effects of SRL were less pronounced. At the same
time, SRL caused an increase in tree species diversity. Shortening rotation length can reduce the impact of wind
and bark beetle disturbances, but the overall efficiency of the measure is limited and decreases under climate
change. Given the potential for undesired collateral effects we conclude that a reduction of the rotation length is
no panacea for managing increasing disturbances, and should be applied in combination with other management
measures reducing risks and fostering resilience.

Keywords:

Forest disturbances
Climate change
Disturbance management
Wind and bark beetles
Central Europe

1. Introduction

Forest disturbances have increased in recent decades, and there is
ample evidence that this trend will continue in the future due to on-
going climate change (Seidl et al., 2014b; Senf et al., 2018). Among the
forest types affected by recent pulses of mortality, Europe‘s Norway
spruce forests (Picea abies (L.) Karst) were impacted with a particular
severity (Dobor et al., 2018; Marini et al., 2017; Mezei et al., 2017). The
sensitivity of these forest types to large-scale dieback is on the scientific
agenda since the 1980°s (Hlasny and Sitkova, 2010; Klimo et al., 2000),
yet recent observation are particularly alarming and suggest that a
tipping point has been reached (Hlasny et al., 2019; Lindenmayer et al.,

* Corresponding author.
E-mail address: hlasny@fld.czu.cz (T. Hlasny).

https://doi.org/10.1016/j.foreco.2020.118408

2016). While the initial problems identified in the 1980 largely con-
cerned areas where the species was cultivated at the edge of or even
outside of its natural range, recent pulses of mortality occurred almost
across the entire distributional range of the species in Central Europe
(de Groot et al., 2019; Marini et al., 2017).

These developments have promoted the adoption of new policies
which mainly strived to restore the natural tree species composition
(Hlasny et al., 2017; Spiecker et al., 2004), aiming to increase the re-
sponse diversity to changing environmental conditions and reduce the
vulnerability to disturbances (Lindner et al. 2010). While the forest
policy and management communities in Central Europe have largely
focused on the question of which tree species and species mixtures
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could increase the robustness of forest stands to changing climate and
disturbance regimes (e.g. Bolte et al. 2009), recent research indicates
that also other management options provide considerable leverage.
These, for instance, include intensifying thinnings to reduce drought
risk (Elkin et al., 2015; Sohn et al., 2016), improving structural di-
versity and revegetation strategies to facilitate post-disturbance re-
generation (Churchill et al., 2013; Lafond et al., 2014), and increasing
landscape-scale diversity to contain the spread of disturbances
(Honkaniemi et al., 2020; Seidl et al., 2018).

Another important means to influence the structure and functioning
of managed forests is the timing of harvesting operations (Brown et al.,
2018; Curzon et al., 2017; Russell and Jones, 2001). A central para-
meter in this regard, describing the time elapsed between final fellings
in even-aged forest management, is rotation length (Roberge et al.,
2016). In Central Europe, rotation lengths are typically determined
based on past species- and site-specific growth performance to max-
imize profit (Faustmann, 1849; Newman, 2002). Forest planning under
global change, however, requires broader consideration, accounting,
for example, for changing tree growth performance (Blennow et al.,
2010; Yousefpour et al., 2019), the need to mitigate climate change via
increased carbon stocks (Ekholm, 2016; Liski et al., 2011), the re-
quirement to increase biodiversity also in managed forests (Angelstam
et al., 2018; Diaz-Rodriguez et al., 2012), and the uncertainty in future
environmental conditions and societal demands (Daniel et al., 2017;
Seidl and Lexer, 2013; Spittlehouse and Stewart, 2003).

The risk for many disturbances changes with stand age (Gardiner
and Quine, 2000; Jactel et al., 2009; Roberge et al., 2016). Disturbances
are thus another important factor to consider in determining forest
rotation length (Meilby et al., 2001; Price, 1989). In the Norway spruce
forests of Central Europe, the most important biotic disturbance agent is
the European spruce bark beetle Ips typographus (L.). It typically prefers
trees older than 60 years that have a diameter at breast height larger
than 20-25 cm (although beetles may attack and reproduce also in
smaller and younger trees at high population levels). A similar positive
relationship between tree age and susceptibility exists for wind dis-
turbance (Jactel et al., 2009). Taller trees receive higher wind loading
(larger crown surface area) and turning moments (higher crowns),
leading to an increased risk of windthrow and stem breakage. More-
over, considering the long disturbance return intervals and the sto-
chastic nature of wind regimes, a longer rotation increases the chance
that a severe windstorm will occur during the lifetime of a tree gen-
eration in a particular area (Jactel et al., 2009). Wind disturbance
furthermore often serves as trigger for bark beetle outbreaks (Marini
et al., 2017), an interaction that is expected to be further amplified
under climate change (Seidl and Rammer, 2017). That the rotation
length in Norway spruce forests exceeds 100 years in many regions of
Europe (Lindner et al., 2000) thus results in large tracts of forests prone
to both wind and bark beetle disturbances. Therefore, a shortening of
the rotation length is increasingly discussed as a means to address in-
tensifying disturbance regimes (Gardiner and Quine, 2000; Hlasny
et al., 2017; Jactel et al., 2009; Kuboyama and Oka, 2000).

Reducing rotation length, however, can also have negative effects
on the supply of ecosystem services (e.g., timber production, carbon
storage) and the objectives of nature conservation (Felton et al., 2017;
Roberge et al., 2016). Reducing rotation length can, for instance, result
in a temporal surplus of timber to the market and reduce the supply of
logs with larger dimensions (Lindner et al., 2000). Shorter rotation may
also result in a loss of habitat features that are important for biodi-
versity conservation (Felton et al., 2017; Lange et al., 2014; Lassauce
et al., 2013) and compromise supporting (water, soil nutrients) and
cultural (aesthetics, cultural heritage) ecosystem services (Roberge
et al., 2016; Weslien et al., 2009). The reduction of mature stands with
high structural complexity can, for instance, affect habitat availability
for some red-listed species (Bernes, 2011) and reduce the amount of
dead wood, which accumulates with a higher intensity in older stands
(Jonsson et al., 2006). The absence of old trees and the higher
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frequency of harvesting interventions can also affect forest aesthetic
and recreation values negatively (e.g. Curtis, 1997). Reduced forest
carbon stocks due to shorter rotation may counteract efforts to mitigate
climate change through carbon storage in forest ecosystems (Ekholm,
2016; Kaipainen et al., 2004). Recent research also indicates that the
maintenance of older forests on the landscape can help to sustain bio-
diversity and ecosystem services under climate change (Thom et al.,
2019).

Here, we assessed how a reduced rotation length affects the future
susceptibility of forests to wind and bark beetle disturbances. We sub-
sequently evaluated a range of collateral effects of reduced rotation
lengths, assessing their impact on indicators of forest carbon storage
and biodiversity. We hypothesized that a reduced rotation length can
buffer the expected increase in forest disturbances in the forests of
Central Europe (Bjorkman et al., 2015; Jactel et al., 2009). However,
we further expected that positive effects on disturbance risk are coun-
tered by negative effects of reduced rotation on indicators of forest
carbon and biodiversity (Liski et al. 2011, Lassauce et al. 2013,
Lundmark et al. 2018).

2. Methods and materials
2.1. Simulation model

To address the complex interdependencies between disturbance,
rotation, and indicators of ecosystem services and biodiversity, we here
used the forest landscape and disturbance model iLand (Seidl et al.,
2012a). iLand is a process-based ecosystem model that simulates forest
landscape dynamics within a hierarchical multi-scale framework
(Mikeld, 2003), i.e. the model treats different processes at different
spatial and temporal scales. The main entity in the model is a tree, for
which the demographic processes of growth, mortality, and regenera-
tion are simulated. Processes at the stand and landscape scale constrain
the dynamics of individual trees and thus allow for a robust scaling of
tree-scale processes to large areas (Seidl et al., 2012a).

iLand integrates an agent-based model of forest management
(Rammer and Seidl, 2015) in which general stand treatment programs
(i.e., a sequence of management interventions carried out over the
course of stand development) are dynamically adapted to the forest
state emerging from the simulation. We here applied a single stand
treatment program implemented by a sole agent across the entire study
landscape. Stand treatment programs included planting after harvests
or natural disturbances based on prescribed planting schemes, thinning
operations, harvesting and post-disturbance salvaging. In addition to
stand-level management the model also includes a landscape-level
scheduling module that aims for equally distributed annual harvests
(e.g., by re-scheduling other planned activities in response to salvage
harvesting) and accounts for spatial contingencies.

iLand simulates forest disturbances in a spatially explicit manner
(Seidl et al., 2014a; Seidl and Rammer, 2017). Wind disturbances are
initiated by the wind speed of severe wind events provided as external
input to the simulation. The model initiates wind disturbances in lo-
cations, where canopy rugosity changes abruptly, i.e., where vertical
differences between the top heights of neighbouring grid cells exceed
10 m (e.g. Blennow and Sallnas, 2004). Next, wind speed at the canopy
top height is calculated based on a vertical wind profile at the stand
edge (Gardiner et al., 2000), and individual-tree turning coefficients
(Hale et al., 2012) are calculated. The latter two information are used to
calculate the critical wind speeds for uprooting and tree breakage based
on the approach of Gardiner et al. (2000). If the soil is frozen, only the
stem breakage is allowed to occur. The final evaluation of the impact of
wind on forest is based on comparison of the prevailing wind speed to
the critical windspeed; if the critical wind speed is exceeded, the tree is
broken or uprooted. The disturbance impact is simulated iteratively,
with forest structure (including the appearance of new edges) being
updated after each iteration if breakage or windthrow was simulated.
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The process-based implementation of bark beetle disturbances
considers bark beetle phenology and development, spatially explicit
dispersal of beetles, colonization and tree defence, as well as tem-
perature-related overwintering success (Seidl and Rammer, 2017).
Large outbreaks are typically triggered by wind disturbance, but
smaller outbreaks occur also independently based on a climate-sensitive
background probability. Bark beetle development is simulated based on
the beetle phenology model by Baier et al. (2007). The model tracks
beetle cohorts rather than individuals, with a cohort being defined as
the minimum number of beetles needed to successfully colonize a tree.
Every brood tree disperses a number of beetle cohorts determined by
the reproductive rate of the beetle (Wermelinger and Seifert, 1999).
Attacking beetle cohorts need to first overcome the defence system of
the tree, which is approximated by its dynamically simulated non-
structural carbohydrate reserves. The tree can be attacked in multiple
waves of beetle cohorts in one vegetation period if the climate allows
for the development of multiple beetle generations per years.

The model was tested and evaluated across a range of ecosystems in
Europe and North America in previous studies (Seidl et al., 2012b; Silva
Pedro et al., 2015; Thom et al., 2017a). A detailed evaluation of si-
mulated productivity, natural mortality and regeneration patterns for
the landscape studied here was conducted by Dobor et al. (2018). All
tests showed satisfactorily performance of the model in the current
study region.

2.2. Study landscape

The study landscape Goat Backs Mts. is located in central-eastern
Slovakia (Lon 20.088 — 20.275, Lat 48.920 — 49.061) and covers an area
of 16,050 ha (Fig. 1). The forest cover is 70%, dominated by Norway
spruce, which makes up 75% of the forested area. Other important tree
species are European larch (Larix decidua Mill.), Scots pine (Pinus syl-
vestris L.), Silver fir (Abies alba Mill.), and European beech (Fagus syl-
vatica L.). The elevation range is 620-1550 m a.s.l. Air temperature
during the growing season (April-September) ranges from 12 to 15 °C,
and growing-season precipitation ranges from 380 to 510 mm. Cam-
bisols and Podsols prevail, while Rendzinas occur on calcareous bed-
rock which dominates the highest reaches of the landscape.

The current silvicultural system is an even-aged management
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regime with a rotation length of approximately 100 years. The primary
approach to tree regeneration in stands with fir and/or beech ad-
mixtures is a uniform shelterwood cut (Fig. 1). The shelterwood system
contains 3-4 regeneration cuts applied over a period of approximately
30 years, followed by a final cut. In spruce monocultures, a small-scale
clearcutting system is applied (cut-block size < 3 ha).

Wind and bark beetles (mainly Ips typographus) are the main agents
of natural disturbance in the region. Over the last 20 years, the land-
scape has been subject to heavy windthrow and high severity bark
beetle disturbance, affecting almost 40 percent of the study area (Dobor
et al., 2018). Management responses to natural disturbances contain
salvage logging of both wind and beetle-killed trees, and sanitation
logging aimed to reduce the spread of bark beetles.

2.3. Vegetation, soil and climate data

We initialized the vegetation of the study landscape in iLand based
on stand-level data from forest management plans (FMP) provided by
the National Forest Centre of Slovakia. The data were collected in the
field and contain attributes such as stand structure, species- and cohort-
specific mean stand height and diameter, standing volume, site index,
mean stand age and stand density.

Soil depth and plant available nitrogen — which are both important
soil parameters for the simulation with iLand - were derived on a
100 X 100 m grid from the national forest soil database (National
Forest Centre, Slovakia). Because soil depth was only available as ca-
tegorical variable, depth information for each stand was sampled from a
uniform distribution centred on the mean soil depth of each of the five
depth categories. The soil database contained a relative nutrient con-
tent (0-1), which was used to estimate the plant-available N (kg m =
year_l) based on iLand-internal model logic (Seidl et al., 2012a).

Two types of climate data were used to drive the simulations. A
stationary reference climate series was created based on daily meteor-
ological data from a nearby meteorological station (Poprad-Ganovce,
Slovak Hydrometeorological Institute), and spatially expanded to the
study landscape using MTClim in combination with topography in-
formation (Hungerford et al., 1989; see Dobor et al., 2018 for details). A
reference climate series was generated by randomly sampling years
with replacement from the period 1996-2016. Future climate was

shelterwood

- clearcutting

21-25

26-30
B 3i-35
I 354

Fig. 1. Silvicultural systems applied in the study region (left). Clearcutting system is applied in pure stands of Norway spruce. Shelterwood system is applied in mixed
stands. Site index map, with site index denoting the mean stand height at the age of 100 years (right). The insert shows the location of the study landscape in Central

Europe (white circle).
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Table 1

Indicators used to study the effect of a reduced rotation length on the forest
ecosystems. All indicators were calculated as landscape-level averages, and
changes are relative to the current rotation length (Uge).

Type of effect Indicator [% change]

Main effect Mean forest age

Regular timber volume harvested (excluding salvage logged
timber)

Growing stock affected by wind

Growing stock affected by bark beetles

Mean stock of the total landscape carbon

Abundance of large trees (DBH above 60 cm)

Tree size diversity index (H index)

Shannon diversity of tree species

Rao's Quadratic Entropy Index of tree species shade tolerance

Collateral effect

represented by seven GCM-RCM combinations driven by two Re-
presentative Concentration Pathway (RCP) scenarios (RCP4.5 and
RCP8.5; Moss et al., 2010) (Appendix A). The data were developed in
the framework of the CORDEX project (Giorgi et al., 2009). CO, con-
centrations used to drive the forest simulations were defined by the two
RCP scenarios, and reached 538 ppm and 936 ppm in 2100 under
RCP4.5 and RCP8.5 runs, respectively. Climate data driving the simu-
lations after 2100 were sampled with replacement from the period
2080-2100 for each RCM, while CO, concentration was held at the
level of 2100.

2.4. Simulation design

Prior to scenario simulations a 920-year spin-up run was performed
to estimate the initial litter, dead wood and soil C pools, as well as to
initialize stand structures (including individual tree positions) in a
manner that is consistent with the internal logic of the model. The
procedure used (‘legacy spin-up’) assimilates information on the current
vegetation (here taken from FMP) in order to ensure that the resulting
initial vegetation state for simulation is (i) consistent with the model-
internal logic and (ii) represents the current structure and composition
of the forest (see Thom et al. 2018 for details). Specifically, spin-up
simulations are continuously compared to FMP reference data, and si-
mulated management is dynamically adapted to ensure convergence
between the simulation and the data at the level of individual stands.
This approach accounts for the fact that the details of past land-use are
often unknown, and ensures that the initial conditions of the simulation
are in good correspondence with observations (e.g., with regard to
structural legacies, Thom et al., 2018). The first 800 years of the spin-up
included regular forest management operations but no natural dis-
turbances. In a second 120-year spin-up phase, we allowed several low-
intensity wind and bark beetle disturbances to ensure a smooth tran-
sition between the spin-up and scenario runs. The scenario simulations
were run for 200 years, and each scenario was replicated 10 times to
account for the stochasticity in the simulations.

The wind speed of simulated wind events was prescribed in the
scenario simulations, with speed values sampled from a distribution
parameterized based on past meteorological observations from the
nearby meteorological station. In total, six wind events with the dura-
tion of 60 min were prescribed to occur during the 200-year simulation
period. This series of wind events caused an average annual wind da-
mage of 1.68-1.79 m® ha ! year ! (range of the 10 replicate simula-
tions) under the default rotation length and the reference climate. This
level of wind damage corresponds well with the long-term range of
0.9-2.2 m® ha~! year™" reported for Slovakia in the national forest
disturbance statistics (Konépka et al., 2016).

We note that while the occurrence of strong winds was prescribed,
their impact on the forest ecosystem was simulated as an emergent
property of the process-based wind model implemented in iLand (Seid!l
et al., 2014a). Also bark beetle disturbances were simulated
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dynamically, based on the iLand bark beetle module (Seidl and
Rammer, 2017). A 60% salvaging intensity was applied in all simula-
tions (see Dobor et al., 2020, 2019 for details on the implementation of
salvage harvesting).

2.5. Rotation length experiment

The starting point for our analyses of rotation length effects was the
default management currently implemented in the study region, as
defined by national forestry legislation. The average rotation length
(Uger) was 100 years for spruce stands, and 115 years for broadleaved
species. The rotation age varies across the landscape, acknowledging a
negative correlation of rotation length with site fertility. In addition to
Uqer, we simulated four alternative scenarios, reducing the rotation
length of each stand by 10, 20, 30 and 40% (U, ed10s Ured20 Ureazo and
U, edq0, respectively) relative to Uger. The rotation length was, however,
not allowed to be < 60 years. All reduced rotation length and Uges
simulations were run both under reference climate and climate change.

The transition phase to a shorter rotation length can — depending on
the speed of the transition — generate different undesired effects (e.g.,
temporary increase in harvested timber, increased occurrence of
cleared areas, rapid change in forest demography affecting biodiversity,
etc.). To study realistic trajectories, we thus simulated a relatively long
transition period of 30 years.

We distinguished two broad groups of effects of shortened rotation
length in our analysis, which we refer to as main effects (i.e., those
primarily discussed by managers in the context of rotation length) and
collateral effects (i.e., those that are not receiving broad attention in the
management community, yet might also be important when making
management decisions) (Table 1). Main effects include the modification
of forest age, the amount of harvested wood, and the level of dis-
turbance by wind and bark beetles. As collateral effects, we focused on
two different groups of indicators, representing forest carbon stocks and
biodiversity. In particular, we evaluated effects on total landscape
carbon storage, tree size diversity, the abundance of large trees, tree
species diversity and tree shade tolerance diversity. Tree species di-
versity was evaluated based on the Shannon entropy index (Shannon,
1948) using basal area shares. Shade tolerance diversity was evaluated
based on the Rao’s Quadratic Entropy (Ricotta and Szeidl, 2009) using
shade tolerance ratings of the tree species occurring on the landscape.
The shade tolerance ratings were based on Niinemets and Valladares
(2006) with minor modifications for consistency with iLand framework
(http://iland.boku.ac.at/species + parameter). We used shade toler-
ance ratings as they are a good proxy for the different successional roles
of tree species in forest dynamics (e.g., early vs. late seral species), and
thus capture an important component of functional diversity beyond
the tree species richness and abundance. The Rao’s Quadratic Entropy
was calculated as

Q=

i

d‘,p‘pj

S S
=1 J=1

where dj; is the dissimilarity between species i and j (here the ab-
solute difference between species shade tolerance scores; note that d;; is
normalized between [0,1] by dividing it by the maximum difference
between the species represented in the landscape), p; and p; are the
relative proportions of species i and j. We used R package SYNCSA
(Debastiani, 2020) for this analysis.

Tree size diversity (H) was evaluated based on the index presented
by Staudhammer and LeMay (2001):
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where Nppy and Ny are the number of DBH and height classes
present in the landscape, g; is the basal area (m?) of DBH or height class
i, and G is the basal area of the landscape (m?). We used 5-cm classes for
DBH and 2-m classes for height (Cordonnier et al. 2013) with a
minimum values of 4 m height and 5 cm DBH.

Although there is ample evidence that structural complexity and the
abundance of microhabitats (cavities, dead branches) increase with tree
diameter, the thresholds for identifying valuable habitat trees differs
widely between authors and ecosystems (e.g. Larrieu et al., 2012;
Larrieu and Cabanettes, 2012). We here applied a 60 cm diameter
threshold for identifying large trees, following a suggestion of Lachat
and Butler (2007) for mixed forests.

For all indicators we evaluate the effect of shortened rotation length
and the modulation of this effect by climate change. To do this, we
compare simulations under different levels of shortened rotation
against simulations under Uges. The compared pairs of simulations are
always driven by the same climate scenario, i.e. reference climate and
climate change projections.

For all collateral effects and the harvested volume, we separately
analysed the short-term (average over the first 30 years of the simula-
tion) and the long-term (average over the remaining 170 years of the
study period) effects of shortening rotation lengths. For the disturbed
growing stock, we analysed the 200-year averages only, because
30 years were too short to make robust assessments of the highly sto-
chastic disturbance events. We report the median and 10 - 90%
quantile range over the 14 simulated climate change scenarios and 10
replicates.

3. Results
3.1. Main effects of reduced rotation

3.1.1. Forest age

The average forest age during the 200-year simulation period was
61 years under Uy and reference climate (Table 2). Average forest age
decreased by up to 18% (11 years) under the most extreme scenario
Upeqq0- Because of the uneven distribution of current forest ages (re-
sulting from past natural disturbances), forest age fluctuated regularly
throughout the 200-year study period. The frequencies of this fluctua-
tion roughly equalled the respective rotation age being simulated
(Fig. 2ab). Climate change resulted in a higher amplitude of age var-
iation over time, while conserving the general pattern also observed
under reference climate.

3.1.2. Harvested volume

Reducing rotation length increased the amount of harvested wood
volume (Table 2). In the short-term (i.e., the first 30 years of the si-
mulation), this increase ranged between 35% and 92% of the harvest
levels reached under Uy, depending on the intensity of reduction
(Uredio = Uredao) (Fig. 3). In the long-term (i.e. over the remaining
170 years of the simulation), the initially strong effect on harvested

Table 2
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volume was reduced. Under U,qq0, for instance, the long-term harvest
level increase was 22% (i.e., a change from 6.7 to 8.1 mgha"year_ b
(See Fig. 4).

Climate change increased the overall amount of harvested wood
volume from 6.8 to 7.6 1'n3ha'1year’1 (200-year average under Uger).
The relative effects of reduced rotation on harvested volume did not
change under climate change (Fig. 3, Table 2). The temporal evolution
of harvested volumes was more erratic under climate change than
under reference climate (Appendix C).

3.1.3. Wind and bark beetle disturbances

The level of natural disturbance decreased with shorter rotation
lengths (Table 2). The average level of growing stock affected by wind
and bark beetles under Uger was 3.8 m® ha™' year™ ' under reference
climate, and 5.7 m® ha ™" year ™' under climate change (i.e. an increase
by 50%) (Table 2). Climate change doubled bark beetle disturbances
(from 2.2 to 4.5 m® ha~! year '), while wind disturbance decreased
from 1.7 to 1.2 m® ha™' year™'. Reducing the rotation length de-
creased the total disturbance by up to 14% under reference climate, but
only by 6% under climate change (average change over simulations
driven by all 14 climate scenarios). Reduced rotation buffered the im-
pact of wind more effectively than the impact of bark beetles (-18% vs.
—12% under reference climate, and —25% vs. —0.7% under climate
change in the Uyeq404 scenario).

3.2. Collateral effects of reduced rotation length

Reduced rotation length decreased the total amount of carbon
stored in the landscape (Table 3). This effect was pronounced in the
short-term (up to —7% under U,.q40), while the long-term effect was
—2% only. Climate change had a generally positive effect on forest
carbon storage (Appendix C), but slightly amplified the negative effect
of reduced rotation length (long-term effect of up to —3%) (Fig. 5,
Table 3). However, the negative effects of reduced rotation length on
carbon storage decreased over time, with U,g and Uger trajectories
converging after 150 simulated years (Appendix B).

Mean tree size diversity index H was 2.23 during the first 30 years of
the simulation and 2.50 during the remaining 170 years. H increased in
response to a reduced rotation length, with the increase being more
pronounced in the short-term (up to 4.5%) than in the long-term (up to
2.5%). The effect of climate change on the rotation length response of H
was negligible (Table 3). Reduced rotation decreased the number of
large trees in the short-term by 20% under U,eq40 (from 34 to 27 trees
ha™!) in both the reference and climate change scenarios. The effect
was more pronounced in the long-term, when the number of large trees
decreased by 30 and 32% under reference climate and climate change,
respectively (from 27 and 26 trees ha™! to 19 and 18 trees ha™?).

Both tree species diversity and diversity in shade tolerance in-
creased strongly during the simulation period as disturbances and
harvesting opened up the canopy of the initial mature forest dominated
by Norway spruce. In the long-term and under the reference climate,

The direct effects of reducing rotation length. Averages over the entire simulation period are shown. Each value shows the average of 10 simulation replicates. In case
of climate change, also 14 climate scenarios are averaged. RC: reference climate, CC: climate change.

Indicator Absolute values Differences from default rotation [%]

Unit Default rotation Uredio Ureazo Uredso Ureaao

RC cc RC cc RC e RC cc RC cc

Age years 60.6 58.3 -8.0 -7.3 -137 -127 -15.7 -16.7 —18.1 —20.1
Harvested volume m® ha'year ' 6.8 7.6 9.9 7.1 21.8 18.2 27.8 25.9 32.8 32.1
Wind m® ha'year ' 1.7 1.2 -10.6 -10.2 —-18.2 -185 -18.3 -227 -17.9 —24.8
Bark beetles m® ha'year™! 2.1 4.5 -5.2 0.1 -10.6 0.1 -9.3 1.0 -115 -0.7
Total killed m® ha'year ! 3.8 5.7 -7.6 -22 -14.0 -4.0 -13.3 -4.1 -143 -5.9
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Refatance dimats Climate change Fig. 2. Temporal development of mean forest age on
e the study landscape under the default rotation age
(Ugep) and different levels of reduced rotation (U,eq).
k- A moving-window smoothing (k = 25) was applied
3 on the age time series for presentation purpose. Each
Do | u line shows the average of 10 replicated simulations.
‘% & — U:: In case of climate change, also 14 climate scenarios
o | = Um0 were averaged.
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S = Shoskiam efack Addressing natural disturbances is an increasing concern for forest
g Ftg s et management in Europe, particularly due to a recent increase in dis-
3 % turbance activity and the propensity for further amplification of dis-
§ turbance regimes under climate change (Seidl et al., 2014b; Senf et al.,
2 2018). Yet, the efficiency of frequently discussed disturbance manage-
§ ment measures remains insufficiently understood, and it is unclear
5 2 1 whether past practices will retain their leverage also under future en-
i I vironmental conditions (e.g. Dobor et al. 2020). Furthermore, potential
e I collateral effects of disturbance mitigation measures need to be con-
0 sidered, yet are rarely quantified comprehensively in studies focusing
-10% -20% -30% -40% on disturbance management. We here show that a reduced rotation

Rotation length reduction

Fig. 3. Effect of reduced rotation length on the amount of harvested wood
volume, expressed as percent difference relative to the default rotation. Short-
term (average over the first 30 years of simulation) and long-term (average over
the remaining 170 years of the study period) effects are shown. Columns show
median values of replicated simulations and different climate change scenarios.
Whiskers indicate 10 to 90% quantile range.

reduced rotation length had almost no effect on these two indicators. In
the short-term, however, the two species diversity indicators increased
slightly in response to the high harvesting intensity in the first decades
of the simulation. Climate change increased Shannon and Rao’s di-
versity in the long-term, while the short-term values remained similar
to reference climate levels. Overall, the sensitivity of species and shade-

length can substantially reduce the impact of wind and bark beetle
disturbances, but also highlight a decreasing efficiency of the measure
under climate change. Furthermore, collateral impacts of reduced ro-
tation lengths on forest biodiversity and carbon cycling indicators
persisted.

4.1. Potential and limitations of reduced rotation lengths

4.1.1. Potential for reducing disturbances

We showed that shortened rotation lengths reduce the share of
mature trees on the landscape and lower the risk of wind and bark
beetle disturbances. Rotation reduction by 40% (i.e. the most severe
variant studied here) reduced forest age by 18%, and decrease the total
amount of disturbed growing stock by 14% under the reference climate.
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Rotation length reduction

Fig. 4. Effect of reduced rotation length on the level of disturbance by wind and bark beetles, expressed as the percent difference relative to the default rotation.
Averages over the 200-year simulation period are shown. Columns show median values of replicated simulations and different climate change scenarios. Whiskers

indicate 10 to 90% quantile range.
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Table 3

Forest Ecology and Management 475 (2020) 118408

Indicator values for the collateral effects of reduced rotation length. Pairs of values indicate the short-term effects (upper value; average over the first 30 years of
simulation) and the long-term effect (bottom value; average over the remaining 170 years). The values are averages over 10 replicate simulations. In case of climate
change, also the 14 climate scenarios are averaged. RC: reference climate, CC: climate change.

Indicator Absolute values Differences from default rotation [%)]
Unit Default rotation —10% —20% —30% —40%
RC cc RC cc RC cc RC cc RC cc
Landscape carbon tCha ! 420 423 -29 -2.8 =51 -5 -3.9 -3.8 -6.5 -6.3
421 453 0.1 -0.5 -0.8 -14 -1.4 -2.4 -2 -33
Large trees noha ! 33.8 33 -10.2 -10.2 -17.5 =172 -14.2 -13.9 -20.1 ~19.7
27 26 -11.2 —-11.4 —20.8 -19.5 —26.2 -27.3 -30.2 -32.1
Structural diversity index (H) - 223 2.24 21 21 3.5 3.5 3.2 3.1 4.5 4.3
2.5 2.52 0.9 0.6 L7 1 22 1.3 25 1.6
Shannon diversity index - 0.25 0.25 0.9 0.9 1.9 2.0 1.9 1.9 3.6 3.7
0.04 0.13 —-3.2 -0.2 —-28 0.3 -2.1 0.3 0.2 1.0
Rao's Quadratic Entropy Index - 0.35 0.36 0.3 0.3 1.1 11 1.2 1.3 29 2.9
0.44 0.52 -3.0 0.3 -29 1.5 -2.2 24 0.0 3.8
Reference climate . a) Climate change b)
Shannon diversity
—
Rao's diversity +l‘
Size diversity(H)
Large trees
long-term
Total ecosystem C . 9
. short-term
-40 -30 -20 -10 -20 -10 0 10

0 10 -40 -30
Differences for 40% reduction [%]

Fig. 5. Collateral effects of a 40% reduction in the current rotation length. Short-term (over the first 30 years of simulation) and long-term (over the remaining

170 years of the study period) effects are presented. Columns show median values of repli

10 to 90% quantile range.

Climate change increased the amount of disturbed growing stock by
50% mainly due to increased bark beetle outbreaks, and reducing the
rotation length was not able to fully compensate this increase. Overall,
the relative effect of reduced rotation length on disturbances decreased
with climate change from 14 to 6% under the Ureqso. Our results thus
suggest that expectations of lowered vulnerability of forest ecosystems
to disturbances under climate change via reduced rotation lengths need
to be reconsidered (e.g. Eidmann 1992, Bjérkman et al. 2015). This
finding is in line with previous research indicating a decreasing effi-
ciency of conventional disturbance management measures under cli-
mate change (Dobor et al., 2020, 2019). Overall, our study provides
further evidence that controlling forest disturbances is increasingly
challenging under climate change, underlining the growing relevance
of alternative management approaches such as fostering resilience (i.e.
strengthening the ecosystems ability to tolerate disturbances without
changing substantially, and recover rapidly from them) (e.g. Seidl,
2014).

The fact that reduced rotation lengths decrease wind risk have been
reported previously (Kuboyama and Oka, 2000; Moore and Quine,
2000). This effect mainly results from a reduced length that trees are
exposed to extreme winds, and a smaller share of tall trees on the

ions and climate change scenarios. Whiskers indicate

landscape, which are particularly predisposed to wind breakage or
uprooting (Gardiner et al., 2000; Jactel et al., 2009). Quantitative
evidence for positive effects of shortened rotation lengths remain,
however, scarce for bark beetles (but see Taylor and Carroll, 2004;
Whitehead et al., 2004 for Dendroctonous ponderosae). Nonetheless,
research on the ecology (e.g. Wermelinger, 2004) and infestation pat-
terns of Ips typographus clearly identified a preference of the beetle for
older, larger diameter trees (Hlasny and Turéani, 2013; Netherer et al.,
2019; Netherer and Nopp-Mayr, 2005). In this regard an interesting
finding of the current study is that reduced rotation lengths dampen
wind disturbances more efficiently than bark beetle disturbances (-18%
vs. —11% under U,eda0u, relative to the default rotation). This suggests
that a critically large number of suitable host trees remains on the
landscape even under a 40% reduction in the rotation length. This
difference was even greater under climate change (-25% vs. —0.7%),
underscoring that under the elevated bark beetle population levels of
the future, even isolated patches of potential host trees are increasingly
at risk (Honkaniemi et al., 2020). It is important to note, however, that
wind and bark beetle dynamics are intricately linked in Central Eur-
opean forests (Marini et al., 2017; Stadelmann et al., 2013), not least
because they “compete” for the same resource, i.e. mature trees. For
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example, Dobor et al. (2019) found that the intense suppression of bark
beetle disturbances increased the share of dense and mature forests on
the landscape, which subsequently increased the susceptibility to wind
disturbance. Conversely, an increased impact of bark beetles due to
climate change may result in a concomitant decrease in wind impact, as
observed here. We conclude by highlighting that the current study is
the first to explore the dynamic relationships between multiple inter-
acting disturbance agents and rotation length under climate change.
Our analysis thus considerably improves the understanding of the po-
tential future efficiency of important disturbance management mea-
sures.

A key limitation of our analysis is the sole focus on wind and bark
beetle disturbances, which are both positively related to older trees. A
number of other important agents of tree mortality particularly affect
young trees, and could thus be hypothesized to increase with decreasing
rotation length. These include important pests such as the pine weevil
Hylobius abietis (Leather et al., 1999), but also abiotic drivers such as
increasing drought (Kolb et al., 2016). Furthermore, the edges created
by shortened rotation length as well as mechanical damage from har-
vesting operations could further increase the susceptibility of trees to
disturbance (Buras et al., 2018; Ronnberg, 2000; Woodcock et al.,
2015). Climate change could further amplify these effects (Allen et al.,
2010; Inward et al., 2012), which highlights the need to study the ef-
fects of reduced rotation length on tree mortality more comprehen-
sively in the future.

4.1.2. Limitations arising from collateral effects

The choice of rotation length has manifold impacts on forest soils,
carbon, biodiversity, non-wood forest products and timber production
(Felton et al., 2017; Kaipainen et al., 2004; Roberge et al., 2016).
Therefore, even though the decision to shorten the rotation length can
be motivated by the prospect of reducing natural disturbances, its ef-
fects on other management objectives need to be considered. Mitigating
climate change is increasingly recognized as an important objective for
contemporary forestry (Canadell and Raupach, 2008; Luyssaert et al.,
2018) and management should thus consider the effects of interven-
tions on forest carbon stocks and sink strength (Pilli et al., 2016). We
found that reduced rotation can be in conflict with this objective,
particularly in the short term. This finding is in agreement with pre-
vious studies which reported mostly negative effect of shortened rota-
tion lengths on forest carbon (Kaipainen et al., 2004; Liski et al., 2011;
Lundmark et al., 2018). We note, however, that an initial decrease in
landscape carbon storage can be offset by increased carbon storage in
the wood products pool, and positive substitution effect are possible
from increased timber use (Lamers et al., 2014). Future works should
therefore consider the carbon cycle effects of management more
broadly, accounting for impacts on the entire forestry sector (Lundmark
et al., 2018; Seidl et al., 2008). Managing forest carbon under climate
change also needs to consider an ameliorative effect of increased CO,,
which is an important driver of the current global carbon sink
(Bellassen and Luyssaert, 2014). In our simulations, this effect caused
an overall increase in forest carbon storage under climate change, and
compensated carbon loss due to reduced rotation lengths (Appendix C)
(see also Dobor et al., 2018). However, experimental evidence of the
persistence of a CO, fertilization effect is limited (Lindner et al., 2014)
and trade-offs with other climate change impacts on forest demography
are likely (McDowell et al., 2020).

Growing interest in reducing forest rotation lengths has also raised
concerns about potential effects on biodiversity, especially since big old
trees and structurally complex overmatured forests provide important
habitat for a wide range of species of conservation concern (Hilmers
et al., 2018; Lassauce et al., 2013). This effect is important as
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production forests are increasingly recognized to also play an important
role in the conservation of biodiversity (Diaz-Rodriguez et al., 2012;
Felton et al., 2017). Here we show that a 40% reduction in rotation
length resulted in a 30% decrease in large trees. These effects could
possibly be compensated by retention forestry practices (Gustafsson
et al., 2012), promoting the retention of trees in harvested areas and
mimicking natural disturbance regimes in harvesting patterns (Lassauce
et al., 2013; North and Keeton, 2008). Another approach to compensate
for potential negative effects of shortened rotation length in managed
forests could be the increase of protected areas on the landscape (Felton
et al. 2017). While the effects of a shortened rotation length negatively
impacted the prevalence of large trees, tree species diversity as well as
the diversity in different functional groups (light demanding vs. shade
tolerant) increased. The increase in harvesting intensity resulting from
a reduced rotation length thus accelerates the transformation of struc-
turally and compositionally homogenous forests to more diverse con-
ditions, similarly to the catalysing effect of natural disturbances (Thom
et al., 2017b). This effect can be potentially beneficial from the per-
spective of climate change adaptation (Bouriaud et al., 2015), facil-
itating necessary transformations.

Despite the fact that this is — to our knowledge — the most com-
prehensive study on the multiple simultaneous effects of reduced ro-
tation length to date, shortening the rotation length might also affect
important indicators not considered here. Reduced rotation periods do,
for instance, increase the exposure of soils to sun and rain, and could
thus result in soil loss via erosion and elevated decomposition
(Kreutzweiser et al., 2008). Furthermore, an increased frequency of
harvests could reduce the protective effect of forest ecosystems against
natural hazards such as debris flow events and floods (Sebald et al.,
2019). A higher harvesting frequency and smaller tree dimensions
could also have negative impacts on the recreational value of forest
ecosystems (Curtis, 1997). This underscores the need for a broad and
comprehensive assessment of potential collateral effects of forest
management decisions before they are implemented.

4.2. Conclusions

Reduced rotation length is increasingly discussed as an important
component of adapting managed forests to climate change (Bolte et al.,
2009; Lindner et al., 2010), in particular addressing changing dis-
turbance regimes (Gardiner and Quine, 2000; Jactel et al., 2009). In
contrast to other adaptation measures with long lead times, such as
changing the tree species composition (e.g. Keenan 2015), the effects of
reduced rotation lengths can be obtained within a relatively short
period of time. Such approaches are increasingly needed because
proactive and anticipatory adaptation actions to climate change have
been neglected in many regions of Europe (Sousa-Silva et al., 2018),
and climate change is progressing at an accelerating rate.

Here we show that the reduction of forest rotation length is an
important tool for managing natural disturbances in Central Europe.
However, our analyses also clearly demonstrate that the efficiency of
reduced rotation lengths to counter increasing disturbances is limited,
and that the negative effects of climate change cannot be fully com-
pensated by shortening the rotation length. Transitions towards shorter
rotation lengths also generated a number of undesired effects on eco-
system services and biodiversity. We thus conclude that reducing ro-
tation lengths needs to be applied with caution, evaluating its positive
and negative implications in the context of the local conditions and
objectives. While we here simulated simultaneous rotation length re-
ductions across an entire landscape we note that spatially stratified
approaches to risk management, i.e., considering landscape hetero-
geneity and the differential risk of stands within a landscape, hold high
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potential to maximize outcomes while minimizing undesired effects
(Dobor et al., 2020; Seidl et al., 2018). Furthermore, reducing the ro-
tation length is only one possible option to address increasing dis-
turbances, and should be applied in concert with other disturbance
management approaches such as fostering disturbance resilience
(Hlasny et al., 2019; Seidl, 2014). We conclude that addressing chan-
ging climate and disturbances regimes remains a major challenge for
forest management in Central Europe, and while shortened rotation
lengths can make a potential contribution, they are no silver bullet
solution.
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Appendix A. Used climate model results and projected climate change

(See Table A1 and A2)

Table A1
Description of the used combinations of global and regional climate models.

Global Climate Model

Regional Climate Model

1 CMS5A-MR Institut Pierre-Simon Laplace, France (IPSL) RCA4 Swedish Meteorological and Hydrological Institute, Strandberg et al., 2014
Rossby Centre, Sweden (SMHI)

2 CNRM-CM5 Météo-France / Centre National de Recherches RCA4 Swedish Meteorological and Hydrological Institute, Strandberg et al., 2014

Météorologiques, France (CNRM) Rossby Centre, Sweden (SMHI)

3 EC-FARTH Irish Centre for High-End Computing (ICHEC) HIRHAMS  Danish Meteorological Institute, Denmark (DMI) Christensen et al., 2007

4 EC-EARTH Irish Centre for High-End Computing (ICHEC) RACMO22E Royal Netherlands Meteorological Institute, De van Meijgaard et al., 2008
Bilt, The Netherlands (KNMI)

5 EC-EARTH Irish Centre for High-End Computing (ICHEC) RCA4 Swedish Meteorological and Hydrological Institute, Strandberg et al., 2014
Rossby Centre, Sweden (SMHI)

6 MOHC-HADGEM2-ES Met Office Hadley Centre, United Kingdom (MOHC) ~ RCA4 Swedish Meteorological and Hydrological Institute, ~Strandberg et al., 2014
Rossby Centre, Sweden (SMHI)

7 MPI-ESM-LR Max Planck Institute for Meteorology, Germany (MPI) RCA4 Swedish Meteorological and Hydrological Institute, Strandberg et al.,2014
Rossby Centre, Sweden (SMHI)

Table A2

Projected changes of temperature and precipitation in the growing season (April-September) for periods 2031-2060 and 2071-2100 based on six climate models and

two RCP scenarios compared to the period 1996-2016.

Expected changes for 2031-2060

Expected changes for 2071-2100

Model Temperature (IV-IX) [*C] Precipitation (IV-1X) [%] Temperature (IV-IX) [*C] Precipitation (IV-IX) [%]
RCP RCP4.5 RCP8.5 RCP4.5 RCP8.5 RCP4.5 RCP8.5 RCP4.5 RCP8.5
2| 0.9 1.5 —18.0 -10.3 19 4.0 -22.3 —21.2
2 0.2 0.3 -21.6 =72 1.1 2.7 -16.6 -15.5
3 0.9 1.0 -12.8 -4.1 0.9 27 4.2 37

4 0.2 0.7 -3.4 -5.0 1.0 2.7 =20 -8.7
5 0.8 14 -22.9 -16.7 1.6 3.6 —-14.9 —24.0
6 1.1 17 —13.9 —15.4 21 4.1 —15.1 —22.7
7 0.7 11 —18.1 -7.4 1.1 3.3 -21.8 -19.9

Appendix B. Simulated time series of differences from the default rotation

(See Fig. B1)
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Appendix C. Simulated time series of selected forest development indicators

(See Fig. C1)
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Abstract

1. Salvage logging is one of most frequently applied management responses to for-
est disturbances world-wide. As forest disturbances are increasing, so too is the
application of salvage logging, yet its effects on ecosystems remains incompletely
understood. In the Norway spruce (Picea abies (L.) Karst.) forests of Europe, sal-
vaging of windfelled trees is inter alia applied to reduce the risk of bark beetle
outbreaks (mainly Ips typographus L.). By preventing further disturbances, salvage
logging can conserve live tree carbon (C) in forest landscapes. At the same time
salvage logging reduces C stocks in detrital pools via the extraction of disturbed
trees, its net effect thus remains unclear.

2. We used the forest landscape model iLand to explore the effect of a wide range of
salvaging intensities on (a) subsequent bark beetle outbreaks, and (b) landscape-
scale forest C stocks in a Norway spruce-dominated production forest in Slovakia
under past and future climatic conditions.

3. Climate change resulted in atwo- to three-fold increase in bark beetle disturbances
throughout the 21st century in our simulations. We found that removing >95%
of disturbed trees can effectively buffer the effect of increasing disturbances,
dampening bark beetle infestations and increasing live tree C. Total ecosystem
C followed a U-shaped pattern over salvaging intensity, with highest values in no
salvage and 100% salvage scenarios.

4. However, realistic rates of salvaging (<95% of disturbed trees detected and removed)
had no significant effect on bark beetle dynamics and live tree C, and reduced the total
ecosystem C stored in the landscape. Furthermore, the effect of reduced bark beetle
disturbance under intensive salvaging was partly offset by increased wind disturbance.

5. Synthesis and applications. Clearing disturbed areas to prevent future disturbances
from bark beetles and conserve live tree carbon should only be applied where very
high salvaging rates are feasible (i.e. small and concentrated disturbances). Considering
that changing disturbance regimes make high-intensity salvaging increasingly chal-
lenging, alternative disturbance management approaches need to be developed.

KEYWORDS
bark beetle disturbance, climate change, disturbance management, forest carbon, Norway
spruce, process-based forest modelling, salvage logging, wind disturbance
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1 | INTRODUCTION

Stand replacing forest disturbances such as wind, insect outbreaks
or fires and the management responses they trigger are among the
most severe perturbations of ecosystem processes (Leverkus, Rey
Benayas, et al., 2018; Lindroth et al., 2009; Seidl, Schelhaas, Rammer,
& Verkerk, 2014). Disturbances are natural processes in forest eco-
systems and are important drivers of ecosystem dynamics (Stephens
etal., 2013; Thom, Rammer, Dirnbéck, et al., 2017; Thom, Rammer, &
Seidl, 2017a). They often facilitate biodiversity (Thom & Seidl, 2016),
mitigate forest vulnerability to future disturbances (Seidl, Donato,
Raffa, & Turner, 2016; Stephens et al., 2013), and foster autonomous
adaptation of forests to rapidly changing environmental conditions
(Kulakowski et al., 2017; Lamers, Junginger, Dymond, & Faaij, 2014;
Thom et al., 2017; Thom, Rammer, & Seidl, 2017a). However, dis-
turbances also alter biogeochemical cycles in ecosystems, including
carbon (C), nutrients and water and reset natural forest succession
(Dobor et al., 2018; Mikkelson, Dickenson, Maxwell, McCray, &
Sharp, 2013; Seidl, Rammer, & Spies, 2014). Consequently, distur-
bances are often perceived negatively in managed forest because
they compromise the provisioning of ecosystem services and can
have negative impacts on the economy of communities depend-
ing strongly on revenue from forests (Rosenberger, Bell, Champ, &
White, 2013). Humans have therefore applied strategies to mitigate
the risk of disturbances for many decades (Roberge et al., 2016;
Seidl, 2014). However, long-term disturbance prevention is not con-
sistent with natural ecosystem dynamics (Holling & Meffe, 1996).
Furthermore, efforts to prevent risk in the short term can result in
increased mid- to long-term risks, for example via creating a high
share of overmatured stands, high biomass stocks or simplified ver-
tical and horizontal structure (Reyer et al., 2017).

Salvage logging is one of most widespread managementresponses
to forest disturbances world-wide (Leverkus, Lindenmayer, Thorn, &
Gustafsson, 2018; Leverkus, Rey Benayas, et al., 2018; Miiller et al.,
2018). Salvage logging is the felling and removal of trees in naturally
disturbed forests with the primary intention to recoup economic
losses, reduce hazards to infrastructure and ensure human safety
(Molinas-Gonzéles, Leverkus, Marafién-Jimenéz, & Castro, 2017).
Furthermore, in many ecosystems salvage logging also aims to fulfil
a sanitary role, by reducing the risk from subsequent disturbances.
In Norway spruce (Picea abies (L.) Karst.) forests, for instance salvage
logging of windfelled timber is frequently aimed at removing broken
or uprooted trees which serve as breeding substrate for native bark
beetles (mainly Ips typographus L.) (Schroeder, 2007; Stadelmann,
Bugmann, Meier, Wermelinger, & Bigler, 2013). Bark beetles swiftly
colonize such trees because of their weakened defences (Komonen,
Schroeder, & Weslien, 2011), and the corresponding population build-
up triggers a transition from endemic to epidemic population dynam-
ics (Kausrud et al., 2012), with beetles spreading into healthy forests
around windthrown areas. This interaction effect can trigger large
outbreaks of bark beetles, which—under favourable conditions—can
substantially exceed the extent of the initial wind disturbance (Mezei
etal., 2017; @kland, Nikolov, Krokene, & Vakula, 2016).
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Recent increases in forest disturbances (Seidl, Schelhaas, et al.,
2014; Senf et al., 2018) have led to an unprecedented increase in
salvage logging (Leverkus, Lindenmayer, et al., 2018). However, sal-
vage logging has tangible effects on biodiversity (Thorn et al., 2017)
and can compromise mechanisms underlying ecosystem resilience
(Ghazoul, Burivalova, Garcia-Ulloa, & King, 2015). Furthermore, con-
cerns have emerged that salvage logging may affect cultural, regu-
lating and supporting ecosystem services throughout the ecosystem
services cascade (Leverkus, Rey Benayas, et al., 2018). In Europe’s
spruce forests, one prominent example in the context of climate reg-
ulation is the effect of salvage logging on forest carbon (C) storage.
Salvage logging reduces forest C storage by removing the C stored in
disturbed trees, but can also enhance live tree C pools by dampening
bark beetle outbreaks. Due to the complex interplay between these
effects the impact of salvage logging on forest C stocks remains un-
clear. Moreover, salvaging affects multiple ecosystem processes and
their interactions (Leverkus, Rey Benayas, et al., 2018), potentially
resulting in non-additive outcomes. This is of particular concern in
the context of climate change, as future outcomes of salvage log-
ging could differ from the past due to nonlinear effects of changing
environmental conditions. Climate change can, for instance increase
the severity of bark beetle disturbances in their native range, facili-
tate the expansion of beetle populations to new locations (Cudmore,
Bjorklund, Carroll, & Lindgren, 2010), and amplify the interactions
between wind and bark beetles (Seidl & Rammer, 2017). However,
climate change can also create negative feedbacks via favouring
warm-adapted broadleaved species and reducing the proportion of
host tree species of bark beetles (Temperli, Bugmann, & Elkin, 2013;
Thom, Rammer, Dirnbéck, et al., 2017; Thom, Rammer, & Seidl,
2017b).

Here we used the individual-based forest landscape and dis-
turbance model iLand (Seidl, Rammer, Scheller, & Spies, 2012) to
investigate how different salvaging intensities of windfelled trees
affect bark beetle disturbances, and to quantify disturbance impacts
on landscape-scale C storage. We specifically addressed the trade-
offs between C removal by salvaging and C increases by mitigated
bark beetle disturbances, asking whether there is an optimal salvag-
ing intensity balancing the positive and negative effects on forest
C storage. Finally, we investigated how climate change—affecting
both forest growth and disturbance regimes—impacts ecosystem C
storage, and whether the effect of salvage logging is modulated by
changing climatic conditions. We focused our analyses on a man-
aged temperate forest landscape in Central Europe which has ex-
perienced severe wind and bark beetle disturbances followed by
intensive salvaging operations in recent years.

2 | MATERIALS AND METHODS

2.1 | Studyregion

The Goat Backs Mts. study region is located in central-eastern
Slovakia (Lon 20.088—20.275, Lat 48.920—49.061) and covers an
area of 16 050 ha (Figure 1). The forest cover is 70% and is dominated
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FIGURE 1 Map of the study region
and its location in Central Europe. Forest
area and the extent of the recent wind
and bark beetle disturbance episode
(2007-2016) were derived from Landsat
satellite imagery. The inset photograph
illustrates the situation on site, showing
recently bark beetle killed trees
(background) as well as indications of
recent salvage harvesting (stumps in the
foreground)

m Forest
- Disturbed
area

by Norway spruce (Picea abies (L.) Karst.), which makes up 75% of the
forest area. The remaining species are European larch (Larix decidua
Mill.; 10%), Scots pine (Pinus sylvestris L.; 9%), Silver fir (Abies alba
Mill.; 3%) and European beech (Fagus sylvatica L.; 2%). The elevation
range is 620-1550 m a. s. |. The annual mean air temperature during
the growing season (April-September) in the period 1996-2016 was
12°C, and growing-season precipitation was 692 mm. Cambisols and
Podsols prevail, whereas Rendzinas occur on calcareous bedrock,
which forms the bedrock in the highest reaches of the landscape.

The study region is owned by the churchand is under the steward-
ship of a private forest management enterprise. An even-aged man-
agement system with a rotation period of approximately 100 years
is applied throughout the landscape. The dominant silvicultural ap-
proach to tree regeneration in stands with fir and/or beech admix-
tures is a uniform shelterwood cut. In the dominant Norway spruce
monocultures, a clearcut system is applied. Maximum cutblock size
is 3.0 ha in all systems.

The landscape and its recent disturbance history is typical
for many Central European forests, and is characterized by se-
vere large-scale disturbances in recent years (Senf et al., 2018).
Specifically, the study region has experienced intensive wind and
bark beetle (mainly Ips typographus L.) disturbances from 2007
onward, which affected as much as 39% of the regional forests
(Dobor et al., 2018). The landscape level growing stock decreased
from 4.22 Mill. m? in 1996 (average of 380 m*/ha) to 1.93 Mill. m*
in 2016 (average of 173 m®/ha). At the same time, the landscape-
level forest age distribution was substantially shifted towards
an overabundance of young stands (Source: forest management
plans [FMP]; National Forest Centre, Slovakia). The main man-
agement response to this recent disturbance episode has been a
high level of salvage logging, and a reduction in planned harvests.
Salvage logging was generally applied with high intensity, although
a portion of the disturbed trees remained on site for more than
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Elevation (m a.s.l.)

E 1,550

one season for logistical reasons. Mass use of pheromone traps
was another measure applied to monitor and reduce bark beetle
populations.

2.2 | Simulation model

We used the individual-based forest landscape and disturbance
model iLand (Seidl, Rammer, et al., 2012) to dynamically simulate
wind and bark beetle disturbance in the study landscape, and evalu-
ate the response of the forest C cycle to various salvaging intensi-
ties under climate change. The main entities simulated in iLand are
trees, for which the demographic processes of growth, mortality and
regeneration are simulated. Processes at the stand and landscape-
scale constrain the dynamics of individual trees, and large-scale
patterns emerge from tree-level interactions (Seidl, Rammer, et al.,
2012).

Treesare simulated as adaptive agents that compete forresources
(light, water and nutrients) (Seidl, Rammer, et al., 2012). Production
physiology is modelled in a simplified process-based manner using a
light use efficiency approach (Landsberg & Waring, 1997). Species-
specific environmental modifiers are applied to account for the ef-
fect of environment on the total intercepted radiation (APAR), which
drives gross primary production (GPP). Temperature, soil water
availability, vapour pressure deficit, soil nitrogen availability and
atmospheric CO, are considered influences on GPP. APAR further
depends on tree leaf area, tree position in the canopy and radiation
use strategy (light-demanding or shade-tolerant). Individual tree
mortality is simulated based on species-specific maximum size and
age as well as the occurrence of stress (Seidl, Rammer, et al., 2012).
C starvation is used as a process-oriented indicator of tree stress,
and can result from competition for resources as well as suboptimal
environmental conditions for tree growth (e.g. drought). The model
simulates live C stocks in stem, branch, foliage, coarse root and fine
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root compartments. Snags and the transition from snags to downed
woody debris are considered explicitly. A closed C cycle is simu-
lated by also tracking the fate of C in detritus and soil pools (Thom,
Rammer, Dirnbdck, et al., 2017; Thom, Rammer, & Seidl, 2017b).

iLand simulates disturbances in a spatially explicit manner and
currently contains process-based modules for wind (Seidl, Rammer,
& Blennow, 2014), bark beetle (Seidl & Rammer, 2017) and fire dis-
turbances (Seidl, Rammer, & Spies, 2014). Wind disturbances are
simulated based on wind data such as peak wind speed, wind di-
rection and storm duration. The model initiates wind disturbance
in locations where canopy rugosity changes abruptly, that is where
vertical differences between the top heights of neighbouring grid
cells exceed 10 m (e.g. Blennow & Sallnds, 2004). Wind speed at the
canopy top height is calculated based on a vertical wind profile at
the stand edge. Wind data and individual tree turning coefficients
are used to calculate critical wind speeds for uprooting and tree
breakage based on the approach of Gardiner, Peltola, and Kellomaki
(2000). The effect of a given wind event is simulated iteratively,
with forest structure (including the appearance of new edges) being
updated after each iteration (horizontal resolution: 10 m grid cells).
Simulated wind disturbances thus emerge dynamically from the in-
terplay of landscape structure and configuration with a given wind
event.

With regard to bark beetle disturbances iLand considers bark
beetle phenology and development, the spatially explicit dispersal
of beetles, host tree colonization and defence, as well as tempera-
ture-related overwintering success (Seidl & Rammer, 2017). Host
trees are Norway spruce trees with a diameter at breast height
(DBH) of >15 cm. An outbreak can be triggered by a wind distur-
bance simulated by the model, or occurs based on a climate-sensi-
tive background probability. Bark beetle development is simulated
based on the climate-sensitive development rates for each devel-
opment stage (Baier, Pennerstorfer, & Schopf, 2007). The model
tracks beetle cohorts rather than individuals. The cohort is defined
as the minimum number of beetles needed to colonize a tree. Every
brood tree disperses a number of beetle cohorts determined by the
reproductive rate of the beetle, estimated to range between 4 and
24 (Wermelinger & Seifert, 1999). The dispersal of beetles is simu-
lated in a two-stage approach: First, a symmetrical dispersal kernel
is used to calculate the approximate flight distance. Second, beetles
actively search for suitable host trees in the local neighbourhood
determined via the dispersal kernel (Kautz, Schopf, & Imron, 2014).
In this search, wind-disturbed trees are being preferred over healthy
trees. For healthy trees, attacking beetle cohorts need to overcome
a tree's defence system, which is approximated by its non-structural
carbohydrate reserves. Trees can be attacked by multiple waves of
beetles per year if the climate allows for the development of more
than one beetle generation.

The model was extensively tested across a range of ecosys-
tems in Europe and North America in previous studies (Seidl, Spies,
et al., 2012; Silva Pedro, Rammer, & Seidl, 2015; Thom, Rammer,
Dirnbock, et al.,, 2017). Extensive testing of productivity, natural
mortality and regeneration patterns for the Goat Back Mts. study

landscape was conducted by Dobor et al. (2018). All tests showed
satisfactory performance of the model in this study region (see also
Appendix S1).

2.3 | Landscape initialization and climatic drivers

We initialized the landscape based on data from FMP provided by
the National Forest Centre of Slovakia. The data are collected in the
field in 10-year cycles and are recorded for forest stands, which are
polygons with a variable size seamlessly covering the total forest
area of the landscape. The attributes used to initialize the landscape
were tree species, number of trees per hectare, stand age and DBH.
Individual tree diameters were randomly drawn from diameter distri-
butions centred on the mean DBH of each stand, and tree height (H)
was estimated based on the regional DBH:H functions. Trees below
4 m height were initialized as height cohort (with representative indi-
viduals describing groups of similar-sized trees) based on stand-level
information derived from FMP.

Soil depth and nitrogen information required to run iLand were
derived on a 100 x 100 m grid from the national forest soil database
(National Forest Centre). Daily meteorological data from the nearby
meteorological station were used for deriving the climate time series
driving the simulations (see Dobor et al., 2018 for details). Regional
climate model (RCM) simulations conducted in the framework of
the CORDEX project (Giorgi, Jones, & Asrar, 2009) were used to
evaluate the effect of climate change. Six GCM-RCM combinations
driven by two Representative Concentration Pathway (RCP) scenar-
ios (RCP4.5 and RCP8.5) were used. More details on used climate
change scenarios can be found in Appendix S2.

2.4 | Experimental design

Simulations were run for the period 1997-2100, assuming a continu-
ation of current forest management. The simulated management
operations included planting, tending, thinning and harvesting, with
timing and intensity of operations modelled after the management
practice currently applied in the region (see Dobor et al., 2018 for
more details). The incidence of disturbances and subsequent salvage
logging supersede regular management operations, resetting the de-
fault stand treatment program.

Seven different salvaging intensity scenarios were tested, corre-
sponding to 0, 20, 40, 60, 80, 95 and 100% of trees salvaged. Both
trees killed by wind and bark beetles were salvaged in the year of
disturbance. No preventive removal of live trees aiming to halt the
spread of bark beetles (sanitation logging) was performed. Most
model parameters driving bark beetle dynamics were kept default
as reported in Seidl and Rammer (2017) (see Appendix S3 for the
parameter values used).

As the projection of extreme wind events in climate models
is still highly uncertain we generated time series of future storm
events based on past observations. We assumed five wind events
to occur between 1997 and 2100, set at the simulation years 5,
30, 50, 75 and 90. For each of these wind events, we derived wind
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speeds by drawing from a Gumbel distribution parameterized
based on the data observed in the nearby meteorological station
(see Appendix S4), and set the wind duration to 90 min. In order to
account for the stochasticity in future wind events we generated
five future wind scenarios from these distributions. Overall, the
simulated average wind damage of 0.9-1.2 m?® hat year'1 (range
of five simulated wind scenarios) corresponds well with the av-
erage wind disturbance rate of 0.88 m® ha™ year™ (inter-annual
range 0.35-2.56 m® ha™ year™) reported for Slovakia for the pe-
riod 1990-2015 (Konépka, Zach, & Kulfan, 2016). The total num-
ber of simulations conducted was 455, consisting of 7 salvaging
intensities x 5 wind scenarios x 13 climate scenarios (2 x RCPs x 6
models + reference climate).

Using this simulation framework, we evaluated the effect of sal-
vage logging on total and live landscape C, amounts of C in trees
affected by wind and bark beetle disturbance, and the interactions

between these variables.

3 | RESULTS

3.1 | Salvaging effects on bark beetle disturbance

In all simulations, the amount of C in Norway spruce trees killed
by bark beetles was strongly affected by salvaging intensity
(Figure 2a). The complete removal of windblown and bark bee-
tle killed trees (S| 100%) prevented bark beetle outbreaks, and
the amount of C in killed spruce trees was low under reference
climate in this salvaging scenario (see also Appendix S5). Climate
change increased bark beetle disturbances even under a complete
removal of windblown trees, and beetles were able to kill 0.2-
0.4 tC ha™t year’l (average over the simulation period, including
non-outbreak years).

The amount of live tree C affected by bark beetles increased
strongly nonlinearly with decreasing salvaging intensity. The re-
tention of only a minor amount of windblown trees (salvaging in-
tensity 95%, which resulted in the retention of 0.07-0.11 tC/ha in
dead trees on site; Appendix S6) increased bark beetle disturbances
substantially, reaching 0.3 tC ha™ year under reference climate
(Figure 2). For even lower salvaging intensities (80, 40, 60 and 20%)
the annual amount of live tree C affected by bark beetles was in
the range 0.4-0.5 tC ha™ year™. These findings indicate that sal-
vaging intensities below 80% have very little effect on bark beetle
disturbances.

Climate change increased the amount of live tree C affected by
bark beetles two to threefold. Consequently, it also decreased the
amount of Norway spruce live tree C (Figure 2b). Climate change
also resulted in greater volumes of salvaged C (Appendix Sé). While
the highest salvaging intensity under reference climate removed
1.2 tC ha™ year™, the removal by salvage harvesting under climate
change reached as much as 1.7 tC ha™* year™ (average over the sim-
ulation period). The differences between the RCP scenarios were
minor, although RCP8.5 simulations showed consistently greater
bark beetle influence than those under RCP4.5.
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FIGURE 2 The effect of salvage logging intensity (% of
disturbed trees removed) on the live tree C affected by bark
beetles (tC ha™ year'l. a), and the average live tree C stock of
Norway spruce on the landscape (tC/ha, b) for different climate
scenarios. Each Representative Concentration Pathway (RCP)
storyline consists of six different climate model combinations, and
each variant was driven by five different wind scenarios. Annual
averages over a 104-year simulation period (1997-2100) are
presented. Boxes represent the inter-quartile range and whiskers
extend to the minimum and maximum values

3.2 | Salvaging effects on landscape carbon

Live tree C on the landscape benefited from salvage logging
and increased by 6%, from 149 tC/ha (no salvaging) to 159 tC/
ha (100% of disturbed trees salvaged) under reference climate
(Figure 3a). The effect of live tree C saved by salvaging was even
more pronounced under climate change, and was 8% under both

RCP scenarios. The overall climate response of C,. _ regardless

live
of salvaging intensity was variable, with RCP8.5 resulting in in-
creased and RCP4.5 in decreased live tree C compared to the ref-
erence climate.

In contrast, total ecosystem C decreased with increasing salvage
intensity. Consequently, the effect of C removal via salvaging was
stronger than the dampening effect of salvaging on bark beetle dis-
turbances (Figure 3b). At very high salvaging intensities (i.e. >95%),
however, C, . increased again, with strongly reduced mortality
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under different climate scenarios. Each RCP storyline consists of six
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compensating for losses from timber extraction. The strongest nega-
tive effects of salvaging on C,,,, were thus for SIs of 80%-95%, while
the difference between Sls of O and 100% were minor (between 408
and 404 tC/ha). The effect of climate change on Ciotal Was positive,
with total ecosystem C storage increasing by 3% and 3.5% under
RCP4.5 and RCP8.5 respectively (from 405 to 416 and 419 tC/ha).

3.3 | Interactions between wind and bark beetle
disturbances

Higher salvaging intensities resulted in higher levels of live tree C af-
fected by wind disturbance (Figure 4a). This effect was minor under
reference climate but was substantial under climate change. Climate
change generally decreased the amount of live tree C affected by
wind disturbance by 0.18-0.23 tC ha™ year™ for Sls up to 80%, with
lower effects under higher Sls.

A considerable trade-off was evident also between wind and
bark beetle disturbances. Live tree C affected by bark beetles was
negatively correlated with live tree C affected by wind (Figure 4b).
The increase in bark beetle disturbances in response to climate
change (from 0.38 to 0.89 tC ha™ year'l; see also Figure 2) substan-
tially decreased wind disturbance (from 0.89 to 0.73 tC ha™* year™).
This indicates that the efforts to reduce bark beetle disturbance by
salvaging can—in part—be compromised by an increased forest sus-
ceptibility to wind. However, an increased impact of bark beetles
due to climate change may result in a concomitant decrease in wind

impact.

4 | DISCUSSION

Salvage logging is the most frequent management response to
forest disturbances world-wide, but its effects on forest ecosys-
tems remain incompletely understood. In the forests of Central
Europe salvaging has been applied at unprecedented rates in
recent years in response to increasing natural disturbances. In
these systems, salvaging of windfelled trees is inter alia prac-
ticed to reduce the availability of breeding substrate for bark
beetles, yet the efficacy of the measure in influencing bark bee-
tle dynamics remains poorly documented. We here quantified
the influence of salvaging on subsequent bark beetle dynamics,
and estimated the landscape-scale C storage effect of differ-
ent levels of salvage logging for a temperate forest landscape
in Europe.
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4.1 | Salvage logging as a means for preventing bark
beetle outbreaks

The simulations showed that only the highest salvaging intensities
reduced bark beetle disturbance and effectively preserved Norway
spruce live tree C. Where the retention of high levels of Norway
spruce is of key concern, a very high level of salvage logging is a
potent management measure. This finding is consistent with recent
management applications of salvaging in Central Europe, aiming to
reduce the amount of breeding substrate for bark beetles and thus
reducing subsequent bark beetle disturbances (Hlasny & Turcani,
2013; @kland et al., 2016). However, positive salvaging effects
sharply decreased for salvaging intensities of <95%, indicating that
even retaining a small amount of wind-felled spruce trees is suf-
ficient for the beetle to make the critical transition from endemic
to epidemic population dynamics (Kausrud et al., 2012). Yet, reach-
ing the high salvaging intensities required for positive salvage ef-
fects may not be feasible in forest management, particularly when
windthrown areas are large and scattered. In contrast to current
practice this insight suggests that the removal of windfelled trees
with the intention to prevent bark beetle outbreaks should only
be applied when such a removal can be achieved with a very high
intensity (e.g. when windfelled areas are small and accessible). It
is important to note, however, that we here did not analyse the
ability of salvage logging to prevent a particular disturbance from
spreading, but rather focused on the long-term effects over time
frames of typical rotation periods. Moreover, our findings do not
address other motivations for salvage logging, such as the recu-
peration of economic losses or the protection of infrastructure
from falling trees (Leverkus, Lindenmayer, et al., 2018; Molinas-
Gonzales et al., 2017).

Climate change is amplifying bark beetle disturbance (Cudmore
etal., 2010; Seidl & Rammer, 2017) via weakening tree defence, in-
creasing insect reproduction and reducing winter mortality of bark
beetles (Appendix S7). In our simulations, the amount of live tree
C affected by bark beetles increased two- to threefold in response
to climate change, which is consistent with, for example expected
increases for the European Alps (Seidl, Schelhaas, Lindner, &
Lexer, 2009). High-intensity salvage logging reduced the amount
of live tree C affected by bark beetles also under climate change.
Specifically, our results indicate that if a 100% salvage level could
be achieved, climate-induced increases in bark beetle disturbances
could be efficiently prevented. For realistic levels of salvaging (i.e.
<100%), however, bark beetle disturbances increased strongly in
our simulations. This indicates that management responses that
were deemed successful in the past, such as salvage logging, are
not efficient in preventing a climate-related intensification of
disturbance regimes. Measures reducing disturbance risk and in-
creasing forest resilience to disturbance are thus needed (Seidl,
2014). Such measures include silvicultural approaches creating
forests that are less prone to the impact of natural disturbances
(Seidl, Albrich, Thom, & Rammer, 2018), and that facilitate fast
recovery from disturbances once they occur (Johnstone et al.,
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2016). Specifically, mixed species forests containing both early-
and late-seral species and structurally diverse stands with a layer
of advanced regeneration in the understorey should be promoted.
Retaining biological legacies such as surviving trees and parts of
deadwood is another potent means to foster forest resilience to
disturbances (e.g. Castro et al., 2011).

4.2 | Effects of salvage logging on landscape carbon

Total landscape C decreased only moderately with increasing sal-
vaging intensities. This weak response underlines the trade-offs
between C removed via salvaging and live tree C saved from sub-
sequent disturbances. Similarly, insignificant effects of salvaging
on C,,,, were found by Bradford et al. (2012) in a boreal forest dis-
turbed by wind and fire. Moreover, the effects of climate change
on total ecosystem C storage were considerably stronger than the
effects of salvaging in our simulations, indicating that drivers beyond
the influence of forest management might become more important
in the future (Seidl et al., 2019). This suggests for management to
focus resources on creating disturbance-resilient forests rather than
on short-term disturbance prevention.

We here focused on C storage in situ, yet forests also influence
the climate via C storage in wood products, the substitution of fossil-
based resources as well as changes in forest albedo and latent heat
flux (Canadell & Raupach, 2008; Valsta et al., 2017). C in salvaged
timber, for instance constitutes a lateral C flux that eventually results
in C storage in wood products (e.g. Lamers et al., 2014). As salvage
logging potentially influences climate regulation more broadly than
analysed here, future work could, for example include the effect of C
storage in wood products pools, in order to increase the comprehen-
siveness of our understanding of salvage logging effects.

In contrast to total ecosystem C, live tree C benefited from sal-
vaging, increasing by between 6% and 8% under highest salvaging
intensity. The effect of climate change on C . varied with RCP
scenario. A likely reason is the elevated atmospheric CO, concen-
tration under RCP8.5, which results in higher C uptake rates in this
scenario family. This is in line with the previously reported sensi-
tivity of post-disturbance forest recovery to the increased levels
of CO, (Dobor et al., 2018). The persistence of a CO, fertiliza-
tion effect, however, remains debated in the literature (Hararuk,
Campbell, Antos, & Parish, 2019; Reyer et al., 2014) and is strongly
moderated by mycorrhizal associations (Terrer, Vicca, Hungate,
Phillips, & Prentice, 2016).

4.3 | Effects of salvage logging on disturbance
interactions

Many ecological effects of salvaging are thought to emerge from mod-
ified interactions in forest ecosystems (Leverkus, Lindenmavyer, et al.,
2018). This notion was strongly supported by our quantitative simula-
tion results. Specifically, we observed two types of disturbance inter-
actions being altered by salvage logging—the interaction modification
and the interaction chain (Foster, Sato, Lindenmayer, & Barton, 2016).
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The direct interaction between wind and bark beetle distur-
bances in the simulations was mediated by the presence of freshly
windfelled trees. Salvaging modified this interaction by reducing the
amount of such trees. As expected, this reduction mitigates the im-
pact of bark beetle disturbance. In this regard our findings are well
in line with observations (e.g. @kland et al., 2016; Stadelmann et al.,
2013). We, however, also found this effect to be strongly nonlin-
ear, with very high salvaging intensities being required in order to
achieve this interaction modification.

A more complex and hitherto unrecognized effect emerged from
the long-term interaction chain between wind and bark beetles. We
found that while high-intensity salvaging can reduce the impacts of
bark beetle outbreaks, such a reduction is partly compensated (but not
cancelled out) by increased forest susceptibility to wind disturbance.
The main mechanism behind this compensation was that mature
Norway spruce stands were most susceptible to both wind and bark
beetle disturbances (Hlasny & Turcani, 2013; Wermelinger, 2004).
Specifically, the intense suppression of bark beetle disturbances in-
creased the share of dense and mature forests on the landscape, which
are subsequently more susceptible to the wind disturbance (Jactel et
al., 2009). Wind and bark beetles are thus ‘competing’ for the most
vulnerable stands, and reducing bark beetle outbreaks retains more
susceptible stands to be affected by wind.

More broadly, this finding indicates that a strong focus on distur-
bance prevention may generate overly vulnerable conditions with high
levels of C stocks that are susceptible to a diverse set of hazards. In
our simulations the reduction of bark beetle disturbances via salvaging
led to the opposite effect of the one intended with regard to wind
disturbance; a phenomenon known in wildfire management as the
firefighting trap (Collins, Neufville, Claro, Oliveira, & Pacheco, 2013).
Similar reasons have, for example led to a change in the attitude to
wildfire management in the USA (Stephens et al., 2013). We suggest
that future research should focus on a balanced approach of reducing
risks and fostering resilience (Seidl, 2014), rather than aiming to mini-
mize a single risk while inadvertently increasing others.

5 | CONCLUSIONS

Salvaging of trees killed by wind and bark beetles is extensively
applied in the coniferous forests of Europe. Our simulations in-
dicate that if the aim of salvage harvesting is to dampen future
bark beetle disturbances and conserve live tree C, very high
salvaging intensities (i.e. >95% of disturbed trees detected and
removed) need to be applied. The application of salvage harvest-
ing is primarily recommended for small and concentrated dis-
turbances where very high salvaging intensities are feasible in
practice. Furthermore, our results highlight unexpected compen-
satory effects, such as increased wind disturbances in response
to reduced bark beetle disturbances. We thus conclude that novel
management responses to changing forest disturbance regimes
are needed, going beyond disturbance prevention and focusing on
disturbance resilience.
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Windfelled Norway spruce (Picea abies) trees play a crucial role in triggering large-scale outbreaks of the Eu-
ropean spruce bark beetle Ips typographus. Outbreak management therefore strives to remove windfelled trees to
reduce the risk of outbreaks, a measure referred to as sanitation logging (SL). Although this practice has been
traditionally applied, its efficiency in preventing outbreaks remains poorly understood. We used the landscape
simulation model iLand to investigate the effects of different spatial configurations and intensities of SL of
windfelled trees on the subsequent disturbance by bark beetles. We studied differences between SL applied
evenly across the landscape, focused on the vicinity of roads (scenario of limited logging resources) and
concentrated in a contiguous block (scenario of spatially diversified management objectives). We focused on a
16 050 ha forest landscape in Central Europe. The removal of >80% of all windfelled trees is required to sub-
stantially reduce bark beetle disturbances. Focusing SL on the vicinity of roads created a “fire break effect” on
bark beetle spread, and was moderately efficient in reducing landscape-scale bark beetle disturbance. Block
treatments substantially reduced outbreaks in treated areas. Leaving parts of the landscape untreated (e.g.,
conservation areas) had no significant amplifying effect on outbreaks in managed areas. Climate change
increased bark beetle disturbances and reduced the effect of SL. Our results suggest that past outbreak man-
agement methods will not be sufficient to counteract climate-mediated increases in bark beetle disturbance.

1. Introduction

Disturbances from bark beetles have increased sevenfold in Europe’s
forests since the 1970s (Seidl et al., 2014a). Recent bark beetle out-
breaks have reached supranational scales (Senf and Seidl, 2018),
increasingly challenging the management responses traditionally
applied to mitigate bark beetle outbreaks. Research indicates that future
climate change will further fuel bark beetle outbreaks (Jonsson et al.,
2009; Seidl et al., 2017), with potential adverse effects on the sustain-
able supply of ecosystem services to society (Morris et al., 2018). In
particular, the number of generation cycles completed per year will
increase for important bark beetle species (Baier et al., 2007; Berec et al.,
2013; Fleischer et al., 2016), fanning population growth. Bark beetles
can also expand into new territories because of relaxed thermal
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limitations (Jonsson et al., 2009). In addition, drought events, which are
expected to become more frequent in the future (IPCC, 2014; King and
Karoly, 2017), reduce the capacity of trees to defend themselves against
bark beetle attacks (Matthews et al., 2018).

Taken together, bark beetle disturbances are expected to be among
the most climate sensitive processes in forest ecosystems (Lindner et al.,
2010). Managing bark beetle outbreaks is thus a key challenge for forest
managers. Yet, there are indications that some traditionally applied bark
beetle management measures may become inefficient under the condi-
tions expected for the future (Dobor et al., 2019a; Hlasny et al., 2019),
making a quantitative evaluation of bark beetle management measures a
key priority for research (Morris et al., 2017).

Sanitation logging (SL) has been an important part of the manage-
ment response to outbreaks of the European spruce bark beetle Ips
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typographus (Coleoptera: Curculionidae, Scolytinae) in Europe (Hlasny
and Turcani, 2013; Stadelmann et al., 2013; Wermelinger, 2004). SL
entails the removal of infested host trees and/or healthy trees in the
vicinity of beetle spots with the aim to prevent and mitigate the spread
of bark beetle outbreaks. SL is applied during outbreaks to eradicate
infestation spots, from which beetles spread to surrounding stands. It is,
however, also applied in endemic phases of bark beetle development (i.
e. when populations are low and beetles selectively infest and kill only
freshly dead and weakened trees) in order to keep beetle populations
below the eruptive threshold (Raffa et al., 2008; Wermelinger, 2004). SL
is also used to disrupt the connectedness of outbreak areas via the
removal of potential host trees in the vicinity of outbreak spots with the
aim to reduce beetle spread (Seidl et al., 2016b).

Outbreaks of the European spruce bark beetle are typically triggered
by windthrows (Mezei et al., 2017; @kland et al., 2016; Schroeder and
Lindelow, 2002), which provide large amounts of breeding substrate in
form of broken or uprooted trees. As these trees provide favourable
breeding conditions but are only weakly protected by tree defences they
are preferred by beetles over vigorous live trees (Komonen et al., 2011;
Matthews et al., 2018). Large windthrows thus attract beetles from
surrounding areas and initially act as a sink for the beetle population.
When this resource is exhausted (typically in one to two years), a sub-
stantially enlarged beetle population leaves the windthrown area and
colonizes surrounding live trees (Eriksson et al., 2007; Wichmann and
Ravn, 2001). SL therefore aims to remove windfelled trees before the
beetles are spreading to surrounding areas (Schroeder, 2007; Sta-
delmann et al., 2013; Wichmann and Ravn, 2001).

Despite the long tradition in applying SL in forestry practice there is
very little quantitative evidence on the effect of such management
measures on bark beetle populations and the amount of trees killed by
bark beetles (but see for example Mezei et al., 2017; Stadelmann et al.,
2013). This is particularly true for conditions where outbreak areas are
large and beetle pressure is high, as is expected for the coming decades.
Studies on bark beetle management have instead focused on the
assessment and optimization of different trapping devices (Galko et al.,
2016; Holusa et al., 2017), have improved the detection of infested
trees using remote sensing (Abdullah et al., 2019, 2018), and made
recommendations on how to prioritize fellings based on forest struc-
ture, storm gap size and other factors (Schroeder, 2010). The broader
implications of the removal of disturbed trees has come into focus
recently, with assessments of its effects on biodiversity, ecosystem
services, forest recovery, as well as carbon and nutrient cycles (Lev-
erkus et al., 2018; Lindenmayer and Noss, 2006; Thorn et al., 2017).
The efficiency of SL to reduce subsequent bark beetle damage —
frequently given as the primary motivation to conduct SL by managers
and thus a key element in the discussion on salvage and SL — remains
understudied to date. As SL is time- and labour-intensive, particular
questions of interest relate to the optimal rate and spatial pattern of SL,
and whether SL will be able to mitigate bark beetle outbreaks under
future climatic conditions.

Our overall objective was to evaluate the effect of a wide range of
SL intensities and spatial configurations on future bark beetle distur-
bances. Specifically, we assessed how different spatial configurations of
SL on the landscape affect its efficiency for reducing bark beetle dis-
turbances. This question was motivated by the fact that timely SL op-
erations are frequently restricted, either by limited accessibility of
disturbed stands (Lamers et al., 2014) or by the nature conservation
status of certain tracts of a forest landscape (Miiller et al., 2018).
Furthermore, we asked if and how climate change modulates the ef-
fects of SL treatments on bark beetle dynamics. Based on previous
findings and current process understanding we hypothesized that
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spatially concentrated applications of SL with high treatment intensity
are most efficient (Dobor et al, 2019a; 2019b), but that a
climate-mediated increase in bark beetle population levels will strongly
reduce the efficiency of SL. In order to capture the complex interplay
between (future) climate, bark beetle populations, and host trees we
employed process-based simulations using the model ilLand (Seidl
et al., 2012a). Simulation modelling allowed us to overcome common
difficulties in the analysis of forest disturbances, such as the quantifi-
cation of reference conditions (here: a landscape not treated with SL
but otherwise similar to the treated landscape).

2. Materials and methods
2.1. Study landscape

The study landscape is located in Slovakia in the Low Tatras
Mountains (Central Europe). The landscape covers an area of
16 050 ha, of which 70% are covered with forests. The elevation range
is 620-1550m a.s.l. Air temperature during the growing season
(April-September) ranges from 12 to 15°C, and growing-season pre-
cipitation ranges from 380 to 510 mm. Norway spruce (Picea abies (L.)
Karst.) makes up 70% of the tree species composition, with Silver fir
(Abies alba Mill.) and European beech (Fagus sylvatica L.) as other
canopy-dominant tree species. Forests in the region are intensively
managed for timber production. The dominant silvicultural approach
to regenerate mixed stands containing a fir and/or beech component
is a uniform shelterwood cut (a progressive cutting that leads to the
establishment of a new cohort of trees under the canopy of the
retained mature trees). In spruce monocultures, a small-scale clear-
cutting system is applied. The forests in the study landscape have
experienced severe wind and bark beetle disturbances since 2007,
affecting 39% of the forest area until 2010 (Dobor et al., 2018).
Management responses to disturbance include extensive salvage and
SL, beetle trapping, a decrease in regular harvests as well as efforts to
establish stands with a more diverse tree species composition in order
to decrease future disturbance risk. The disturbance patterns and
management responses in our study landscape are characteristic for
the recent disturbance history in many Central European forest land-
scapes (Senf et al., 2017).

2.2. Definitions

There is considerable terminological confusion in the literature
regarding management measures applied to mitigate bark beetle out-
breaks. The term sanitation logging is often used interchangeably with
the term salvage logging (e.g. Fettig et al., 2007). In other instances, the
two terms are used to denote different aspects of bark beetle manage-
ment (e.g. removal of windblown trees to prevent their infestation vs.
removal of standing infested trees to prevent beetle spread; Stadelmann
et al., 2013; Wermelinger, 2004). We here define sanitation logging as
any tree removal activity which aims to prevent the risk of bark beetle
attack to adjacent trees and/or mitigate bark beetle spread. In contrast,
we use term salvage logging for tree removal activities which are con-
ducted with the primary aim to recoup economic losses from distur-
bances or reduce disturbance-induced hazards to infrastructure and
human safety (Molinas-Gonzdles et al., 2017).

2.3. Simulation model

The model iLand (Seidl et al., 2012a) is a process-based ecosystem
model that simulates forest landscape dynamics in a hierarchical
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multi-scale framework (e.g., Mdkeld, 2003), i.e. treating different pro-
cesses at different spatial and temporal scales. The main entity in the
model is a tree, for which the demographic processes of growth, mor-
tality, and regeneration are simulated. Processes at the stand and
landscape scale constrain the dynamics of individual trees and thus
allow for a robust scaling of tree-scale processes to large areas (Seidl
et al., 2012a). The model was extensively tested and evaluated across a
range of ecosystems in Europe and North America in previous studies
(Braziunas et al., 2018; Seidl et al., 2012b; Silva Pedro et al., 2015; Thom
et al., 2017a). Furthermore, the model was successfully tested for the
study landscape investigated here by Dobor et al. (2018), focusing on
productivity, natural mortality (i.e. mortality caused by stress and
competition for resources) and regeneration patterns in a
pattern-oriented modelling approach.

iLand simulates disturbances in a spatially explicit manner and
contains process-based modules for several disturbance agents. Wind
disturbance is simulated in the model based on input regarding wind (i.
e., speed, direction, duration, day of year of occurrence), which can be
derived from meteorological observations of specific wind events, sta-
tistical descriptions of historical wind regimes, or simulations generated
by climate models (Seidl et al., 2014a). The model initiates wind dis-
turbances in locations, where canopy rugosity changes abruptly, i.e.,
where vertical differences between the top heights of neighbouring grid
cells exceed 10 m (e.g. Blennow and Sallnas, 2004). The impact of a
wind event is simulated iteratively, with forest structure — including the
appearance of new edges — being updated over the course of the duration
of the wind event. In each iteration the model calculates critical wind
speeds for uprooting and breakage of affected trees (Seidl et al., 2014a)
if the wind speed in the current iteration exceeds these critical wind
speeds, the tree is either broken or uprooted. The simulated wind
disturbance patterns are thus an emergent property of the wind forcing
in combination with the prevailing forest structure.

The iLand bark beetle disturbance module simulates phenology and
development of the European spruce bark beetle, spatially explicit
dispersal of beetles, colonization and tree defence, as well as
temperature-related overwintering success of beetles (Seidl and Ram-
mer, 2017). Outbreak are either triggered by wind disturbance, or
happen independently based on climate-sensitive background infesta-
tion probability. Bark beetle development is simulated based on
temperature-sensitive beetle phenology (Baier et al., 2007), allowing for
the development of multiple beetle generations per year under favour-
able climatic conditions. For reasons of computational efficiency the
model does not track individual beetles but beetle cohorts, which are
defined as the minimum number of beetles needed to colonize a tree.
Every brood tree disperses a number of beetle cohorts determined by the
effective reproductive rate of the beetles, which was here set to 20 (see
Wermelinger and Seifert, 1998). Sister broods are assumed to have a
50% reduced reproductive rate (Anderbrant, 2006). The emerging
beetles disperse in two stages: First, their general dispersal distance and
direction is determined based on a symmetrical dispersal kernel
parameterized from field data. Subsequently, beetles actively search for
host trees within their perceptive range. A beetle cohort attacking a tree
has to first overcome the trees’ defence system. iLand dynamically
simulates tree stress based on the carbon balance of a tree. The thus
derived stress index is used as an indicator of tree defence against bark
beetles. Freshly wind-disturbed trees are assumed to be defenceless
against bark beetle attacks, and are thus also preferred by beetles in their
host search. Consequently, the timely removal of windfelled trees (i.e.,
before beetle development is completed) affects the subsequent bark
beetle outbreak dynamics. Simulated natural bark beetle mortality ac-
counts for both overwintering mortality and density-dependent effects
of antagonists.
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2.4. Landscape initialization and experimental design

Data from Forest Management Plans (FMP; Source: National Forest
Centre, Slovakia) were used to initialize the current state of the forest
vegetation in the simulations. The data were collected in the field at a
10-year inventory cycle, and contain statistical descriptions of forest
stands within compartments with variable size (ca 3-15ha). The FMP
attributes used to initialize the landscape in iLand were number of
trees per hectare, stand age, and diameter at breast height (DBH). In-
dividual tree diameters were randomly drawn from diameter distri-
butions centred on the mean DBH of each stand, with the variance
derived from forest plots in the region. Tree heights of all individuals
were calculated based on species-specific diameter-height curves.
Saplings (trees below 4 m height) were initialized as height cohort with
tree height data derived from FMPs. iLand furthermore requires in-
formation on soil type and depth and uses plant-available nitrogen (N)
as a proxy for nutrient availability. This information was derived from
the national forest soil database of Slovakia (Source: National Forest
Centre, Slovakia).

We evaluated forest development under different intensities and
spatial patterns of SL for the period from 1996 (i.e., the year of the
initialization of the study landscape based on FMP data) to 2050. We
used this time horizon because of its relevance for current management
decision making. Moreover, climate conditions after 2050 start to crit-
ically constrain spruce persistence in our study landscape. Reference
climate data (i.e. representing a continuation of past climatic condi-
tions) were developed based on the observed climate for 1996-2016 by
random sampling of years with replacement. To assess the effects of
climate change, we studied six climate change scenarios, derived from
three regional climate model (RCM) runs conducted within the frame-
work of the CORDEX project (Coordinated Regional Climate Down-
scaling Experiment; Giorgi et al., 2009). Each RCM was driven by two
Representative Concentration Pathway scenarios, i.e., RCP 4.5 and RCP
8.5 (Supplementary material).

We prescribed wind events to occur in the years 2000, 2010 and
2030 in all scenarios. Each wind event was simulated with five different
wind speeds, which were randomly drawn from a distribution of
maximum hourly wind speeds observed at the nearby meteorological
station Poprad-Ganovce (Source: Slovak Hydrometeorological Institute)
between 1996 and 2018. The simulated wind events were 90 min long,
and wind directions were set based on the prevailing wind directions in
the region (east-northeast in 2000, west-southwest in 2010 and 2030).
The average amount of windfelled trees simulated with these settings
corresponded well with observed wind disturbance data for Slovakia
between 1990 and 2015 (Konopka et al., 2016).

Bark beetle dynamics was simulated based on the model structure
and parameterization introduced by Seidl and Rammer (2017) (see also
Supplementary material). Simulated bark beetle disturbances matched
observed bark beetle dynamics well, with the proportion of bark beetle
disturbed timber volume being in the range of 70-120% of windfelled
timber (based on national forest damage statistics, Source: National
Forest Centre, Slovakia) and with bark beetle infestations occurring
primarily in the vicinity of windthrows with only minor infestation spots
occurring independently of windthrows (based on the inspection of
satellite imagery from the region; Dobor et al., 2018; Potterf et al.,
2019).

To assess the effect of the spatial configuration of SL we simulated
three different spatial patterns: uniform SL over the entire study land-
scape (U), SL only in the vicinity of forest roads (R), and SL in a
contiguous subset of the landscape (block design, B) (Fig. 1). Scenario R
represents a situation in which limited logging resources are available,
restricting sanitation efforts to stands that are easily accessible. In
contrast, scenario B illustrates the development if different management
objectives need to be met on the landscape, with SL being restricted to



L. Dobor et al.

Entire landscape

Blocks, 40 %

Journal of Environmental Management 254 (2020) 109792

Blocks, 60 %

[ treated
[ untreated
[] non-forest

Fig. 1. The five spatial configurations of sanitation logging studied on the landscape. Percent values in the figure indicate the proportion of the total forest area that

is treated.
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is shown.

certain areas, while other areas are exempt from treatments (e.g., due to
considerations of nature conservation). Two treatment levels were
simulated for scenarios R and B, treating 40% and 60% of the total forest
area in the landscape. These two SL intensities correspond to buffer
widths of 60 and 100 m (in each direction from the road), respectively,
in the scenario R. For each spatial configuration scenario different levels
of SL intensity were simulated, representing different percentages of
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windfelled trees detected and removed by management. In scenarios R
and B, SL intensities of 60% and 95% (160, 195) were simulated,
resulting in a total of eight SL scenarios: R40-160, R40-195, R60-160,
R60-195 and B40-160, B40-195, B60-160, B60-195. In the uniform sce-
nario U, a total of seven different SL intensity levels forming an intensity
gradient were simulated (i.e., 0, 20, 40, 60, 80, and 95% of windfelled
trees removed).
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The effect of SL was evaluated with regard to three different response
variables: (i) the landscape-scale reduction of bark beetle disturbance
relative to values reached in the absence of SL, (ii) the disturbance
reduction in the treated areas, and (iii) the disturbance reduction in
untreated areas. To consistently compare the effects of different spatial
configurations and intensities of SL we derived a standardized sanitation
intensity (SSI, %), which was calculated as the sanitation intensity (SI,
%) multiplied by the portion of treated forest area (Area, %) (Eq. (1)):

_ SI x Area
100

In scenario U the SSI equals SI. To further elucidate SSI values, we
also investigated the relationship between SSI, the amount of disturbed
spruce volume extracted, and the amount of remaining disturbed spruce
volume (Appendix A).

SSI [1]

3. Results
3.1. Wind and bark beetle impacts in the absence of sanitation logging

The amount of spruce trees disturbed by wind ranged from 25 to
40m>ha™! during the wind event in the year 2000 (range is based on
simulation outputs driven by 5 different wind settings), with
11-23m®ha and 39-60 m*ha™! being disturbed in the years 2010 and
2030, respectively (Fig. 2). This represents 8-14, 3-7 and 12-21% of the
Norway spruce growing stock in the landscape. Each wind event
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triggered outbreak of bark beetles, with 20-26, 51-77 and 30-45 m> ha"
! killed volume in the absence of SL. The average bark beetle disturbance
during the full simulation period was 2.0-2.5 m®ha! yea.l"1 (Distyol),
representing an annual loss rate of 0.6-0.8% of live spruce volume on
the landscape (Dist%) (Appendix B).

Climate change affected the windfelled volume only marginally in
the first wind event, while the remaining two windthrows were more
sensitive to climate change (Fig. 2). The timber volume affected by bark
beetles increased by 1-17, 11-40, and 220-300% in the three outbreak
waves under climate change compared to reference climate. Disty, was
in the range of 4.2-4.3 m® ha~lyear !, resulting in a cumulative timber
volume disturbed of 226-234m>ha™! over the 54-year simulation
period; the cumulative amount reached under reference climate was
111-136 m®ha™!, Fig. 2). Climate change resulted in larger and more
severe bark beetle epidemics, while the endemic phases between out-
breaks remained similar to reference conditions also under climate
change.

3.2. Effect of sanitation logging on bark beetle disturbance

3.2.1. Logging equally across the landscape

The live spruce volume annually affected by bark beetles (Dist%)
decreased nonlinearly with increasing SI when the treatment was
applied throughout the entire landscape (Fig. 3). A strong decrease in
Dist% occurred at SIs above 60%, corresponding to the retention of less
than 1.5m®year ha! of disturbed spruce timber on the landscape

Untreated development Reference climate RCP4.5 RCP8.5
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Fig. 3. Response of the per cent of living spruce killed by bark beetles (Dist%) to different intensities of sanitation logging conducted equally over the whole
landscape, within road buffers and within contiguous blocks under three different climate conditions. Figure a) shows values of Dist% in the whole landscape without
sanitation logging, which is the reference value for figures b) and c). Figures b) and c) show relative differences from values reached under the variant with no
sanitation logging. REF - Reference climate, RCP - Representative Concentration Pathway scenario.
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Fig. 4. Spatial distribution of disturbances by wind and bark beetles between
1996 and 2050. Forest stands where total amount of disturbed trees during the
54-year period was above 0.03m>ha~! are highlighted. Variants with and
without the effect of sanitation logging of windfelled trees are shown. Each
variant was simulated under reference climate and climate change. The maps
showing the effect of climate change result from averaged simulation outputs
driven by three climate models nested within two greenhouse gas concentration
scenarios RCP4.5 and RCP8.5 (i.e. six climate trajectories), and by 5 wind event
time series.

Forest area

(see Appendix A for the relationship between SI and the spruce timber
volume retained and extracted). An SI of 80% decreased Dist% by 34%
relative to simulations without SL, and an SI of 95% by 67%.

Climate change decreased the efficiency of SL regardless of sanita-
tion intensity. While Dist% increased at least threefold as a result of
climate change (Fig. 3), the dampening effect of SL decreased from 67%
under reference climate to 47% under climate change for an SI of 95%.
For an SI of 80%, the suppressing effect decreased from 34% under
reference climate to 17% under climate change.

Spatial pattern of bark beetle disturbance in the absence of SL and
with a high intensity sanitation removal can be seen in the maps in
Fig. 4.

3.2.2. The effect of different spatial patterns of sanitation logging

We used standardized sanitation intensity (SSI; Eq. (1)) to compare
different spatial patterns of SL to the previously described effect of
applying sanitation throughout the entire landscape (Fig. 3, Supple-
mentary material). SL of blocks and road buffers on 40 and 60% (R40,
B40 and R60, B60) of the landscape with an intensity of 95% (i.e.
resulting in a SSI of 38 and 57%, respectively) reduced Dist% more
efficiently than applying the same SSI throughout the landscape. This
indicates a greater sanitation success if the treatment was conducted
with high intensity over a small area compared to removing approxi-
mately the same amount of infested trees distributed across the entire
landscape. The difference between spatial patterns of SL was, however,
not significant for small SSI values. SL was more efficient when applied
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in blocks than in road buffers. Climate change reduced the efficiency of
sanitation regardless of spatial pattern.

3.2.3. Sanitation effects on treated and untreated areas

SL of 60 and 95% intensity applied only within road buffers covering
60% of the total area of landscape decreased the amount of trees killed
by bark beetles from 2.23 (variant without SL) to 2.03 and 1.27 m®ha™
year" inside the treated area (i.e. by 9 and 43%, Fig. 5). In case of 95%
SI inside the road buffer the damage (1.27 m®ha™ year ') was higher
compared to the case when SL was applied over the whole landscape
(0.85m® ha! year1). For 60% SI the difference is smaller. Specifically,
bark beetle disturbances in untreated areas were reduced from 2.24 to
2.17 and 1.91 m® ha™ year™! (i.e. by 3 and 15%) through treating road
buffers. Hence, SL in road buffers dampened disturbances outside of the
treated areas via inhibiting the spread of bark beetles.

Blocked SL (95% intensity) reduced the disturbance rate within the
treated areas by 63% (from 2.62 to 0.96 m>ha? year'l), and damage
rates did not differ significantly from values reached under the SL
applied in the whole landscape (1.00 m3ha! year") (Fig. 5). SI of 60%
resulted in the reduction of bark beetle disturbance by 11%. Bark beetle
disturbances in untreated areas were not affected by blocked SL, with
disturbance levels outside treated areas equalling those in simulations
without SL. In contrast to SL along roads, the interaction between
treated and untreated areas was negligible in the block design.

Climate change reduced the overall efficiency of SL; disturbance
reduction with SI of 95% within road buffers was only 21% (compared
to 43% under reference climate) and effect on untreated areas was
negligible. In case of blocked SL, disturbance reduction was 34% only,
compared to 63% under reference climate. Effect of SL with intensity of
60% was negligible in either spatial design (Fig. 5).

Similar effects as were previously described were observed also when
only 40% of the landscape was treated (not shown here), though the
effect of SL was less distinct.

4. Discussion
4.1. Methodological considerations and limitation

We used a process-based model allowing us to dynamically quantify
disturbance impacts, their interactions and feedbacks on vegetation, as
well as the effects of climate change and management in a consistent
simulation framework. Our approach not only accounted for the
amplifying direct effects of climate change on bark beetle development
and tree defence capacity but also considered negative vegetation
feedbacks such as a modified forest structure and consequently distur-
bance susceptibility after outbreaks (Thom et al., 2017b), and thus
realistically mimics the complexity of the interactions between vegeta-
tion dynamics, climate and disturbances.

Despite the high level of process detail of our simulation framework,
reproducing complex disturbance regimes in models remains chal-
lenging (Seidl et al., 2011). Processes not considered in the model
applied here include, for example, the effect of altered microclimate at
forest edges that emerge after harvests or windthows on the develop-
ment of bark beetles (Kausrud et al., 2011; Kautz et al., 2013). It is thus
important to test the applied model — being a simplification of reality —
with regard to its ability to reproduce patterns observed in reality
(Grimm et al., 2005). In this regard we previously conducted in depth
analyses on the plausibility of simulated vegetation — disturbance in-
teractions, including regeneration after  disturbance and
post-disturbance productivity patterns (Dobor et al., 2018; Thom et al.,
2017a). The plausibility of simulated wind impacts and bark beetle
dynamics was successfully evaluated against independent data (Seid!l
and Rammer, 2017). Moreover, the used model settings generated a
good match of here simulated bark beetle dynamics with observed
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Fig. 5. Effect of different spatial configurations of sanitation logging on bark beetle disturbance. Large rectangles represent the entire landscape, and the embedded
rectangles represent areas of blocks and road buffers (green — area without treatment, orange — treated area). The left column (Without treatment) indicates the
average volumes of trees killed by bark beetles (m® ha~! year™!) in the absence of sanitation logging (highest disturbance). The middle column (Selective treatment)
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the same values reached with sanitation logging applied equally over the landscape (lowest disturbance). Two intensities of sanitation logging are presented — 60 and
95% (rows). The figure present variant where the treated area covers 60% of the entire landscape (see Methods for details). Simulation outputs for reference climate
and average of six climate change scenarios are shown. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of

this article.)

infestation patterns in terms of the proportion between wind and bark
beetle damage and the close adjacency of bark beetle infestations to the
windfelled stands (e.g. Potterf et al., 2019). An important deviation from
expected patterns was observed with regard to the spatial pattern of
simulated wind impact, which was relatively scattered throughout the
landscape (i.e. occurring at wind-exposed forest edges, based on the
model logic). In the Carpathian Mountains, however, wind disturbances
are often triggered by strong katabatic winds (also called bora), which
frequently result in large high-severity patches of wind disturbance
(Fleischer, 2008). Differences in wind disturbance patterns may in turn
result in different bark beetle dynamics in the simulations. For example,
Potterf and Bone (2017) found that the scattered windthrow is more
conducive to bark beetle outbreaks than large, concentrated wind
disturbance patches. This underlines that the spatial variation in wind-
throw patterns and their effect on bark beetle dynamics warrants
attention in future research.

Another aspect that needs to be considered in the interpretation of
our results is the specific implementation of SL simulated here. Although
forest management typically strives to remove the windfelled trees as
soon as possible in order to prevent wood degradation and colonization
by beetles (Wermelinger, 2004), a swift treatment is often hampered by
logistical challenges and considerations of forestry operation. We here
exclusively simulated SL removals in the year of disturbance, i.e. before
colonizing beetles can spread to surrounding areas. In reality, however,
colonization of and dispersal from windfelled trees can happen simul-
taneously over a period of several years. Studies show, for instance, that
the colonization rate of windfelled spruce trees can be higher in the
second year than in the first year after the storm (Schroeder, 2010).
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Some evidence even suggests that windfelled trees are suitable breeding
material for bark beetles for more than three summers (Wermelinger
etal., 2013), particularly when cold and wet conditions keep the phloem
of windfelled trees moist (Holusa et al., 2017). A further management
measure in the context of responding to bark beetle outbreaks in Central
Europe is the search for and removal of standing infested trees in the
surrounding of the windfelled areas or previous infestation spots (Wer-
melinger et al., 2012). We did not simulate this measure here in order to
being able to isolate the effect of removing windfelled trees on bark
beetle dynamics. Further works should include this element of SL, as its
efficiency remains incompletely understood (e.g. Stadelmann et al.,
2013), particularly where outbreak areas are large.

4.2. Implications for outbreak management

Our findings indicate that even relatively small amounts of windf-
elled Norway spruce trees remaining after high intensity SL are suffi-
cient to trigger a transition from endemic to epidemic conditions in the
population dynamics of the European spruce bark beetle. This critical
transition was further facilitated by climate change, which amplified the
simulated bark beetle disturbance even under very high intensity SL.
This finding is supported by the analyses of Marini et al. (2017), who
found that bark beetle population eruptions can be driven by climate
when the amount of windfelled trees is small. In contrast, a large surplus
of windfelled trees can boost population dynamics above the threshold
for a successful colonization of healthy trees irrespective of climate
conditions. This indicates that outbreaks can be prevented by high in-
tensity SL only under a specific set of factors, i.e. if windblown areas are
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limited, windfelled trees can be efficiently removed and climate condi-
tions are not particularly favourable for bark beetle development. Due to
the climatic changes expected for the coming decades, such constella-
tions will become less likely in the future, and outbreaks will be
increasingly triggered even in the absence of windfelled trees (Marini
et al., 2017; Netherer et al., 2015; Seidl et al., 2016a). This makes the
whotter droughts* (Millar and Stephenson, 2015) expected for the future
a particular concern in the context of forest disturbances (Sommerfeld
et al., 2018).

Consistently with previous research (e.g. Jonsson et al., 2009; Seidl
etal., 2009), climate change had a strong impact on the simulated future
bark beetle disturbance in our analyses, and caused a doubling of the
timber volume disturbed by bark beetles. Climate change also reduced
the efficiency of SL, with the effect being more pronounced at low in-
tensities of SL. Given that achieving high SL intensities could be
increasingly challenged by more frequent and severe disturbances in the
future (Seidl et al., 2017), climate change could render SL to become
largely inefficient. It is also noteworthy that we here only focused on the
first half of the 21st century, in which climate change is still relatively
moderate compared to the later parts of the century. Consequently, the
efficiency of SL can be expected to decrease even more strongly than
reported here in the second half of the 21st century. However, over
longer periods of time also dampening feedbacks on bark beetle out-
breaks can be expected via changes in forest structure and composition
(Temperli et al., 2013; Thom et al., 2017c).

We here tested the effect of different spatial patterns of SL, with
important implications for the management of Norway spruce forests in
Europe. We first focused on treatments along the existing road network,
as accessibility is often a key factor limiting the timely implementation
of management measures. Although limited levels of road infrastructure
are typical for, for example, Canada or Siberia (Lamers et al., 2014),
many European regions also suffer from an insufficiently developed
forest road network. This can, for example, lead to overharvesting of
accessible locations, limited options for small-scale silvicultural in-
terventions or inefficient disturbance management, including salvage
and sanitation operations (Kolstrom et al., 2011). We found that con-
ducting SL exclusively along roads — even when applied at high intensity
— was not effective in reducing bark beetle disturbances, with the
landscape-scale rate of disturbance being close to the untreated simu-
lations. This finding is likely related to the width of the road buffers
treated here (120 and 200 m, respectively), which was chosen to reflect
considerations of forest engineering rather than those of bark beetle
ecology. As the effective dispersal range of the European spruce bark
beetle is around 500 m (e.g. Kautz et al., 2011; Potterf et al., 2019),
considerably wider buffers would be needed to shelter areas from
dispersing beetles. Treating road buffers did, however, also dampen bark
beetle outbreaks in adjacent untreated areas, as the road network in our
study landscape is well developed and treatments along roads create
breaks for the spread of the disturbance (similar to fire breaks on the
landscape, Russo et al., 2016). Efficiency of SL within road buffers was,
however, largely reduced by climate change.

The second spatial pattern of SL analysed here addresses the con-
cerns about bark beetles spreading from non-intervention areas to
neighbouring production forests (Grodzki et al., 2006; Montano et al.,
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2016; Potterf et al., 2019; Potterf and Bone, 2017). In this regard we
could show that applying SL in a blocked design (i.e., only in the parts
of the landscape designated as intensively managed) substantially
reduced the impact of bark beetles on the areas treated and, equalled
the efficiency of SL treatments applied across the whole landscape.
This indicates that retaining the deadwood created by wind distur-
bances in some portions of the landscape (e.g., in order to increase
biodiversity) does not harm production forestry in other parts of the
landscape as long as SL is applied intensively in the latter areas. In
contrast to applying SL along road buffers, blocked SL did not dampen
outbreaks in adjacent untreated areas. This finding can be partly
attributed to the relatively even distribution of wind disturbances in
our landscape, which triggered bark beetle outbreaks throughout the
simulation area. If wind disturbance risk would be high in treated and
low in untreated areas (e.g., due to an elevated structural and
compositional diversity of the latter), a stronger influence of treat-
ments on untreated areas could be expected.

5. Conclusions

While the evidence for an ongoing intensification of forest distur-
bances in Europe is growing (Seidl et al., 2014b; Senf et al., 2018), our
current understanding of the efficiency of approaches to dampen dis-
turbances through management remains incomplete. This particularly
applies for the management of bark beetles, which are strongly
responding to climate change, while their management remains largely
based on past heuristics. Here we show that the magnitude of bark
beetle disturbances will increase further in the coming decades, while
the efficiency of SL of windfelled trees in dampening bark beetle out-
breaks declines. We specifically show that due to a climate-mediated
proliferation of bark beetle development also a very limited amount
of windfelled trees is sufficient for triggering the critical transition
from endemic to epidemic population dynamics. Our study further
highlights that applying SL at low to medium intensities is not efficient
and should thus be avoided. In contrast, early and concentrated
removal of windfelled trees can substantially reduce the impact of bark
beetles.
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Appendix A. Relationship between the intensity of sanitation logging and amounts of extracted and retained spruce trees
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Appendix B. Selected indicators of simulated forest develop t affected by wind and bark beetle disturbance
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Abstract

1. Wind and bark beetle disturbances have increased in recent decades, affecting
Europe's coniferous forests with particular severity. Management fostering for-
est diversity and resilience is deemed to effectively mitigate disturbance impacts,
yet its efficiency and interaction with other disturbance management measures
remain unclear.

2. We focused on Central Europe, which has become one of the hotspots of re-
cent disturbance changes. We used the iLand ecosystem model to understand
the interplay between species composition of the forest, forest disturbance dy-
namics affected by climate change, and disturbance management. The tested
measures included (a) active transformation of tree species composition toward
site-matching species; (b) intensive removal of windfelled trees, which can support
the buildup of bark beetle populations; and (c) reduction of mature and vulnerable
trees on the landscape via modified harvesting regimes.

3. We found that management systems aiming to sustain the dominance of Norway
spruce in the forest are failing under climate change, and none of the measures
applied could mitigate the disturbance impacts. Conversely, management sys-
tems fostering forest diversity substantially reduced the level of disturbance.
Significant disturbance reduction has been achieved even without salvaging and
rotation length reduction, which is beneficial for ecosystem recovery, carbon, and
biodiversity.

4. Synthesis and applications: We conclude that climate change amplifies the contrast

in vulnerability of monospecific and species-diverse forests to wind and bark bee-
tle disturbance. Whereas forests dominated by Norway spruce are not likely to be
sustained in Central Europe under climate change, different management strate-
gies can be applied in species-diverse forests to reach the desired control over the
disturbance dynamic. Our findings justify some unrealistic expectations about the
options to control disturbance dynamics under climate change and highlight the
importance of management that fosters forest diversity.

provided the original work is properly cited.
© 2020 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.
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1 | INTRODUCTION

Forest disturbances are an integral part of forest dynamics, contrib-
uting to ecosystem functioning, creating heterogenous landscapes,
and fostering biodiversity (Beudert et al., 2015; Turner et al., 2004). In
production forests, however, disturbances place social management
objectives at risk and compromise the provision of valued ecosys-
tem services (Lindroth et al., 2009; Seidl & Blennow, 2012). Research
suggests that all types of ecosystem services are negatively affected
(Thom & Seidl, 2016), and these impacts will continue to increase in
the future (Seidl, Schelhaas, Rammer, & Verkerk, 2014). Efforts to
prevent or mitigate disturbance impacts have therefore become an
integral part of forest management in Europe. The applied measures
include, for example, improvement of tree vigor and morphology,
modification of stand structure and composition, or reduction of fuel
loads and breeding substrate for insects (Berryman, 1988; Gardiner
& Quine, 2000; Jactel et al., 2009; Wermelinger, 2004). Research
has also highlighted some controversies related to active disturbance
management. These particularly include an effort to replace com-
plex ecosystem regulation dynamics by oversimplified technologi-
cal processes, which often erode ecosystem resilience (Cox, 2016)
and produce collateral effects interfering with local management
objectives (Leverkus, Lindenmayer, Thorn, & Gustafsson, 2018). For
example, long-term outbreak prevention via salvage logging can in-
crease forest vulnerability to future disturbances via creation of vul-
nerable complexes of mature stands with high growing stock (Dobor
et al., 2020). Intensive disturbance management can also affect the
quality of ecosystem services and modify natural ecological interac-
tions in the forests (Leverkus, Lindenmayer, et al., 2018).

Forest disturbance management has received increased atten-
tion in response to the recently intensified disturbance regimes and
the increased rate of social and ecological impacts (Miiller, 2011;
Senf et al., 2018). Moreover, model projections indicated that distur-
bance intensification will continue to increase in the future, which
highlights the need to revise current management strategies (e.g.,
Doboretal., 2019, 2020; Hlasny et al., 2019; Honkaniemi et al., 2020;
Kausrud et al., 2012; Seidl et al., 2018). This requires a comprehen-
sive understanding of the interactions between vegetation and dis-
turbance dynamics affected by climate change, and management,
which strives to interact with this overly complex and potentially
unstable system. Quantifying the outcomes of disturbance manage-
ment in ecosystems affected by climate change is therefore beyond
our current understanding, which was mostly developed under past
and more stable conditions.
different
(Coleoptera: Curculionidae, Scolytinae) have shown remarkable
climatic sensitivity (Cudmore et al., 2010; Seidl & Rammer, 2017).
Recent intensification of bark beetle disturbance in Europe has been

Among disturbance  agents, bark beetles

80

greater than that of any other disturbance type, including wind and
wildfires (Seidl, Schelhaas, et al., 2014). While total canopy mortality
has doubled in Europe over the last three decades (Senf et al., 2018),
impact from bark beetles has increased by 600% (Seidl, Schelhaas,
et al., 2014). These outbreaks highlight the prominent role of climate
change as the driver of bark beetle disturbance (Bentz et al., 2019;
Jonsson et al., 2009). In Europe's Picea abies—Ips typographus system,
climate change increases the number of bark beetle generations,
reduces winter mortality, and compromises fitness of host trees
(Huang et al., 2019). Climate change also synchronizes the outbreaks
over areas large several hundreds of kilometers via the large-scale
impacts of regional climate extremes (Senf & Seidl, 2018). Outbreaks
of I. typographus amplified by climate change thus represent one of
the major threats to forestry economies and the environment in
Europe (Grégoire et al., 2015; Komonen et al., 2011).

In Europe's production forests, management has traditionally
strived to control bark beetle populations to prevent or mitigate their
impacts (Berryman, 1988; Wermelinger, 2004). These measures either
aim to directly control populations of bark beetles or to modify for-
est structure and composition to create environment that is less con-
ducive to the outbreaks (Wermelinger, 2004). Direct control mainly
endeavors to reduce the amount of breeding substrate for beetles
by removing trees affected by wind, snow, and rime; remove infested
trees from the forest prior to beetles’ emergence; and reduce beetle
populations using insecticides or various trapping devices (Faccoli &
Stergulc, 2008; Stadelmann et al., 2013). Conversely, indirect control
includes silviculture practices, which, for example, aim to reduce tree
competition for resources using thinning, reduce the concentration of
host trees via change in tree species composition, or modify harvesting
regimes to reduce the share of mature and vulnerable trees (Bjorkman
etal., 2015; Jactel et al., 2009; Zimova et al., 2020). Indirect control can
also aim to modify the forest configuration on the landscape to reduce
the connectedness of local bark beetle populations and complexes of
host trees (Honkaniemi et al., 2020; Seidl et al., 2018).

Efficiency of outbreak management measures in reducing the
level of tree mortality is generally not sufficiently understood to in-
form management decisions (Hlasny et al., 2019; Kausrud et al., 2012).
Rare examples of quantitative assessments include the studies of
Faccoli and Stergulc (2008) for pheromone traps, and Stadelmann
et al. (2013) and Dobor et al. (2019, 2020) for salvage logging. This
lack of quantitative understanding becomes critical if the outbreaks
are amplified by climate change and management resources are be-
coming increasingly limited. Still, the consensus exists that species-di-
verse forest with complex structures show increased resistance to
herbivores (Guyot et al., 2016) and have higher survival rates (Griess
etal., 2012; Neuner et al., 2015). Adaptive change in tree species com-
position can dilute the host trees in the forest, increase semiochemical
diversity, and strengthen resilience mechanisms (Seidl, 2014; Zhang
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& Schlyter, 2003). Managing forests for diversity is thus recognized
as a prominent strategy to mitigate bark beetle disturbance. Because
the effect of silviculture management can be rather delayed, it can be
applied concurrently with other measures such as salvage removal
of windfelled trees, beetle trapping, or premature harvesting of vul-
nerable stands. Interactions of these effects may, however, generate
hardly predictable nonadditive outcomes, which can be further modu-
lated by climate change (Dobor et al., 2020).

Here, we investigate how management of functionally linked wind
and bark beetle disturbances performs in differently managed for-
ests, and how this performance can be affected by climate change.
In particular, we investigated how adaptive change in tree species
composition affects the vulnerability of forests dominated by P. abies
to natural disturbances and how the transformation of species com-
position interacts with other disturbance management measures. We
focused on Central Europe, which has become one of the hotspots
of recent disturbance change, and where the revision of current dis-
turbance management strategies is urgently required. Because this
analysis requires considering landscape-scale climate-sensitive dis-
turbance dynamics, disturbance interactions, and dynamic feedback
from vegetation, we addressed these questions using the forest land-
scape and disturbance model iLand (Seidl et al., 2012).

2 | DATA AND METHODS
2.1 | Studyregion

The study area is in the Western Carpathians (the Low Tatras moun-
tain range) in Slovakia (Lon 20.088-20.275, Lat 48.920-49.061),

FIGURE 1 The study area: the Goat
Backs Mt. landscape. Forest distribution
and stands with the dominance of
Norway spruce are indicated. Elevation is
displayed in the background. The insert
shows the location of the study landscape
in Central Europe (green circle)
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covering an area of 16,050 ha (Figure 1). The landscape has 70% for-
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est cover and elevation range of 620 to 1550 m a. s. |. The forests are
chiefly managed for softwood timber production, though recreation,
game management, and nature conservation also occur.

Intense elevation and climate gradients, and the temperate
continental climate (Kottek et al., 2006) resulted in the presence of
multiple zonal forest communities in the natural species composi-
tion, with a dominance of broadleaved species (Rizman et al., 2005).
Due to the intense production-oriented management applied over
the last 200 years, however, the forests are currently dominated by
Norway spruce (Picea abies), which is found (often in monocultures)
across the majority of site types on the landscape (Figure 1). Other
important tree species are European larch (Larix decidua Mill.), Scots
pine (Pinus sylvestris L.), Silver fir (Abies alba Mill.), and European
beech (Fagus sylvatica L.).

The current silvicultural system is an even-aged management
regime with a rotation length of approximately 100 years. The
primary approach to tree regeneration in stands with fir and/or
beech admixtures is a uniform shelterwood cut, that is, progres-
sive cutting that leads to the establishment of a new cohort of
trees under the canopy of the retained mature trees. The shelter-
wood system contains 3 to 4 regeneration cuts applied over a pe-
riod of approximately 30 years, followed by a final cut. In spruce
monocultures, a small-scale clearcutting system is applied (cut-
block size < 3 ha).

Recent years have been characterized by high natural distur-
bance activity, followed by high levels of salvage and sanitation fell-
ing. The natural disturbance regime consists of bark beetle (mainly
Ips typographus L.) and wind disturbance, which has considerably

intensified over the last 20 years.

B spruce > 70 %
[ forest stands
! 1550

" elevation [ma.s.l]

i 620
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2.2 | Simulation model

We investigated the interactions between the climate, management,
disturbances, and vegetation dynamics using the process-based
model iLand (Seidl et al., 2012) (http://iland.boku.ac.at). iLand is an
ecosystem model that simulates forest landscape dynamics, includ-
ing growth and regeneration, disturbance dynamics, and manage-
ment in a spatially explicit manner. The main entity in the model is a
tree, for which the demographic processes are simulated. Processes
at the stand and landscape scale constrain the dynamics of individual
trees and thus allow for the scaling of tree-scale processes to large
areas (Seidl et al., 2012). The model explicitly simulates tree com-
petition for resources such as light, water, and nutrients. A light use
efficiency approach (Landsberg & Waring, 1997) is used to simulate
the production physiology. Carbon starvation is used as a process-
oriented indicator of tree stress, which can result from competition
for resources as well as suboptimal environmental conditions for
tree growth (e.g., drought).

iLand's mechanistic representation of forest disturbances and
vegetation dynamics, as well as the climatic sensitivity of these pro-
cesses, makes it well suited for the research of disturbance dynamics
under climate change (e.g., Dobor et al., 2018; Seidl & Rammer, 2017;
Seidl, Rammer, & Blennow, 2014). Wind disturbances are initiated
by the wind speed of severe wind events provided as an external
input to the simulation. The wind impact is simulated iteratively, with
the forest structure (including the appearance of new edges) being
updated after each iteration in the event of breakage or windthrow
(Seidl, Rammer, et al., 2014; Supplement A). The implementation of
bark beetle disturbances considers bark beetle phenology and de-
velopment, spatially explicit dispersal of beetles, colonization, and
tree defense, as well as temperature-related overwintering success
(Seidl & Rammer, 2017). Outbreaks are typically triggered by wind
disturbance; salvage removal of windfelled trees can therefore be
applied to reduce the outbreaks (Dobor et al., 2020). A detailed de-
scription of the implementation of wind and bark beetle disturbance
iniLand is provided in Supplement A.

Flexible implementation of management operations, which in-
clude planting after harvests or natural disturbances, thinning, har-
vesting, and postdisturbance salvaging, allows for testing the effects
of various disturbance management strategies (Dobor et al., 2019,
2020; Honkaniemi et al., 2020). iLand integrates an agent-based
model of forest management (Rammer & Seidl, 2015), in which
general stand treatment programs (i.e., a sequence of management
interventions applied over the course of stand development) are dy-
namically adapted to the forest state emerging from the simulation.
These features allow for testing the efficiency of measures taken in
response to the simulated disturbance, considering the dynamically
changing vegetation structure. The tested management interven-
tions are implemented in the model as follows:

e Planting is applied after harvests and stand-replacing distur-

bances that affected a prescribed level of growing stock (75% in
this study). Planting is based on prescriptions defining details of

82

tree species, seedling dimensions, and spacing between the seed-
lings. Planting prescriptions can differ between stands, depending
on site conditions or management objectives. The already estab-
lished regeneration can be kept or removed.

Thinning and harvesting are applied based on prescribed timing
and intensity of removal. Different criteria on tree removal can
be defined to implement practices such as clearcutting, shelter-
wood, or selection cut. Each stand has a stand treatment program
assigned that defines the sequence of interventions.

Salvaging is applied to harvest timber affected by disturbances.
Different intensities of salvage removal can be prescribed,
affecting forest carbon stocks, dynamics of secondary dis-
turbances, and the deadwood patterns. The incidence of dis-
turbances and subsequent salvage logging supersede regular
management operations, resetting the default stand treatment
program.

The model was extensively tested across a range of ecosys-
tems in Europe and North America in previous studies (Honkaniemi
et al., 2020; Silva Pedro et al., 2015; Thom et al., 2017). A detailed
evaluation of simulated productivity, natural mortality, and regen-
eration patterns for the landscape studied here was conducted
by Dobor et al. (2018). All testing exercises conducted for Central
Europe proved good ability of the model to simulate ecosystem dy-
namics in this environment.

2.3 | Basic simulation setup

Prior to scenario simulations, an 800-year spin-up run was per-
formed to estimate the initial litter, dead wood, and soil C pools. The
spin-up run was also used to initialize stand structures in a manner
consistent with the internal logic of the model. The procedure used
assimilates information on the current composition and structure
of forest stands (here based on forest management plan records;
see Supplement B) to ensure that the resulting initial forest state
for simulation is consistent with the model internal logic and repre-
sents the current structure and composition of the forest (see Thom
et al., 2018 for details).

The scenario simulations were run for 100 years starting from
the end-conditions of the preceding spin-up run. Each simulation
was driven by five climatic scenarios (reference climate and four
projected climates, see Supplement C). Each simulated forest
development was exposed to five prescribed wind events, with
parameters sampled from the distribution parameterized based
on past meteorological observations for the area. The intensity
of events was set to reach the average annual amount of dis-
turbed trees recorded in the national forest disturbance statistics
for the period 1990-2010, which range between 0.9 and 2.2 m?
ha™! year™® (Dobor et al., 2020; Konépka et al., 2016). Each sce-
nario run was replicated 10 times to account for the stochasticity
in the simulations. The value of the so-called background infesta-
tion probability (a parameter related to bark beetle disturbance
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(Seidl & Rammer, 2017) was varied between the replicates in a
range of 0.0005-0.0025 (Honkaniemi et al., 2020).

The implemented baseline management included tending, thin-
ning, and harvesting, with timing and intensity of operations mod-
eled after the management practice currently applied in the region
(Halaj & Petras, 1998). Depending on the site, 3-4 thinning opera-
tions were applied and rotation periods ranged from 90 to 140 years.
In spruce monocultures, clearcut management was applied, whereas
shelterwood management was simulated in mixed stands.

The simulations were run under the conditions defined by
two regional climate models (RCM) driven by two Representative
Concentration Pathway scenarios (RCP4.5 and RCP8.5). The RCMs
were selected to represent the variability of climate change signal
emerging from the large ensemble of climate projections developed
in the frame of the CORDEX project (Giorgi et al., 2009) (Supplement
C). A reference climate series was generated by randomly sampling
years with replacement from the period 1996-2016.

2.4 | Disturbance management experiment

The previously described baseline management was modified to ac-
commodate different combinations and settings of disturbance man-
agement actions. These include (a) targeted change in tree species
composition via planting on cleared areas to reduce the overall for-
est vulnerability, (b) instant removal of windfelled trees, which can
trigger or reinforce the outbreak of bark beetles, and (c) reduction
of forest rotation length to reduce the proportion of mature trees,
which are susceptible to both bark beetle and wind disturbance.
We organized these measures around two management narra-
tives that are being intensively discussed in the Central European
production forestry; (a) the industry demand-driven effort to main-
tain high proportions of Norway spruce in the forest, and (b) ef-
forts to adapt the tree species composition to climate change and
intensified disturbances via recovering natural species composition,
which has been markedly altered over the last two centuries in many
production forests in Central Europe (Klimo et al., 2000; Spiecker

To address these two objectives, we implemented two seedling
planting schemes on cleared areas. The first one promoted Norway
spruce in species composition; depending on site, its share ranged
from 50% to 70% (natural regeneration was, however, acting con-
currently). The second one promoted site-suitable tree species fol-
lowing the natural species composition of the forest (after Rizman
et al., 2005), which predominantly consisted of European beech,
Silver fir, European larch, and pine. The share of Norway spruce did
not exceed 20% in this planting variant.

We combined each of these planting variants with salvage re-
moval of windfelled trees and the rotation length reduction. The sal-
vaging was applied with 90% intensity, which was found by Dobor
et al. (2019) to be the minimal intensity required to dampen the sim-
ulated outbreak of bark beetles. At the same time, such intensity
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represents a realistic approximation of the applied management
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practice. We simulated the reduction of the rotation length by
40% relative to the currently applied rotation (100 years for spruce
stands, and 115 years for broadleaved species, on average). The ro-
tation length was, however, not allowed to be <60 years. This level
of reduction still conforms with the criteria for the production of
softwood timber and can be expected to dampen the disturbance
dynamics to a certain extent.

The disturbance reduction effect of different management ac-
tions was assessed by comparing the level of disturbed growing
stock (m® ha™ year™, average over the simulation period) reached
under management variants B1 to C4 (Table 1) against the reference
management A, which did not contain any disturbance management
action. The total number of simulation runs in this experiment was as
follows: 8 managements x 5 climates (four climate change scenarios
and the reference climate) x 10 replicates, that is, 400 simulations.

3 | RESULTS
3.1 | Simulated disturbance patterns

The average level of wind disturbed growing stock simulated under
the reference climate was 1.2-1.8 m® ha ! year™ (range of eight man-
agement systems and 10 replicates), which falls into the observed
range of 0.9-2.2 m® ha™* year’. Under climate change, wind dis-
turbance decreased by 11%-16% relative to the reference climate,
which likely accounts for the competing interaction between wind
and bark beetles (Figure 2a).

Each wind event triggered a multi-year bark beetle outbreak of
varying size, depending on the actual amount of windfelled trees,

weather, and stand conditions (Figure 2b; Supplement D). Under ref-
erence climate, disturbed growing stock was 1.6-3.0 m® ha™ year™?,
that is, slightly exceeded the growing stock disturbed by the trigger-
ing windthrows. Climate change produced a strong amplifying effect
on the outbreaks, and the level of growing stock disturbed exceeded
the reference value by 239% under RCP4.5 and 310% under RCP8.5
(median increase, Figure 2).

3.2 | Disturbance management performance

Under the reference climate, the total level of growing stock dis-
turbed was substantially reduced by different combinations of
management measures (Figure 3a,b). In management systems
promoting spruce in species composition, however, the mitigation
effect highly varied within (i.e., the interreplicate variation) and
between treatments. Still, the average reduction effect over the
simulation period was 8% for salvaging, 3% for rotation length re-
duction, and 13% for the combination of latter two measures (sepa-
rate effects on wind and bark beetle disturbance are provided in
Supplement E).

Management systems promoting adaptive changes in tree spe-
cies composition more efficiently reduced the disturbance than
the previous systems, though lead times were long (from ca. 2060)
(Figure 2b). The simultaneous application of different treatments
amplified the disturbance reduction effect. Systems containing sal-
vaging (C2 and C4) were most efficient, reducing the disturbance by
19%-25% relative to the reference treatment A (Figure 3c).

Climate change markedly altered patterns identified under

the reference climate. Disturbance treatments were inefficient in
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FIGURE 2 Growing stock disturbed by wind and bark beetles during the 100-year simulation period under reference climate and

two groups of climate change scenarios driven by RCP4.5 and RCP8.5 (a). Medians and 10%-90% quantiles calculated from 10 replicate
simulations, 8 management regimes, and 4 climate change scenarios are shown. (b) The temporal development of growing stock disturbed by
bark beetles under the reference climate (averaged over managements and replicates) and climate change (averaged over managements, RCP

scenarios, and replicates)
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FIGURE 3 Relative differences between the level of growing stock disturbed by wind and bark beetles under management systems
containing different combinations of disturbance management actions, and the baseline management, with no disturbance management
actions. Management systems on the left (brownish) promote planting of spruce on disturbed and harvested stands, whereas systems on the
right (greenish) promote adaptive changes in species composition by planting less vulnerable site-matching tree species

reducing disturbance impacts in management systems promoting
spruce (Figure 2d,g). On the other hand, climate change amplified
the efficiency of disturbance treatments in systems promoting
adaptive changes in tree species composition. These measures
started to be effective much earlier than under the reference cli-
mate; significant disturbance reduction started to be observed
as soon as 2020. The combination of different measures did not
significantly increase the disturbance reduction effect of chang-
ing tree species composition, particularly in the second half of the

simulation period.
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3.3 | Underlying changes in forest structure

The tested management interventions affected forest susceptibility
to disturbance mainly via changes in forest age structure and spe-
cies composition. The initially high proportion of Norway spruce
persisted under the reference climate, when the level of disturbance
was low (Figure 4). This persistence was supported by the domi-
nance of spruce in planting. The modified planting scheme mainly
caused the proportion of Silver fir and European beech to increase,

while spruce remained dominant. Even a moderate climate change
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FIGURE 4 Development of tree species composition in the study landscape under different management and climate change scenarios.
The upper row is the baseline management, which included no disturbance management actions and promoted spruce in planting on cleared
areas. The middle row reflects an alternative to the baseline management, with salvage removal and rotation length reduction applied. The
bottom row reflects the most proactive management, which promotes nonspruce species in planting, with intensive salvaging of windfelled

trees and a reduced rotation length

(RCP4.5) caused spruce to decline sharply throughout the simulation
period, and this decline was further amplified by the change in plant-
ing. The main replacement species were Silver fir, European beech,
and European larch. Information about the remaining management
variants is provided in Supplement F.

Forest age sharply decreased under management systems in-
volving the reduction of rotation length compared to the reference
management A (Figure 5). Whereas the decrease was gradual under
reference climate, age fluctuation was more erratic under climate
change and age reduction occurred faster. The reduction reached
-20 to -30% of the initial forest age.

4 | DISCUSSION
Previous studies indicated that Norway spruce forests may not be

sustained in many regions of Europe because of intensifying out-
breaks of bark beetles, genetic maladaptation to future climates, and
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sensitivity to climatic stress (Frank et al., 2017; Marini et al., 2012;
Seidl, Schelhaas, etal., 2014; Zang et al., 2014). The role of active man-
agement of forests disturbances, however, has not been included in
these investigations although it is an integral aspect of European for-
est management (Berryman, 1988; Wermelinger, 2004). We showed
that contrast in the vulnerability of monospecific forests and forests
managed for diversity is considerably amplified by climate change.
We also found that management measures that were successfully
applied in the past are becoming inefficient under warmer climate
amplifying the disturbance dynamics, which particularly applies to
the forests dominated by Norway spruce.

4.1 | Implications for ecosystem management
We found that the studied ecosystem was relatively stable under

past climate and the level of disturbance was low. Such dynam-
ics agree with the national forest damage statistics (e.g., Gubka
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et al., 2013), which indicated that the level of disturbance was quite
low before 1995. This suggests that intensively applied measures
(planting, sanitary operations, etc.) managed to sustain the forest
despite its structure and resilience being compromised by the previ-
ous long-term production-oriented management. In our study, these
conditions correspond with simulation designs A and B1-B4 exposed
to the reference climate.

Exposing the spruce dominated system to climate change in-
creased the disturbance intensity by 140%-172% and caused the pro-
portion of Norway spruce to decline sharply. Parallels can be drawn
between this simulated development and the recently observed col-
lapse of spruce forests in some regions of Europe—Central Europe
being an epicenter—triggered by climate extremes and large-scale
outbreaks of bark beetles (Hlasny et al., 2019; Senf & Seidl, 2018).
Moreover, we found that this increase in disturbance intensity can-
not be controlled by the here tested management measures, despite
the measures being applied with a high intensity (90% removal of
windfelled trees and 40% reduction of the rotation length). This
is a striking difference from the disturbance management applied
under past climate, where disturbance intensity was lower and it
could have been further reduced by management. Conversely, we
found that the forest managed for diversity showed lower distur-
bance rates even without applying any other measures (i.e., without
the salvage removals and rotation length reduction). These findings
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provide a new perspective on the role of adaptive changes in species
composition in disturbance management and can clarify some mis-
conceptions about the transferability of past management tactics to
the qualitatively new conditions produced by climate change.

Consistent with previous studies, we found that the change in
tree species composition toward a higher proportion of less vulnera-
ble and site-adapted species has paramount importance in managing
forests under climate change (Jandl et al., 2019). Diverse ecosystems
generally show lower disturbance rates compared with monospe-
cific forests (Griess et al., 2012; Neuner et al., 2015) and are also
superior in the provisioning of ecosystem services (Mori, 2017). Still,
some previous studies suggested that the pest control effect may
depend more on species composition of the forest than on diversity
(Koricheva et al., 2006). Accordingly, the here presented disturbance
mitigation effect needs to be considered as a function of both re-
placement of vulnerable Norway spruce by other tree species and
the increase in stand- and landscape-scale diversity, which, for ex-
ample, dilutes the host trees and prevents the large-scale spread of
bark beetles (Honkaniemi et al., 2020; Silva Pedro et al., 2015).

We found that the same disturbance reduction effect can be
reached by applying different management actions. This find-
ing deserves recognition in forestry practice, because measures
such as salvaging, modifying harvesting regimes or changing tree
species composition affect ecosystem dynamics, and provision
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of ecosystem services in different ways (Leverkus, Benayas,
et al., 2018; Roberge et al., 2016). Quantitative understanding of
these measures thus allows formulating management strategies
consistent with local management objectives. Notably, measures
such as salvage removal of windfelled trees and rotation length
reduction did not significantly amplify the disturbance reduction
effect produced by mere change in species composition. This indi-
cates that these measures could be potentially avoided, providing
multiple benefits for forestry economies and natural ecosystem
dynamics. For example, maintaining older conditions on the land-
scape (i.e., avoiding rotation length reduction) can be beneficial
from the viewpoints of biodiversity, forest carbon, and landscape
scenic values (Roberge et al., 2016; Thom et al., 2019). Maintaining
deadwood in the forest (i.e., avoiding or reducing salvage remov-
als) supports water and climate regulation functions, increases
forest diversity, including pests’ antagonists, and preserves dead-
wood carbon stocks (Lassauce et al., 2011). Therefore, complex
considerations are needed to formulate a proper combination of
disturbance management actions to reach the desired control over
the disturbance dynamics and not to compromise important eco-

system services.

4.2 | Methodological aspects and limitations

Here, we used a highly complex simulation model to investigate the
interactions between disturbance dynamics, management, vegeta-
tion feedbacks, and climate change. Although such an approach
allowed identifying and attributing the effects of different man-
agement actions, the uncertainty related to the representation of
individual processes and model assumptions needs to be carefully
considered (Huber et al., 2020). Although the model's use is sup-
ported by numerous testing exercises that particularly addressed
forest productivity, regeneration, and natural mortality (e.g., Dobor
et al., 2018), reproducing complex disturbance regimes in models
remains challenging (Seidl et al., 2011). High stochasticity of dis-
turbance events complicates testing the simulation outputs against
the observed impacts (but see for example. Seidl & Rammer, 2017).
We here prescribed the intensity of wind impacts to match the
long-term observations, whereas the simulated windthrow pat-
tern and the interaction with bark beetle dynamics were simulated
as emergent properties of the used simulation framework. More
comprehensive testing of the simulated disturbance patterns
against observation would provide useful support to the presented
findings.

Given the high complexity of our experimental design, we only
investigated one level or salvaging intensity and rotation length re-
duction, though management practice may require more complex
information (see e.g., Dobor et al., 2019, 2020; Zimova et al., 2020).
The tested intensities were, however, near to the logistic limits of
the current forest management and can thus be interpreted as the
reachable maximum under the operational management conditions.
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The complexity of our design can be further increased by in-
cluding other management variants, which stress, for example,
adaptive changes in species composition, including altitudinal shift
of zonal trees species (Moser et al., 2010) and introduction of spe-
cies that do not participate in the actual species composition. In the
Central European forestry, these species may include, for example,
native oak species (Quercus sp.) which are expanding their ranges
under climate change (e.g., Mette et al., 2013) as well as introduced
species of which the Douglas fir (Pseudotsuga menziensii) has re-
ceived considerable attention (Spiecker et al., 2019). Although such
changes would not directly affect the disturbance dynamics in the
current modeling framework (their vulnerability is similar to other
species on the study landscape), they could indirectly affect the dis-
turbance dynamics via different rates of establishment on disturbed
sites.

5 | CONCLUSIONS

Management of wind and bark beetle disturbances constitutes an in-
tegral part of European forestry; yet, many approaches are based on
plausible or intuitive narratives rather than on tested and data-driven
concepts. We presented a new perspective on disturbance manage-
ment in the Central European production forests and particularly
on the interactions of adaptive changes in species composition with
other management measures. Consistent with previous studies, we
found a contrasting sensitivity of monospecific and species-diverse
forests to disturbance impacts. However, we showed that climate
change further amplifies this contrast and favors management fos-
tering forest diversity, which can exert better control over distur-
bance dynamics even without pervasive measures compromising the
biodiversity and resilience of the forest. These findings can justify
some misconceptions about disturbance management under climate
change and can support the formulation of improved management
strategies.
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Abstract: The microsporidium Larssoniella duplicati (Weiser, Holusa, 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]. I. 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]; I. 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 I. duplicatus; its
presence in other spruce bark beetles, such as I. typographus, Pityogenes chalcographus (Linnaeus, 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
always in 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.l.
(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.o, 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 400 x 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 1. 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 AICc (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: ID Ecolure, Duplodor,
Pheagr IDU and in Romania the experimental lure (exp. lure) [30].

Study Sites Country GPS Coordinates Year (?f Pheromone  Altitude

N E Collection Lure (m as.l)
Nas 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 ID 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 Gérna I PL 49.5805 19.2246 2016 Duplodor 829
Romanka Gérna II PL 49.9338 19.3989 2015 ID Ecolure 1009
Sopotnia Dolna PL 49.9350 19.4664 2015 ID Ecolure 953
Tokarnia PL 49.9833 19.9833 2015 ID Ecolure 688
Ujsoty PL 49.7508 19.2009 2015; 2016 Duplodor 859
Ztatna PL 49.4833 19.1666 2015 ID Ecolure 638
Hlubocky (eV4 49.6920 17.4146 2013 ID Ecolure 382
Jilové u Prahy I Ccz 49.8866 14.5055 2016 Pheagr IDU 354
Jilové u Prahy II cz 49.9166 14.5071 2016 Pheagr IDU 457
Pusta Polom CZ 49.8510 18.0242 2014 ID Ecolure 454
Calafindegti 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 25.4817 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 at a
site with L. duplicati) across all countries averaged =+ 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 (I.n.) and hemolymph nematodes (H.n.).

Study Sites Country N Ld. (%) Ct.(%) ILn.(%) Hn. (%)
Nas SWE 46 39.1 - 15.2 -
Siljansfors SWE 70 214 143 10.0 43
Vansbro SWE 156 16.7 ] 3.2 1.3
Vindeln SWE 72 23.6 - 111 5.6
Petkéwka PL 107 19.6 - 3.8 4.6
Rajcza PL 103 13.6 = 14.1 5:5
Romanka Gorna I PL 27 7.4 - 14.8 -
Romanka Gérna IT PL 192 20.8 - 4.7 7.3
Sopotnia Dolna PL 35 25.7 - 5.7 2.9
Tokarnia PL 139 19.4 - 6.5 3.6
Ujsoty PL 22 9:1. - 13.6 9.1
Ztatna PL 20 10.0 - 10.0 -
Hlubocky cz 22 13.6 - 18.2 4.6
Jilové u Prahy I czZ 18 - - 5.6 =
Jilové u Prahy II (674 43 7.0 23 47 47
Pusta Polom cz 237 27.4 0.8 10.1 1.7
Calafindegti RO 20 20.0 - 10.0 -
Tonu RO 33 182 = 121 3.0
Solca RO 80 1113 - 3.8 3.8
Sucevita RO 45 8.9 - 133 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 0% 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 4
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 0.1 0.7
6 1510.1 —0.1 0.9
7 1975.8 —04 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 11 3.5 0.01
C. typographi 13 14 0.18
Intestinal nematodes 14 0.8 0.43
Nematodes in hemolymph 11 —0.8 0.46
altitude 1.4 3.8 0.01
number 11 29 0.02
year 1.6 —3.4 0.01

2 Positive and negative f 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 3.9 0.002
Latitude 1.0 4.0 0.002
Altitude 1.2 37 0.002
Number 1.0 2.8 0.020
Year 1.1 —3.9 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
L. 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
outbreak 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, . 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 [22-24,34],
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.

I. 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
L. 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 important 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

Outbreaks of tree-killing inscets are intensifying globally, affecting economies, human well-being, and driving
ecosystem transitions. The Czech Republic has recently become Europe’s epicenter of the outbreak of spruce bark
beetle Ips typographus, the most aggressive species in Eurasia. We investigated a countrywide outbreak dynamic
during the period 2003-2019, with a special focus on the period 2017-2019 when the outbreak reached an
unprecedented intensity. In order to identify main outbreak drivers, we investigated annual time series of the
volume of trees killed by bark beetles in the Czech districts (n = 77), and a suite of climatic and forest structure-
related predictors using Generalized Additive Models. Finally, we reviewed a large body of public materials to

understand broader social, ecological, and economic implications of the outbreak.

We found that bark beetles were damaging 0.2-1.4% of Norway spruce growing stock annually across the
Czech Republic in the period 2003-2016. This level increased to 3.1-5.4% in 2017-2019, causing the total
depletion of spruce in some regions. The long-term bark beetle dynamics (2003-2019) was driven by the
combination of wind disturbance and climatic drivers, represented in our study by annual temperature anomaly
and Standardized Precipitation-Evapotranspiration Index. However, the effect of wind was diminished during the
period 2017-2019, whereas the effect of drought dominated. Our findings thus suggest a transition from wind- to
drought-driven bark beetle dynamics.

The outbreak and subsequent large-scale salvaging and wood transportation affected quality of life of people in
a broad vicinity of outbreak areas. Lixtensive management actions aggravated some of the notorious conflicts
between forest management and nature conservation, and highlighted the poor harmonization of respective

policies. A decrease in timber price, an excessive workload, and other cascading effects caused severe revenue
loss, requiring state interventions amounting to ca 260 million EUR in 2018-2019.

We suggest that increasing frequency of climate extremes in combination with the unfavorable forest structure
pushed Central European spruce forests to the margin of their ecological space and unfolded large-scale forest
transformations. Effective responses will require fundamental structural changes in the regional forest-based
sector, particularly aiming at increased social and ecological resilience.

1. Introduction

affecting the entire forest-based sector and international timber markets
(Grégoire et al., 2015; Montagné-Huck and Brunette, 2018). The out-

Tree killing bark beetles are prominent disturbance agents in
temperate and boreal biomes and affect the structure, functioning and
composition of the forests (Vindstad et al., 2019). In Europe, spruce bark
beetle Ips typographus (L.) is an economically significant forest insect
pest, attacking primarily mature Norway spruce Picea abies (L.) H. Karst
trees (Christiansen and Bakke, 1988). As Norway spruce is a cornerstone
species of the timber industry in many countries, such outbreaks may
have severe impacts on forestry economies, with cascading effects
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breaks also compromise numerous regulatory and cultural ecosystem
services, including forest carbon storage as well as aesthetic and recre-
ational values (Dobor et al., 2018; Thom and Seidl, 2016). The recent
outbreaks in Europe have therefore generated serious concerns about
the stability of timber markets, effects on the environment, and human
wellbeing (Hlasny et al., 2019; Morris et al., 2017).

Outbreaks of I. typographus have intensified in recent decades and
significantly contributed to the observed doubling in canopy mortality
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in Central Europe (Seidl et al., 2014; Senf et al., 2018). Climate is an
important driver of such dynamics due to the ectothermic physiology of
bark beetles (Jakoby et al., 2019). Climate controls the timing of bark
beetle phenology, number of annual generations, and winter mortality
(Baier et al., 2007; Marini et al., 2017). Climate also affects the condi-
tions of host trees and their susceptibility to bark beetle attacks (Huang
etal., 2020; Netherer et al., 2015). Interactions between the climatically
sensitive development of bark beetles, the fitness of host trees, and the
availability of breeding substrate determine whether bark beetle pop-
ulations can cross the epidemic threshold and unfold the outbreak (Raffa
etal., 2008). Recent changes in climate, which included an increased air
temperature, changed precipitation patterns, and an increased fre-
quency of heat and drought spells have thus critically amplified bark
beetle outbreaks in Europe (Marini et al., 2017). Climate extremes not
only intensify the outbreaks but also cause their large-scale synchrony
(Seidl et al., 2016a). Model projections indicate that outbreak intensity
will continue to increase in the coming decades, causing a large-scale
transformation of forest landscapes with implications for the entire
forest-based sector (Albrich et al., 2020; Dobor et al., 2020a; Honka-
niemi et al., 2020). In Europe climate change is expected to increase the
level of bark beetle disturbance sevenfold up to 2030 compared to the
period 1971-1980 (Seidl et al., 2014). Other studies have suggested an
increase in bark beetle disturbance during the 21st century by 60-220%,
depending on the level of climate forcing and forest conditions (e.g.
Dobor et al., 2020a, 2020b; Sommerfeld et al., 2020).

The other factor driving the recent outbreak intensification is the
historical transformation of the forest structure (Munteanu et al., 2015;
Seidl et al., 2011; Sommerfeld et al., 2018). In Central Europe, Norway
spruce has been extensively planted outside the range of its native dis-
tribution at the expense of other, mostly broadleaved species to meet the
requirements of expanding industries (IKlimo et al., 2000; Spiecker et al.,
2004). The prevalence of clear-cutting and long-term prevention of
forest disturbances further homogenized the forest structure and
increased the level of forest growing stock (Dobor et al., 2020a). Such
management created large forest areas susceptible to an array of dis-
turbances with eroded resilience mechanisms (Hanewinkel et al., 2008).
The coincidence of such an unfavourable forest structure with erratic
changes in climate may cause the limits of ecological resilience (tipping
points; Dakos et al., 2019) to exceed and large-scale forest trans-
formations to unfold (Albrich et al., 2020; Scheffer et al., 2009; Turner
et al., 2020). Sommerfeld et al. (2018) suggested that climate change
and historical forest management contributed equally to the recent
outbreak intensification in Europe.

Although bark beetle outbreaks have been intensifying in Europe for
more than two decades (Seidl et al., 2014), the size of the very recent
spruce mortality pulse was unprecedented (Senf et al., 2020; Schuldt
et al., 2020). This outbreak eruption was observed in several countries,
including Austria, Germany, and France (e.g. Jandl, 2020; Senf and
Seidl, 2020; Sommerfeld et al., 2020), with the Czech Republic
becoming an epicenter (Hlasny et al., 2019; Toth et al., 2020). The most
recent outbreak in the Czech Republic started in ca. 2015 and exceeded
ranges observed over the last two centuries. The outbreak received
various connotations such as the ecological collapse or failure of spruce-
oriented management. Large pulses of salvaged timber had overarching
effects on the regional forest-based sector and raised a great interest
among the public, ecologists, timber industry experts and policy-makers
in understanding outbreak mechanisms and prospects. Understanding
recent changes in disturbance regimes is also important for developing
management strategies that are able to address the emergent ecosystem
dynamics, such as resilience-oriented stewardship (Senf and Seidl,
2020).

In response to these challenges, we aimed to investigate here the
spatial and temporal dynamics of bark beetles in the Czech Republic
during the last 20 years, focusing particularly on the period 2017-2019,
which was characterized by an unprecedented outbreak intensity. With
regard to the cascade of impacts triggered by the outbreak, we further
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aimed to understand major implications on forest owners, the environ-
ment, and the society and how different actors responded to the
outbreak and its management. We hypothesized that the outbreak was
triggered by the extremely dry climate in recent years, which replaced
the role of wind as the notorious outbreak trigger in Central Europe. We
further hypothesize that the outbreak triggered a cascade of processes
involving different sectors and social groups, resulting in tensions that
constrained management efforts. Such an investigation can help one to
better understand the broader social context of the outbreak and inform
future management decisions.

2. Data and methods
2.1. Forests and forestry in the Czech Republic

The Czech Republic belongs to the temperate forest zone of Europe
with a temperate oceanic climate (Rivas-Martinez et al., 2004). Forests
cover 2.67 million ha, representing 34.1% of the land area. Intensive
management applied over the last three centuries resulted in the
dominance of Norway spruce that represents 50% of the current tree
species composition. Scots pine Pinus sylvestris (16.2%) and European
larch Larix decidua (3.8%) are other abundant conifers. Broadleaves
constitute 27.3% of the species composition, with dominance of the
European beech Fagus sylvatica and oaks Quercus sp. Both dominating
conifers, spruce and pine, have been suffering from mass mortality due
to drought and biotic attacks in recent years. Forests under the state
ownership represent 55% of the total forest area, while the non-state
forests (private, church, and municipal) are owned by ca 300,000
different legal entities. Small-scale clear-cutting (1 ha area) with a mean
forest rotation age of 115 prevails (Ministry of Agriculture of the Czech
Republic, 2019).

2.2. Studied disturbance system

The investigated outbreak was caused by the European spruce bark
beetle Ips typographus (L), which is the main biotic disturbance agent in
Norway spruce forests in Eurasia (Biedermann et al., 2019).
I typographus attacks spruce trees to access fresh phloem needed for
brood development. Successful colonization is typically fatal to trees,
because beetles destroy the inner bark and thus disrupt nutrient trans-
port to roots. I. typographus causes intermittent outbreaks with devas-
tating effect on forest landscapes, which are typically interrupted by
long non-outbreak periods (Raffa et al., 2008). In the non-outbreak
period when beetle populations are small, beetles avoid tree defense
by entering only freshly dead or stressed trees (Huang et al., 2019).
During the outbreaks, however, bark beetles can exhaust tree defense by
mass coordinated attacks. While factors triggering the outbreak are
relatively well understood, factors leading to outbreak collapse are
subject of scientific debate (e.g. Biedermann et al., 2019).

In Central Europe, population transition to the outbreak phase is
typically triggered by windthrows, which provide large amounts of
breeding substrate (Mezei et al., 2017; Stadelmann et al., 2014). Noto-
rious outbreak areas where wind and bark beetles represent a typical
disturbance regime are, for example, the Bavarian Forest in Germany
(van der Knaap et al., 2020), the High Tatras in Slovakia (Mezei et al.,
2017), and the Bohemian Forest in Czechia (Zemek et al., 2003). Out-
breaks can also be triggered by other factors compromising tree defense,
particularly hot and dry weather (Marini et al., 2017; Netherer et al.,
2019).

L typographus exhibits large phenological plasticity in thermally-
regulated traits and this allows it to adjust the number of annual gen-
erations and generation timing to local climates (Bentz et al., 2019). A
warming climate therefore not only compromises tree vitality and de-
fense, but it also reduces the winter mortality of beetles and allows the
completion of additional beetle generations per year (Baier et al., 2007;
Berec et al., 2013). Recent observations from the Czech Republic
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indicate a shift to a three-generation regime in some locations, likely
contributing to the recent increase in tree mortality.

Bark beetle management follows two major objectives, i.e. outbreak
prevention and outbreak containment (Wermelinger, 2004). While
prevention mainly aims at keeping beetle densities low via sanitation
removal of infested trees, beetle trapping, application of pesticides, and
the swift removal of wind-felled trees, containment mainly aims at
massive salvage and sanitation logging in outbreak areas or their sur-
roundings to prevent outbreak expansion (Faccoli and Stergule, 2008;
Holusa et al., 2017). The efficiency of these strategies, however, has
recently been increasingly questioned (Dobor et al, 2020b, 2019;
Hlasny et al., 2019).

2.3. Data

To characterize spatial and temporal dynamics of bark beetle
disturbance, we combined several sources of data on forest damages
reported by forest owners. First, we used annual reports of the Czech
Forest Protection Service (FPS) from the period 2003-2019. The reports
include amounts of salvaged trees (m®) killed by different agents. Strict
legal obligation to salvage dead trees suggests a high correspondence of
killed and salvaged trees, yet the salvaging rate may change depending
on local circumstances. We extracted “bark borers on spruce* category
from the FPS statistics. Vast majority of killed trees in this category
accounts for I typographus, though other species such as I. duplicatus, I.
amitinus and Pityogenes chalcographus can be locally important (Holusa
etal, 2012, 2010). The data are reported for administrative districts at
the LAU1 level of the EU nomenclature (Local Administrative Units, n =
77). These reports are mainly based on data reported by the Forest of the
Czech Republic and the Military Forests and Properties, and cover ca
70% of the total forest area of the country. The completeness of the data
(i.e. part of the total forest area covered by the source reports from forest
owners), however, varies between years.

Second, we used annual reports of the Czech Statistical Office (CSO),
which contain forest damage records reported by all economically active
entities in the Czech Republic at the level of NUTS3 (Nomenclature of
Units for Territorial Statistics, EUROSTAT, n = 14). Therefore, while
spatial resolution of these data is lower than that of the FPS data, they
cover a larger forest area. Consistently with the FPS data, we extracted
annual data on bark-beetle-related salvage logging for the period
2003-2019 from the CSO statistics.

Both data sources (FPS and CSO) are derived by aggregating primary
data reported by forest owners. The source units of the reporting are
rather heterogeneous, depending on the ownership structure, and are
not consistent with the boundaries of administrative districts. The pri-
mary source data, however, are not publicly available.

Next, we combined the two data sources to create a dataset with
coverage of CSO, and the resolution of FPS. First, we summed salvaged
volumes in LAU1 districts (FPS) pertaining to each NUTS3 district
(CS0), yielding 14 pairs of salvaged volumes for each year (ZLAU1j;j vs.
NUTS3;, where i = 1-77 (LAU1) and j = 1-14 (NUTS3)). The ratios of
these value pairs yielded a set of coefficients, which were applied on the
LAU1 salvaged volumes to ensure that they reached the levels of the CSO
statistics. Such a procedure preserved the spatial pattern of salvaged
volumes reported by the FPS (LAU1 level), while matching the sums of
salvaged volumes in the CSO data (NUTS3 level).

To reach a more realistic allocation of differences between LAU1
districts pertaining to the specific NUTS3 district, we calculated the
proportions of spruce in species composition in each LAU1 relative to
the spruce growing stock in the respective NUTS3 (Source: Forest
Management Institute of the Czech Republic), and redistributed the
respective differences accordingly. Hence, the total salvaged volumes
from the CSO statistics were preserved, and the distribution of values
across the LAU1 districts was refined by considering the actual distri-
bution of Norway spruce. The final dataset that was subject to further
analyses consisted of 77 times series (2003-2019) associated with the 77
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LAU1 districts.

The third source of data used was data on actual spruce growing
stock in all years of the study period. These data were extracted from the
Forest Management Plan (FMP) database supervised by the Forest
Management Institute of the Czech Republic. The data are being updated
in the field in a 10-year cycle, so they are not temporally consistent with
the previously described annual damage data. We therefore modified
the growing stock by salvaged volumes on an annual basis, with regard
to the year when the FMP data for the largest forest area within an LAU1
district were updated. This modification was particularly important in
districts where the outbreak has recently culminated, and spruce
growing stock was reduced within a short period of time. We also
adjusted the actual growing stock levels by the estimated volume
increment and regular harvests. Here we note that regular harvests have
been substantially reduced during the recent outbreak period
(2018-2019) to mitigate impacts on the timber market (Toth et al.,
2020).

Climate data were derived from weather stations supervised by the
Czech Hydrometeorological Institute. Data quality control and homog-
enization were conducted based on the methods described by Stepanek
et al. (2013). Source daily values were aggregated into monthly, sea-
sonal and annual means (air temperature) or sums (precipitation). The
monthly aggregates were interpolated by means of the regression krig-
ing into the maps with a spatial resolution of 500 m. Various terrain
characteristics were used as predictors in the interpolation. The monthly
maps were then used to calculate different annual statistics to be used as
predictors in the developed regression models (Appendix A) for all dis-
tricts (n = 77). The Standardized Precipitation-Evapotranspiration Index
(SPEI) was calculated based on the method described by Vicente-
Serrano et al. (2010) and Begueria et al. (2014). The calculation was
conducted using the R package SPEI (Vicente-Serrano et al., 2010) and
ProClimDB software (Stepanek, 2010).

2.4. Regression modelling design and data

To identify the drivers of bark beetle dynamics over the period
2003-2019, we formulated a statistical model based on the Generalized
Additive Models (GAMs) (Wood, 2017). GAMs are used for modelling
complex regression functions and gained an increased recognition in
ecological research (Pedersen et al., 2019). GAMs approximate the
relationship between the response variable and the predictors by means
of several non-linear smooth functions, which are subject to inferences
and interpretations. GAM fitting aims to determine the optimal
smoothing parameters, while controlling for the model’s overfitting.
GAMs are formally defined as:

gEY)) = a + si(x) + ... + 5,(xp)

where Y is the response variable, E(Y) is the expected value, and g(V) is
the link function that links the E(Y) to the predictor variables x;, ..., X;.
The terms s;, ..., s, are nonparametric smooth functions.

The first response variable used was the percent of spruce growing
stock annually affected by bark beetles and salvaged (Kill%) in each year
of the period 2004-2019. The number of records used to estimate the
model parameters was given as 77 LAU1 districts x 16 years
(2004-2019; the year 2003 was omitted to allow for including predictor
variables shifted by one year backward, such as the wind-felled volumes
from the previous year). Second, we investigated Kill% over the recent
period 2017-2019, when the level of disturbance culminated (Fig. 1) (i.
e. three years x 77 districts). Third, we investigated the slope of the
linear regression of Kill% over the period 2017-2019 (Slope; one value
x 77 districts) (Appendix A). In the latter case, we considered forest and
climate conditions from the year 2018 as predictors.

The candidate predictor variables included the long-term annual
mean temperature and precipitation total characterizing the position of
districts along the major climatic gradients in the country, the mean
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forest age and proportion of spruce in the districts, the volume of
salvaged wind-felled trees, the annual temperature and precipitation
anomalies (difference from the long-term average 1980-2010), and the
annual Standardized Precipitation-Evapotranspiration Index (SPEI
Thornthwaite, 1948)) (Appendix A). The volume of salvaged windfelled
trees needs to be interpreted as the relative intensity of wind disturbance
rather than the availability of breeding substrate, as it represents the
amount of removed rather than retained windfelled trees. In case of
windfelled volumes and annual climatic predictors, we considered
values from both the actual and the preceding year. We used a step-wise
selection to identify the predictors to be included in the model.

The Kill% was modelled using a Tweedie distribution (Wood et al.,
2016) with the log link function. The Slope was modelled using a
Gaussian distribution with the log-link function. A thin plate regression
spline was fit to each predictor variable. Selected interactions between
the predictors based on the tensor product approach were included in
the models, too.

We constructed several statistical models and tested their perfor-
mance using the Akaike Information Criterion, by evaluating the sta-
tistical properties of residuals, and the amount deviance explained
(analogous to variance in a linear regression) by the models. We used R
library mgev (Wood, 2017) to conduct the presented analyses.

2.5. The Pettitt test

We used the Pettitt test (Pettitt, 1979) to identify years where Kill%
started to increase in the LAU3 districts. The Pettitt test is a non-
parametric test that identifies change points (years of significant
change in time series of Kill% in this study) in a univariate time series
based on the Mann-Whitney statistic. We used the R package trend
v.1.1.2. for this analysis (Pohlert, 2020).

3. Results
3.1. Spatial and temporal patterns

Total volume of trees killed by bark beetles and salvaged across the
Czech Republic oscillated around 1.5 million m® annually in the period
2003-2015, representing 0.2% of the total growing stock (Fig. 1a). Years
2015 and 2016 exhibited substantial increases in the disturbance rate,
reaching 2 and 4 million m® annually, respectively. Most dramatic

Forest Ecology and Management 490 (2021) 119075

increase occurred in 2018, reaching 13 million m®. In 2019, the amount
of salvaged trees killed by bark beetles increased further, reaching
nearly 23 million m® (3.2% of the total growing stock). Spruce growing
stock decreased from 511 + 15 mill. m® in 2011-2014 to 430 + 15
million m® in 2019 (~16%) (Adolt et al., 2020).

While trees killed by bark beetles represented 10-49% of the total
salvaged volume in the period before 2018, they dominated in the
period 2018-2019, accounting for 56-73% of the salvaged stock
(Fig. 1a). At the same time, while salvaged volume due to bark beetle
attacks represented 5-30% of the total harvests before 2018 (i.e.
salvaged and planned), it accounted for 50-70% in 2018-2019. More-
over, total salvaged volume (caused by all disturbance agents) in
2018-2019 represented 90-95% of the total harvests; i.e. planned har-
vests were greatly reduced for logistic and market reasons.

Kill% started to increase in most of the districts in 2014, while the
increase was delayed in several districts in the western part of the
country by 2-3 years (Fig. 1bd). Decreasing Kill% in the period
2017-2019 was observed only in four districts in the north-east (Fig. 2),
where the outbreak that has persisted there since the 1990s (Hlasny and
Sitkova, 2010) already depleted spruce stocks, resulting in the opposite
trend to the rest of the country.

Bark beetle disturbance was scattered across the country before
2017, remaining below 0.5% of the growing stock affected (and
salvaged) annually (Fig. 2). The outbreak expanded dramatically in
2018-2019, culminating in the southeastern districts. The highest ac-
celeration of the outbreak indicated by the slope of linear regression in
Kill% over the years 2017-2019 was observed in the south-eastern
districts too.

The outbreak has not yet affected the high-elevation areas in the
northwest of the country with a high spruce proportion (grey areas in
Fig. 2). These districts were severely affected by air pollution in the
1970s and 1980s, shifting forest age structure towards younger and less
vulnerable stages. Moreover, these areas are characterized by a colder
and wetter climate than most of the remaining districts. In particular,
long-term (1980-2010) average annual precipitation total in districts
depicted in grey in Fig. 2 was 775 mm, while it was 670 mm in the rest of
the country. The same comparison for temperature is 7.3 °C vs. 8.1 °C.
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Fig. 2. Average percent of spruce growing stock affected by bark beetles and salvaged over the period 2017-2019. The circular symbols show the slope of the linear
regression over this period. The insert map shows the situation in the preceding period 2003-2016.

3.2. Drivers of bark beetle dynamics

3.2.1. Longer-term perspective

We retained in the analysis of bark beetle dynamics in the period
2004-2019 the following predictor variables: the mean annual air
temperature in the period 1980-2010 (T), the proportion of spruce
(Spruce%), the mean spruce age (Age), the amount of windfelled and
salvaged wood in the preceding year (Wind ,), the temperature anomaly
(Tanom), and the Standardized Precipitation Evapotranspiration Index

(SPEI) (Appendix A). The data represent average values for the LAU1
districts (n = 77). Moreover, we included the interaction term Spruce%
x Age. The model explained 73% of deviance of Kill%. All of the pre-
dictors except for Age were found to have a smoothing term significantly
different from zero (p < 0.001). We, however, also retained the Age
variable as its interaction with Spruce% was significant, and markedly
increased the amount of explained deviance (Fig. 3).

Response of Kill% to T had a U-shaped pattern, indicating that bark
beetles were affecting forests across a broad range of temperature

Temperature (°C) Proportion of spruce (%)

Standardized Kill%

Age (years)

Fig. 3. Response of Kill% in the 77 districts
of the Czech Republic in the period
2004-2019 to selected predictors modelled
by means of the Generalized Additive
Models. A 95% confidence interval is indi-
cated for each smooth term. The insert in the
Age panel indicates the interaction of Spruce
% and Age. Marks along the horizontal axis
represent single observations. edf — effective
degrees of freedom. *indicates edf for the
interaction term. SPEI - Standardized
Precipitation-Evapotranspiration Index.
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conditions. Still, there is an increased level of disturbance in districts
with the mean annual air temperature above 9 °C. A unimodal response
to Spruce% culminating at 50% proportion of spruce in the districts
reflects the fact that the districts with high spruce proportions located
mostly in the western part of the country have not yet been affected by
bark beetles. The response of Kill% to Age was indistinct, though slightly
increasing with an increasing age. Kill% increased in response to wind
disturbance intensity (approximated by the volume of salvaged windf-
elled trees) from the previous year (Wind ;). This increase was distinct at
low levels of wind impact, whereas it remained stable under higher
windthrow intensities. Response of Kill% to Tanom was indistinct up to
the value of +1.5 °C, and then increased. The response of Kill% to SPEI
was found to be most distinct. Low SPEI values indicating reduced water
availability correspond with the highest levels of Kill% and vice versa.
The lowest values of SPEI and the highest values of Tanom correspond
with the period of recent outbreak intensification from 2018 to 2019
(Appendix B).

3.2.2. Perspective of the recent outbreak culmination

Further, we investigated the drivers of Kill% in the outbreak period
2018-2019, and the drivers of outbreak acceleration over the period
2017-2019 as indicated by the slope of the linear regression of Kill%
(Slope) (Fig. 4). The models explained 64% and 66% of deviance in Kill
% and Slope, respectively. Both Kill% and Slope were positively asso-
ciated with warmer (T) and drier conditions (SPEI). Kill% was affected
by forest age, while the outbreak accelerated more intensively in dis-
tricts with a higher spruce proportion. Interestingly, Age did not affect
Slope and Spruce% did not affect Kill%. Finally, higher levels of Kill%
were associated with districts experiencing an excess of precipitation
(Panom), a relationship lacking an ecological interpretation. Wind-
related variables did not have any effect on either response variable in
this recent period.
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3.3. Outbreak impacts and responses

The outbreak and extensive counter-measures triggered a cascade of
processes affecting different sectors and social groups. We evaluated a
large number of media articles, annual reports of state administration,
forest enterprises and NGOs to identify four broad categories of impacts,
which required different responses from the state administration and
forest management (Table 1).

A number of sources have indicated negative impacts on the quality
of life and the safety of inhabitants in the affected areas. These impacts
included a risk of injuries from falling trees and forest mechanisms as
well as the heavy traffic of trucks with salvaged timber, damage to the
roads and an increased risk of traffic accidents. The outbreak reduced
forest recreation and scenic values over an area of up to ca. 55,000 ha,
including ca. 13,000 ha of protected areas (national parks, protected
landscapes, etc.). Measures taken to mitigate these impacts included
communication campaigns, an extensive clearing and reforestation of
disturbed areas, investments into roads reconstruction, and the adoption
of new regulations harmonizing the need of excessive transportation
with impacts on the quality of life of affected inhabitants (see Table 1).

Economic implications of the outbreak were mainly related to the
excessive workload related to the salvaging and reforestation of cleared
areas as well as the decrease in timber price (Table 1, Appendix D),
causing an economic decline of many forest owners and enterprises.
Alleviating these impacts required state interventions in terms of sub-
sidy, compensation and recovery payments amounting for ca. 260
million EUR in the period 2018-2019. The estimated amount of these
payments for 2021 is 267 million EUR (Ministry of Agriculture of the
Czech Republic, 2020, 2019).

The effect of management on areas under different level of protection
was identified as another important outbreak implication. The man-
agement included a heavy salvaging of dead trees and the use of in-
secticides in storage yards, and it often did not respect processes such as
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Fig. 4. Response of a) Kill% in the period 2018-2019 and b) the slope of the linear regression of Kill% to the main predictors over the period 2017-2019.
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Table 1

Overview of impacts generated by the outbreak and its management, and measures taken to alleviate these effecets.
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Type of impact

Specific process

Quantifiable effects

Measures taken

Social and economic
impacts

Conflicts with
natureconservation

Tension between post
outbreak reforestation
and game management

Depletion of logistic and
human resources

Reduced forest scenic and recreational values

Restricted access to the forest

Damage to roads by the excessive
transportation of salvaged timber

Reduced quality of life of inhabitants by a
high-frequency transportation of salvaged
timber; risk of traffic accidents and jams
Revenue loss due to the high investments into
salvage harvesting, decrease in timber price,
increased expenses related to the
regeneration of cleared areas, and other
cascading effects

Increased use of insecticides with potential
risk for the environment

Damage to nature conservations areas from
bark beetles and management activities
Conflict about the fate of standing dead trees
with no effect on bark beetle populations and
low economic value

Tabitat destruction, disturbing reproduction
of species of conservation concern (e.g.
woodpecker Dryocopus martius, black grouse
Tetrao tetrix)

Subsidized planting of seedlings on cleared
areas is countered by high-intensity game
browsing. High game populations are
advocated by some hunting associations and
other interest groups.

Management is constrained by bottlenecks in
transportation and storage of salvaged wood,
and production of seedlings in nurseries

Excessive workload, lack of available
workforce and restricted mobility of seasonal
workers due to the COVID crises caused
increase in labour price and lack of forestry
workers

Size of cleared areas increased from
19,000-25,000 ha (2004-2015) to 34,000 and
55,000 ha in 2018 and 2019, respectively

At least 400 km of roads damaged

Spruce log price decreased from 84 to 57 EUR
between 2017 and 2019; Size of areas Lo be
reforested increased up to 55 000 ha; Major
state forest enterprise in negative balance (-30
mill. Euro in 2019); (see Appendix D for
selected indicators)

The use of insecticides increased almost
fourfold during the period 2017-2020, and use
of alpha-cypermethrin coated nets* almost
sevenfold (Forests of the Czech Republic, pers.
comm.).

13,000 ha of the protected areas were affected
by the outbreak (AOPK CR, 2020)

6 million and 5-10 million m* of dead
andinfested trees remained in the forest in
2018 and 2019, respectively

Approximate cost of d; from ing 1
million EUR annually (Ministry of Agriculture
of the Czech Republic, 2019); almost total
devastation of non-spruce species in
regeneration

1,500 railway wagons missing in 2018

An estimated shortage of ca 6,000-10,000
forest workers annually

Reforestation applied over the area of 21,000 and
27,000 ha in 2018 and 2019, respectively;

and tending subsidized
Salvaging applied along hiking trails to reduce
the risk of injuries; Reconstruction of hiking trails
State intervention of 160 million EUR planned for
2021; Max. permissible lorry weight reduced
Communication campaigns by the Ministry of
Agriculture

Subsidy, comp ion and recovery p
amounting for 259 million EUR in 2018-2019;
267 million EUR allocated for 2021

ions on outbreak in
different protected areas (including Natura2000
sites) by the Ministry of Environment; Improved
management guidelines by natural park
P d

i T
by NGOs; No new legally binding regulations
adopted with regard to the outbreak

Hunting season for all regeneration damaging
game species extended to the whole year;
protection (repell fencing)
subsidized; Establishment of shooting corridors
in reforested areas; Motivation payments for
hunters
Establishment of new storages for salvaged wood;
Wood storage on agriculture land allowed;
Enhancing railway transport capacities;
Reduction of planned harvests; Nurseries
adjusting their production to the new demands,
millions of spruce seedlings destroyed and
replaced; Relaxed roles for the geographical
transfer of reproductive material; Extended
reforestation period
Simplified visa procedure for the Ukrainian
workers

* A fabric net coated by an insecticide and used to cover the infested logs to prevent the beetles from leaving them (e.g. Skrzeez et al., 2015).

bird nesting (see Table 1 for quantitative indicators) (AOPK CR, 2020).
As a response, different state and non-governmental nature conservation
organization developed recommendations and management guidelines
on mitigating the adverse effects (e.g., Ministry of the Enviroment of the
Czech Republic, 2019). However, no legally binding regulations beyond
the scope of the existing legislation were adopted in this regard.
Another issue of critical importance concerned the devastating effect
of game on forest regeneration. Investments into the planting of desired
tree species on cleared areas were, in fact, cancelled out by high-
intensity browsing. Systematic game reduction was, however, opposed
by different interest groups. The estimated damage was found to amount
for ca. 1 million EUR annually (Ministry of Agriculture of the Czech
Republic, 2019). This required the adoption of unprecedented measures
such as the extension of hunting season over the whole year, the
establishment of shooting corridors in the reforested areas, and
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payments to hunters (Table 1).

The final outbreak implication included the fast depletion of logistic
and human resources. Except for depleted storage and transportation
capacities, up to 10,000 forest workers were estimated to be missing
annually. The measures taken included relaxed visa procedures for
foreign workers, a country-wide survey of places serving as storage
yards, and an increase in railway transport capacity (see Table 1).

4. Discussion

Bark beetle disturbances are increasing globally, yet some aspects of
such dynamics as well as the social, market and ecological implications
remain insufficiently understood (Morris et al., 2017). We investigated
here the most recent outbreak of bark beetles in the Czech Republic that
has exceeded ranges of disturbance impacts recorded in the managed
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forests of Central Europe over the past two centuries. We found a tran-
sition from wind- to drought-driven outbreak dynamics as well as a
transition from mostly locally manifested outbreaks to the regional and
supranational dynamics. Our findings highlighted a low level of social
preparedness to face the outbreaks (or natural disturbances in general)
amplified by climate change and questioned the sustainability of pro-
duction forestry oriented on Norway spruce that is broadly practiced in
Central Europe. We discuss here the underlying mechanisms of the
investigated outbreak dynamics, management implications, and identify
the pathways of future research.

4.1. Outbreak dynamics

Most of the previous outbreaks of bark beetles in Central Europe
were triggered by windthrows and occurred in geographically isolated
areas (Hlasny and Tur¢ani, 2013; Lausch et al., 2013; Mezei et al., 2017;
Modlinger and Novotny, 2015), though they were likely synchronized
by climate variation and other factors acting on a large scale (Okland
et al., 2005; Senf and Seidl, 2018). The ongoing outbreak deviates from
this dynamic by its size and that it was not associated with any signifi-
cant windthrow. Our analysis supported this observation, i.e. while the
effect of wind was significant in the entire period 2003-2019, this was
not the case in the recent outbreak period 2017-2019. Our findings
instead suggested the prominent role of drought in unfolding large-scale
epidemics. Such dynamics were described by Marini et al. (2017), who
suggested that drought and climate warming can boost population
eruptions even in the absence of windthrows. While these authors found
no synergies between outbreak drivers, other studies found a strong
amplifying effect of wind and warmer and drier climate on bark beetle
dynamics (Dobor et al., 2020a, 2020b; Seidl et al., 2017). Such in-
teractions deserve attention in future research as they may form a new
disturbance dynamic in Central Europe. For example, outbreaks may be
triggered by drought in hot and warm years (i.e. the incidence of a
windthrow may not be a necessary precondition of the outbreak),
whereas wind can trigger population transitions in cooler and moister
years, cumulatively resulting in increased disturbance levels. Still, there
are indications that outbreaks triggered by drought, though of a smaller
extent, occurred in Central Europe also in the past (e.g., Zahradnik and
Zahradnikova, 2019).

We found that the level of killed trees started to increase in 2014 in
most of the country, and the outbreak accelerated in the remarkably dry
year of 2015. Another critical acceleration corresponded with the
climatically extreme year of 2018. The 2015 drought (along with the
year 2003) represents the most intense drought initiated during the
vegetation period over the previous 250 (Hanel et al., 2018) or 500 years
(Orth et al,, 2016). The 2018 drought even exceeded the severity of
previous events (Schuldt et al., 2020). The 2018 increase in outbreak
intensity corresponds with the fact that the highest canopy mortality
over the past 34 years in Europe was observed in 2018 (Senf et al,,
2020), though bark beetles represented just one factor driving this dy-
namic. All these events had drastic impacts on the European ecosystems,
exceeding the limits for xylem hydraulic failure in many species, wide-
spread discoloration, and premature leaf shedding (Bastos et al., 2020a,
2020b; Schuldt et al., 2020). In spruce, these events likely compromised
resin exudation and the overall defense capability against bark beetles
(Netherer et al., 2015), resulting in the observed outbreak accelerations.
It remains unclear why bark beetle disturbance did not increase in
response to the 2003 drought that particularly affected the western part
of the Czech Republic (Hanel et al., 2018), while this event led to
extensive forest damage across Europe (Rouault et al., 2006).

Another factor contributing to the severity and size of the outbreak
was the unfavorable structure of the Czech forests that was particularly
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conducive to large-scale outbreaks. Norway spruce represents 52% of
species composition in the country and occurs mostly in monocultures,
and vulnerable age classes prevail (Podrazsky et al., 2014). Most of the
spruce forests are distributed in low to medium elevations, where the
risk of drought stress is high, and two to three bark beetle generations
can be produced annually (Berec et al., 2013; Hlasny et al., 2011).
Spruce also cannot exploit the potential buffering effect of topographic
complexity in such environment (Albrich et al., 2020). At such sites, the
risk of spruce damage is sevenfold higher than in its historical range
(Marini et al., 2012). Moreover, spruce planted in monocultures has a
significantly lower survival probability than spruce growing in species
diverse stands (Griess et al., 2012; Neuner et al., 2015). Our analysis of
outbreak drivers is consistent with these findings, highlighting the
importance of forest age, spruce share, and air temperature as predis-
posing factors of infestation.

A further outbreak development remains unclear, particularly due to
the importance of hardly predictable climate extremes as well as
insufficient understanding of mechanisms causing outbreak collapse
(Biedermann et al., 2019). Still, that the remaining spruce growing stock
amounts to ca. 400 million m® makes outbreak collapse due to the
resource depletion unlikely. Instead, the current outbreak’s epicenter
may shift westwards after the resources are depleted, or the outbreak
may expand. Moreover, climate projections consistently predict the in-
crease in climate extremes, including drought (Grillakis, 2019). There-
fore, outbreak collapse due to the persistently colder and moister
climate is unlikely too. High rates of disturbance thus should be ex-
pected to persist in the coming years or decades, though weather-
dependent inter-annual variation can be large.

We suggest that the coincidence of extreme climate with unfavorable
forest conditions pushed the regional spruce forests to the margins of
their operational space (see e.g. Keane et al., 2009; Turner et al., 2020).
The current outbreak can thus be thought of as the beginning of a large-
scale transformation of secondary spruce forest to other forest types,
with a better match to the emergent environmental conditions. For
example, Albrich et al. (2020) found in the Eastern Alps that a warming
above 2 °C can trigger a shift from a conifer-dominated landscape
characterized by large trees to a landscape dominated by smaller, pre-
dominantly broadleaved trees. These considerations underscore the
utility of resilience framework (Johnstone et al., 2016; Scheffer et al.,
2009; Turner et al., 2020) in understanding the ongoing changes in the
Central European forests and their future developments.

4.2. Social and multi-actor implications

Because no systematic research on outbreak impacts existed at the
time of this study, we relied on numerous public materials published by
state administration, NGOs, and other bodies (e.g. Takala et al., 2019).
Although such data cannot replace a sound social and economic analysis
(e.g., Montagné-Huck and Brunette, 2018; Qin and Flint, 2010), they
represent a sensible estimate of outbreak implications. Such an analysis
can also serve as a baseline for the next assessments, helping to under-
stand the temporal evolution of impacts and responses, which can be
vital for informing future management strategies (Qin and Flint, 2010).

We found that the outbreak generated new interactions between
forest management on the one side, and labor market, transportation,
game management and nature conservation on the other. Most of these
interactions had a negative connotation and were constraining man-
agement decisions. Such a situation partly stems from the long-term lack
of participatory approaches in forestry decision-making (Hoogstra-Klein
et al., 2017) and poor harmonization of sectoral policies (Fiirst et al.,
2017). We identified the tension between forest management and nature
conservation to be particularly disturbing. Although efforts to resolve

109



T. Hlasny et al.

this tension is a notorious part of the public discourse and political
agenda (Maier and Winkel, 2017; Mikusinski et al., 2018), the ongoing
outbreak showed that the current policies are not aligned to the emer-
gent large-scale disturbances. Some aspects of this situation resemble
the case of the Bialowieza Forest Massif in Poland (Blicharska et al.,
2020), where efforts to control bark beetle outbreak were not found to
be aligned with local conservation objectives and EU legislation.

In this study we primarily focused on the prevalent adverse effects of
the outbreak and measures taken to mitigate them. Such a picture is
however, incomplete, as the outbreak has also initiated positive societal
processes. For example, the loss of mature trees and related cultural
services increased public awareness of the societal role of the forests and
highlighted the prominence of forest adaptation to climate change. Such
a tendency was evidenced by an increase in the frequency of the word
bark beetle (in Czech) on the Internet from 7 to 30,000 annually over the
period 2000-2016 to 50,000-135,000 over the period 2018-2020
(Appendix C). The outbreak also increased the involvement of the sci-
entific community in advising the formulation of forestry policies, and
promoted public involvement and volunteering (e.g. in planting the
seedlings on disturbed sites). The outbreak has accelerated the trans-
formation of forestry legislation towards increased preparedness, ca-
pacity building and better harmonization of forestry and nature
conservation policies. Therefore, instant negative effects reported in this
study need to be considered along with the positive effects, though their
lead times can be long (e.g., the effects of increased awareness).

4.3. Management perspective

Forest Ecology and Management 490 (2021) 119075

low resilience of future forests. However, the adoption of the landscape
perspective is typically hampered by factors such as fragmented forest
ownership, a poor coordination among forest owners, and a traditional
focus of Central European forestry on the stand-scale (Jactel et al., 2009;
Seidl et al., 2016a). The second aspect we highlight here is that the
dampening effect of sanitation removal of infested trees on bark beetle
dynamics was found to strongly diminish under warmer and drier
climate (Dobor et al., 2020a, 2020b, 2019). This is a disturbing fact
because search for and removal of infested trees aiming to control the
outbreak are heavily conducted. We therefore suggest that actions
aiming at the proper regeneration of post-outbreak sites and preventa-
tive measures in areas that have not yet been affected (e.g., premature
harvesting, the preventative sanitation removal of infested trees, etc.)
should be preferred over actions aiming at outbreak suppression in the
major outbreak areas. These facts indicate that a shift of the manage-
ment paradigm towards landscape-scale considerations and resilience-
oriented stewardship is needed if the outbreak occurs on a large-scale
and is fueled by climate change.

5. Conclusions

The Czech Republic has become an epicentre of bark beetle out-
breaks that devastate Europe’s forests. Our investigation showed that
the current outbreak synchronously affected areas of an unprecedented
size and was predominantly driven by drought, which is a new phe-
nomenon in Central European forests. As the frequency and severity of
droughts will continue to increase, such a situation is likely to occur also
in the future, though the dynamics of this development remains unclear.
We further showed that the outbreak has challenged all aspects of forest

The investigated outbreak has challenged forest n gement by its
size and rapid expansion that exceeded logistic and human resources.
The bottlenecks identified throughout the entire processing chain along
with the previously described multi-actor interactions define boundaries
that constrain management decisions. The two major tasks that are
being addressed in the context of these constraints are: (i) how to slow
the outbreak down and mitigate impacts on forest owners and the entire
forest-based sector, and (ii) how to regenerate the outbreak areas to-
wards their climate adaptedness and resilience. Obviously, these short-
term and forward-looking objectives compete for limited resources,
and priorities differ between the stakeholders (forest owners, state ad-
ministrations, timber industry vs. nature conservation, and a part of the
public). The most undesired consequence of this situation would be the
emergence of a new, even-aged forest cohort dominated by spruce with
low resilience to future disturbances. Although a warmer climate dis-
favors spruce in regeneration, factors such as spruce dominance in the
existing seed bank and the advanced regeneration, and the availability
of spruce seedlings on the market rather than seedlings of other species
(though nurseries are quickly adapting to the new demands), may
compromise the resilience of the future forest (e.g., Zeppenfeld et al.,
2015). Management should therefore harmonize the reforestation of
cleared areas with the natural changes in the regeneration driven by
climate change, reaching a higher share of climate-matching tree species
in the new forest cohort (Bolte et al., 2010; Vacek et al., 2019).

The size of the outbreak investigated here highlighted the impor-
tance of a multi-scale perspective in forest management, addressing, for
example, the connectivity of spruce complexes in order to prevent the
large-scale spread of bark beetles (Seidl et al., 2013; Simard et al., 2012).
Because a landscape-scale forest configuration is an important driver of
forest resilience (Seidl et al., 2016b), neglecting this scale in outbreak
management as well as the follow-up recovery actions may result in a

mar and its impacts extended far beyond forestry. Negative
social responses and emergent tensions between the different actors
constrained forest management and required state interventions,
including subsidy and recovery payments as well as changes in legisla-
tion. We suggest that although this study was conducted in the Czech
Republic, it likely characterizes processes occurring at much larger
territories in Central Europe and can also inform the management of
disturbances other than bark beetles.
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Appendix A. Variables investigated using the GAM-based

regression modelling

See Table Al
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Table A1
Response and candidate predictor variables used to investigate the drivers bark beetle dynamics in the Czech Republic.
Variable set Variable Variable Avg = St. Dev. Min Max
abbreviation
Response % Killed Percent of total growing stock killed by bark beetles (%) 1.35+3.35 0.00 57.05
variables (2003-2019)
% Killed Percent of total growing stock killed by bark beetles (%) 5.4 = 6.58 0.26 57.05
(2017-2019)
Slope Slope of trend line in % Killed over the period 2017-2019 2.51 +2.81 -2.27 12.88
Predictor Spruce% Spruce proportion (%) 49.17 + 23.59 0.15 85.98
variables Age Mean spruce age (yrs) 76.45 + 9.94 36 98
I Mean annual air temperature (1980-2010) (°C) 8.01 = 0.79 6.22 9.66
P Mean annual precipitation sum (1980-2010) (mm) 679.59 + 486.93 1 100.69
123.82
Wind Growing stock affected by wind and salvaged (m®) 37,515 + 27 1091
74,273 830
Wind 4 Growing stock affected by wind and salvaged, one year lag (m*) 36,804 + 0.31 1091
75,598 830
Tanom Temperature anomaly; difference between T in actual year and average T over period 0.69 = 0.68 1.08 213
1980-2010
Panom Precipitation anomaly; difference between P in actual year and average P over period 96.96 + 15.73 58.3 154.01
1980-2010
Tanom Tanom, one-year lag (°C) 0.64 = 0.67 —-1.08 213
Panom ; Panom, one-year lag (%) 97.25 + 16.02 58.3 151.01
SPEL standardized Precipitati p Index (evap iration by -0.46 = 1.17 ~5.29 217
Thomthwaite, 1948)
Appendix B. Inter-annual variation of selected climate variables
See Fig. Bl
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Fig. B1. Annual values of temperature anomaly (deviation from the average over the period 1980-2010) and the Standardized Precipitation-Evapotranspiration
index. The range of values reflects the differences between the LAU1 districts in the Czech Republic (n = 77).
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Appendix C. Frequency of occurrence of the Czech word “bark
beetle* on the Internet

See Fig. C1
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Fig. c1. The frequency of occurrence of the Czech terms for bark beetle “kir-
ovec* and “ljkozrout* over the period 2003-2020.

Appendix D. Selected economic indicators of the forestry sector in the
Czech Republic

See Figs. D1, D2 and D3
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Fig. D1. Lconomic balance of main categories of forest owners during the
recent outbreak period. The annual balance per forest arca is indicated. The
presented values do not include any subsidy payments (Ministry of Agriculture
of the Czech Republic, 2020, 2019, 2018, 2017, 2016).
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Fig. D2. Average price of spruce logs during the recent outbreak period
(Ministry of Agriculture of the Czech Republic, 2020, 2019, 2018, 2017, 2016).

Forest Ecology and Management 490 (2021) 119075

20000
. Volume of exported wood
Volume of imported wood
16000
E
2 12000
2
3
2
*= 8000
4000+
2015 2016 2017 2018 2019
Year

Fig. D3. Annual volume of exported and imported raw wood in the Czech
Republic during the recent outbreak period (Ministry of Agriculture of the
Czech Republic, 2020, 2019, 2018, 2017, 2016).
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6 Diskuze

Piedkladana prace je souborem publikovanych védeckych studii, kdy kazda obsahuje
relativné obsahlou diskuzi problematiky. Diskutovany tak budou kli¢ové oblasti jednotlivych

studii a jejich problematiky.

6.1 Zkracovani doby obmyti jako nastroj managementu Kkiirovcovych

disturbanci

Vysledky ukazuji, Ze zkraceni doby obmyti snizuje podil zralych stromu, a tim je
zaroven snizeno i riziko jak vétrnych, tak kuirovcovych disturbanci. Tento nastroj vSak neni
schopen zcela zabranit vyssimu vyskytu kirovcovych gradaci, které jsou zapfi¢inény
probihajici zménou klimatu. Pozitivni vliv zkraceni doby obmyti na pfitomnost stromi
nachylnych k poskozeni vétrem se projevi na mnozstvi materidlu vhodného ke kolonizaci
kiirovci. Tento poznatek byl jen potvrzenim jiz diive udavanych vyzkumi (Jactel et al., 2009;
Moore and Quinge, 2000). Vyzkum Ips typographus ukazal preferenci tohoto kurovce pro starsi
stromy s vétSim pramérem (Hlasny and Turcéni, 2013; Netherer et al., 2019; Netherer and
Nopp-Mayr, 2005). Prekvapivym zjisténim této studie je, Ze sniZzeni doby obmyti snizuje riziko
pusobeni vétrné disturbance efektivnéji nez klirovcové (-18 % vétrna disturbance, -11 %
kurovcova disturbance). I pfi zkraceni doby obmyti 0 40 % zGstava v krajing stale kriticky pocet
hostitelskych stromii, pti¢emz pti zméné klimatu je tento rozdil jesté vyrazné vetsi (-25 % oproti
-0,7 %). Tento vysledek zdaraziiuje, Ze 1 niz§1i mnozstvi vhodnych hostitelskych stromt je pti
silné gradaci kirovce stale rizikovym faktorem a jejich pfitomnost v krajin€ nelze podcenovat
(Honkaniemi et al., 2020). Tato analyza vSak nezohledniuje $kodlivé Cinitele zamétujici se na
mladsi stromy, jejichZ ¢etnost se se zkracovanim doby obmyti bude zvySovat. Mladsi stromy
budou vice ovlivnény jak biotickymi (napf. Hylobius abietis (Leather et al., 1999)), tak
abiotickymi faktory (napf. sucho (Kolb et al., 2016)).

Doba obmyti mé vliv na mnoho ¢asti lesniho ekosystému, naptiklad pidu, ukazatele
biodiversity, uhlik a v neposledni fadé produkci dieva (Felton et al., 2017; Kaipainen et al.,
2004; Roberge et al., 2016). Soucasné pusobeni zmény klimatu musi byt brano jako soucast
lesnického planovani (Luyssaert et al., 2018) a management by tak mél byt volen s ohledem na
vedlejsi efekty jako je zasoba uhliku (Pilli et al., 2016). Uhlik je snizenym obmytim ovlivnén
predevsim kratkodobé, pficemz stejné vysledky uvadi i pfedchozi studie (Kaipainen et al.,
2004; Liski et al., 2011). V provedenych simulacich u¢inek vazani oxidu uhli¢itého stromy, a

tim navySeni ukladani uhliku v lese v rdmci zmény klimatu, dokazal kompenzovat ztratu uhliku
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zkracenym obmytim (Obr. 3). Tento jev, tolik ddalezity v bilanci uhliku, je nutné zvazit
Vv ptistupu managementu lesa (Bellassen and Luyssaert, 2014). S ohledem na ukazatele
biodiverzity se kratsi obmyti projevuje jako nastroj s moznym negativnim dopadem.
Odstranovani starSich stromt je zdsadnim faktorem pro mnozstvi druhd, které se mimo tyto

podminky nevyskytuji (Felton et al., 2017; Hilmers et al., 2018).

Reference climate l a) Climate change b)
Shannon diversity 1

i
Rao’s diversity 1 >-|! I
Size diversity(H) A r r

long-term
Total ecosystem C A .
. short-term

-40 -30 -20 -10 0 10  -40 -30 -20 -10 0 10
Differences for 40% reduction [%]

Obr. 3 Vedlejsi efekty zptisobené snizenim doby obmyti 0 40 %. Zobrazen je efekt kratkodoby
(pramér prvnich 30 let simulace) i dlouhodobé dopady (primér hodnot zbyvajicich 170 let).
Sloupce zobrazuji stfedni hodnoty opakovanych simulaci a rozdilnych klimatickych scénait.

Usecky oznaéuji 10-90% kvantil.

Studie ukazala ze 40% zkraceni obmyti snizi o 30 % zastoupeni stromi s primérem nad
60 cm ve vycetni vySce. (Obr. 3). Bude-li tento managementovy zasah vyuzit, je mozné jako
nahradu tohoto negativniho dopadu na biodiverzitu zvySovat podil chranénych uzemi (Felton
et al.,, 2017). Zména jednodruhovych stanovist’ k diversifikovanému porostu vSak muze
poskytnout moznosti novym druhiim s jinymi potfebami habitatu a vést lesni ekosystémy

k adaptaci na zménu klimatu (Bouriaud et al., 2015; Thom et al., 2017b).

6.2 Nahodila tézba jako nastroj managementu lesa a moZnosti jejiho ploSného

rozmisténi

Simulace ukazaly, ze k efektivni redukeci Sifeni kirovce mtize vést pouze jeji provadéni
V nejvyssi mozné intenzité. V oblastech, kde je tfeba zachovani vysoké urovné smrku je
intenzivni nahodila t€zba vhodnym opattenim. Toto zjisténi se shoduje s ptedchozimi vyzkumy
nahodilé téZby ve stfedni Evropé, jejichZ cilem je sniZit mnoZstvi vhodného hostitelského

materialu k Sifeni ktrovce (Hlasny and Turcani, 2013; Okland et al., 2016). Efektivita
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provadéni tohoto nastroje managementu prudce klesa s hodnotou intenzity provadéni mensi nez
95 %. Ponechani i malého mnozstvi stromt poskozenych vétrem tak muze vést k podminkam

vhodnym k epidemickému Sifeni (Kausrud et al., 2012; Marini et al., 2017).

V ramci vyzkumu byl zjistovan i vliv prostorového rozmisténi nahodilé tézby. Nekteré
staty jsou limitovany v tézb¢ infrastrukturou lesnich cest. Pii umisténi t€zby v okoli 120 a 200
metru kolem dobie pFistupnych ¢asti lesni cestni sité se tento zptisob ukazal jako neefektivni a
Sifeni kurovce nesnizil. Vzhledem K tomu, ze efektivni disperzni oblast kirovce je 500 m
(Kautz et al., 2011; Potterf et al., 2019), by bylo tfeba oblast provadéni managementu kolem
cest rozsifit, aby se tento pristup mohl pripadné projevit jako efektivni. Design, kdy byl
management provadén ve vybranych blocich by mél napomoci k lep§imu pochopeni
problematiky mozného Siteni kiirovce z bezzasahovych zén do sousednich obhospodatovanych
porostt (Potterf et al., 2019; Potterf and Bone, 2017). Simulace prokazaly, ze vliv kiirovct na
plochy s managementem ve vybranych blocich byl sniZen stejné v porovnani s aplikaci tohoto
managementu plo$né. Pokud bude salvage logging provadén na vybranych ¢astech porostu ve
vysoké intenzité, tyto porosty by nemély byt zvlast ovlivnény ponechanim mrtvého dieva
v bezzasahovych zonach. Klimatickda zména ovSem veskeré efekty prostorového rozmisténi

tézby markantné snizila.

Simulace navic prokazaly, Ze nahodila téZzba provadéna ve vysoké intenzité mize na
jednu stranu snizit dopady kiirovcové gradace, na stranu druhou ovSem jsou porosty vice
nachylné k poskozeni vétrem. To je zpusobeno pfitomnosti vyspélych smrkd a rozvolnénim
porostu, ptficemz tyto faktory jsou s ohledem na vétrné disturbance rizikové (Jactel et al., 2009;
Wermelinger, 2004). Salvage logging by mél byt provadén pouze za specifickych podminek.
Je vhodnou volbou za piedpokladu, Ze je mozna jeho implementace ve vysoké intenzité,
pfi¢emz je tfeba pocitat s vyssi finan¢ni naro€nosti, pokud budou vétrem poSkozené plochy
velké a rozptylené (Seidl et al., 2019). Piedpoklady k jeho vyuziti vS§ak se zménou klimatu
budou nastavat méné Casto a Sifeni kiirovce bude probihat i bez stromi poskozenych vétrem.
Jednim z hlavnich divodi muze byt nedostatek vody a ¢astéjsi a delsi obdobi sucha (Netherer
et al., 2015; Sommerfeld et al., 2018).

Celkovy uhlik v krajiné se s vys§i intenzitou Salvage logging snizi jen velmi mirné,
vzhledem k porovnani mnozstvi uhliku odstranéného téZbou a na druhé stran¢ uhlikem, ktery
diky ptedejiti dalsim skodam v budoucnosti zlstal zachovan v porostu. Diky snizeni poskozeni
dochazi k zachovani vétsiho mnozstvi zivého uhliku v neposkozenych stromech. Podobné

ucinky byly pozorovany také Bradfordem et al. (2012). V simulacich byl podstatnéji znat vliv

117



zmény klimatu na celkovou zasobu uhliku, nez vliv provadéni nahodilé t¢zby. Za podminek
zmény klimatu bude tak dilezitym faktorem spiSe vedeni porostii do podoby s vétsi resilienci

a opatfeni managementu jakozto kratkodobéjsi feseni budou ustupovat do pozadi.

6.3 Hodnoceni kombinaci nastroji managementu v podobé nahodilé tézby,

zkracené doby obmyti a postupné zmény drevinné skladby

V porostech s dominanci smrku v podminkidch zmény klimatu se miZe intenzita
disturbance zvysit o 140-170 % a podil smrku v takto poSkozeném porostu rychle klesa. Tento
vysledek simulaci nastifiuje mozné diivody soucasného rozpadani smrkovych lesii v Evropé,
kde se stiedni Evropa stala epicentrem v disledku zmény klimatu a velkych disturbanci (Hlasny
et al., 2021, 2019; Senf and Seidl, 2018). V piedeslych letech nebylo klima tak negativnim
faktorem. Disturbance nebyly tak intenzivni a bylo mozné je zpomalit nebo zastavit za pomoci
aktivniho managementu. Béhem zintenziviiovani disturbanci, které klima pfinasi, vSak tyto
metody nebudou dostacujici za ptedpokladu, ze nebudou provadény ve velmi vysokych
intenzitch (v simulacich alesponi 90% intenzita odstraiovani vétrem poskozenych stromii a
40% zkraceni doby obmyti). Vysledky studie prokazaly, ze pfi managementu lesa vedoucimu
k diversifikovanym porostim nebude pusobeni disturbanci na tak kritickych hodnotach jako
tomu je u stejnorodych porosti, a to dokonce uplné bez zasaht aktivniho managementu jako je
ze zména v druhovém slozeni porostdt od monospecifickych k diversifikovanym bude
v managementu za podminek zmény klimatu stézejnim faktorem (Jandl et al., 2019). V
porovnani s monospecifickymi ekosystémy vykazuji diversifikované porosty niz$i zasazeni
disturban¢nimi Ciniteli (Griess et al., 2012; Neuner et al., 2015) a jsou také vhodné&jsi
k poskytovani ekosystémovych sluzeb (Mori, 2017). Je tfeba volit spravnou kombinaci postupti
aktivniho a pasivniho managementu k nalezeni nejvétsi efektivity v porostu (Obr. 4). Zda se,
7e by bylo mozné vyhnout se opatfenim aktivniho managementu jako je zkracovani doby
obmyti a salvage logging, coz by mohlo mit pozitivni dopad na lesnickou ekonomiku i

dynamiku ekosystému.
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Obr. 4 Relativni rozdily mezi porostem zasazenym vétrnou nebo kirovcovou
disturbanci s vyuzitim rtznych kombinaci jejich managementu a simulaci se zékladnim
managementem bez opatieni zmirnujicich dopady disturbanci. Grafy v levém sloupci (hnédé)
ukazuji vyvoj v porostech, kde je vyuzivano hospodafeni s pievahou smrku. Grafy v pravém

sloupci (zelend) ukazuji vyvoj v porostech se zménou dievinné skladby blize ptirozené skladbé.

Zachovani dlouhého obmyti nebo jeho prodlouzeni muze mit pozitivni vliv na
ukazatele biodiverzity a kolobéh uhliku (Roberge et al., 2016; Thom et al., 2019). Omezeni
salvage logging a zachovani mrtvého dieva v lese podporuje funkce regulace podnebi a vody,
zvySuje biodiverzitu i u druhi kiirovcovych antagonistii a zachovava zésoby uhliku ulozeného
v mrtvém dievé (Lassauce et al., 2011). Jako vychodisko zvySeni stability lesniho ekosystému
se tak nabizi adaptivni obhospodafovani lesti zvySenim druhové a strukturalni rozmanitosti.
AvSak nahrazeni vysoce produktivnich, zaroven ale zranitelnych druhG stromii druhy
tolerantnéjS$imi ke zménam klimatu a méné rizikovymi, miize znamenat nezadouci negativni

dopad na ekonomickou sféru lesnického sektoru (Brang et al., 2014). V moznosti pokra¢ovat
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Casteéné v hospodafeni smrku muze byt feSenim geneticka variabilita smrku. K jeho péstovani
za zm&ny klimatu by mohlo pfispét vyuzivani provenience smrku tolerantni viici suchym a

teplym podminkam (Jandl et al., 2019).

6.4 Vyvoj kalamity kirovce v Ceské republice a jeji dopady na ekologickou,

ekonomickou a socialni sféru a vyuziti patogeni v boji s kiiroveem

Vétsina disturbanci v Evropé byla ve velké mife spusténa piedchazejicimi projevy vétru
(Lausch et al., 2013; Mezei et al., 2017; Modlinger and Novotny, 2015), jejich Sifeni vSak bylo
také pravdépodobné synchronizovano kolisanim klimatu a dal§imi faktory (@kland et al., 2005;
Senf and Seidl, 2018). Studie problematiky gradace potvrdila, Ze nedavné markantni zhorSeni
situace klirovcovych disturbanci nebylo pfimo propojeno s vétrnou kalamitou, protoze ucinek
vétru byl vyznamny v celém obdobi 2003-2019, avsak ohniska z obdobi 2015-2020 nebyla
pfimo navazana na vétrné udalosti. Prominentni roli v rozvoji gradace zde ziejmé hral vliv
sucha. Marini et al. (2017) také uvadi ze sucho v kombinaci s oteplovanim mutize napomoci
ristu populaci kiiroved i bez spojeni s vétrem. Studie také prokézala v Ceské republice velky
nartist gradace ve velmi suchém roce 2015 a stejny pribéh mél také klimaticky extrémni rok
2018. S tim souvisi zjisténi, ze v roce 2018 byla v Evropé pozorovana za poslednich 34 let
nejvetsi mortalita porostd, pii¢emz kirovcové disturbance jsou jednim z divoda (Senf et al.,
2020). Budouci vyvoj gradace je vzhledem k nepiedvidatelnosti klimatickych extrémii nejasny.
NemiiZe byt o¢ekavan jeji kolaps vzhledem k stale velkym plocham smrkovych porostl. Spise
se predpoklada zvétSovani epicentra gradace nebo jeho pfesun do mist s dostatkem zdroji pfi
jejich vycCerpani v soucasné lokalité. Pohonem pro dalsi zhorSeni situace bude pravdépodobné
na zakladé projekci ptredpokladané zhorSeni klimatickych extrémi, vcetné dlouhych a

Castéjsich obdobi sucha (Grillakis, 2019).

Epidemicka situace klrovce pisobi ve vétSiné piipadli negativné na vztahy mezi
managementem a s nim svazanymi sektory jako je ochrana piirody, myslivost, trh prace nebo
problematika dopravy. Tento stav je zplsoben pravdépodobné diky nesouladu pftistupt
lesnického managementu a planovani a ackoli politické Usili o vyfeSeni téchto problému je
V soucasnosti intenzivngj$i, v rychlém Sifeni gradace je i tato snaha zatim nedostacujici
(Hoogstra-Klein et al., 2017; Maier and Winkel, 2017). Gradace vSak na druhé stran¢ také
zvysila zéjem o povédomi problematiky, zapojeni vefejnosti a také podnitila postupnou

transformaci legislativy.
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Vyzkum patogenu Larsoniella duplicati, ktery je specificky pro invazniho kirovce Ips
duplicatus sleduje gradient zemépisné vysky a §itky. I kdyz mikrosporidie zkoumana ve studii
nema znacny negativni dopad, jeji virulence mize mit ur¢ity dopad na jeho invazni uspéchy. V
biologickém boji a v omezeni Sifeni kurovcti nemohou v soucasném stavu hrat piirozeni
nepiatelé velkou roli diky jejich omezenému dopadu a slozité aplikaci v terénu a mohou pouze

urychlit kolaps gradaci u populaci, které jiz ustupuji (Holusa and Lukésova, 2017).
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7 Zavér a doporuceni pro praxi

Tato diserta¢ni prace hodnoti G¢innost vybranych nastroji managementu lesa, jejich
pozitivni, ale i negativni dopady. Soucasné také poukazuje na nové poznatky z oblasti populacni

dynamiky kiirovcti a shrnuje a mapuje vyvoj kiirovcové kalamity v Ceské republice.

Zmeéna klimatu znacné snizuje ucinnost vSech opatfeni managementu a je tieba tak
zvazit jejich vhodnost pro konkrétni situace a pfipadnou kombinaci nékolika opatieni. Pii
hledani vhodnych opatfeni a nastroji managementu vétrnych a klrovcovych disturbanci je

tieba peClivé zvazovat jejich piinos, efektivitu, avSak i negativni vliv na lesni ekosystémy.

Zkréaceni doby obmyti miize byt v podminkach lest stfedni Evropy Vv kontextu zmény
klimatu vhodnym néstrojem managementu. Praktické uplatnéni tohoto opatieni vSak vyzaduje
mnohem S§ir$i perspektivu (Bolte et al., 2009; Jactel et al., 2009). Krat$i obmyti je mozné
uplatnit zejména v rizikovych oblastech. A samotné zkracovani obmyti by mélo byt dilezitou
soucasti celkové prestavby porostii (Sousa-Silva et al., 2018). Salvage logging je v mnoha
Castech sttedni Evropy jiz pouzivan. Tento nastroj je vhodny k omezeni §iteni kiirovcovych
disturbanci a zachovani uhliku v zivych stromech, ale jeho efektivita souvisi s tim, Ze musi byt
provadén v intenzitdch zasahu 95 % a vice. Tedy lze jej provadét piedev§im u disturbanci

malého rozsahu, které jsou prostorové koncentrované.

Zranitelnost monospecifickych a diversifikovanych porostd vuéi disturbancim se
znané lisi, pfiCemz zména klimatu tyto rozdily jesté prohlubuje. Zda se, Ze za zmény klimatu
vedouci K ¢ast&jsim projeviim klimatickych extrémi bude vhodné v budoucnosti vyuzivat spise
pasivnich dlouhodobéjsich nastroji managementu, které budou posilovat odolnost porostii vici
vSem disturban¢nim ¢initeliim a povedou k celkové resilienci lesa. Jako vhodné feseni se zde
tedy projevuje péstovani druhové, vékove i prostorove diversifikovanych porosti, které budou
mén¢ nachylné k poskozeni disturbancemi. Lesni ekosystémy vznikajici z takovychto porost
mohou byt vyhodné i z hlediska ukazatelti biodiverzity, kolobéhu uhliku a budou spliiovat
potieby socialnich sluzeb. Vzhledem k dlouhodobému ¢asovému horizontu, v jakém lesni
ekosystémy funguji, mize byt ucinek takového managementu opozdén, a proto je mozné

vvvvvv

tézba rizikovych porostii nebo odchyt broukd.

Ve vzorci vyvoje kiirovcové gradace v Ceské republice se zietelné projevil posun od
ohnisek zpusobenych vétrnymi kalamitami ke Skodam zptsobenym diky vlivu sucha,

ovlivnéného klimatickou zménou. Mensi, spiSe lokalni klirovcova ohniska se také zménila
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V problematiku dynamiky ohnisek regionalnich az mezinarodnich. Je tfeba zdlraznit nizkou
Sanci v ohledu udrzitelnosti produkéniho péstovani porostit slozenych ptrevazné ze smrku
ztepilého, pricemz se jednd o zplsob péstovani Siroce rozsifeny ve sttedni Evropé. Nyné&jsi
gradacni situaci tak mizeme spise pokladat za pocatek pfemeény smrkovych monokulturnich
porostl v jiné diferenciované porosty, které budou Iépe ptipraveny Celit ménicimu se klimatu,

a i v kritickych podminkach prostiedi se bude jednat o lesy s vétsi odolnosti.

V soucasné situaci a za predpokladu klimatické zmény s pfibyvajicimi klimatickymi
extrémy, fakta v této praci naznacuji, ze dosavadni vychodiska managementu lesnich porosti
je tfeba piehodnotit a posunout se smérem k planovani porosti v ramci $ir§iho hlediska krajiny
a nové porosty sméefovat dlouhodobé k odolnosti vnéj$§im nepfiznivym podminkam.

Implementaci novych postupti se tak bude tradi¢ni lesnictvi tak jak ho zndme postupné ménit.
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