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Abstrakt

Karpaty pfedstavuji jeden znejrozsahlejSich souvislych lesnich ekosystému v Evropé.
Karpatské lesy jsou dlouhodobé intenzivné obhospodafovany, zarovei se zde vSak nachézeji
mnohé pivodni ekosystémy s vysokou ekologickou hodnotou. V poslednich desetiletich doslo
v tomto regionu k vyraznému narustu frekvence a intenzity biotickych a abiotickych disturbanci,
které spoleéné s exploataénim systémem obhospodafovani vyrazn¢ naru$ily regionalni
ekosystémy. Naristajici intenzita disturbanci prikazné souvisi i s recentnimi zménami klimatu,
které zptisobuji jak fyziologické oslabeni dfevin, tak ovliviiuji zejména bioticky disturbanc¢ni
rezim. Projekce vyvoje klimatu a vystupy ekosystémovych modelii naznacuji dal§i narast
intenzity disturbanci zahrnujici napf. nartst rizika pozaru, sucha, nebo invazi novych druhd
Sktdci.

Predlozena prace se zamétujeme na rozsifeni poznatkli o moznych vlivech zmény klimatu na
disturbanéni rezim lest v Karpatech. Prace ptedstavuje soubor publikovanych ¢lankd, které
prufezove tesi (i) ziskani, zpracovani a kontrolu kvality dat o lese pro celé tizemi Karpat, (ii)
vyhodnoceni charakteru ocekavané zmény klimatu v Karpatech, (iii) analyzu vybranych aspektt
biotického a abiotického disturbanéniho rezimu Karpat a (iv) navrh doporuceni pro management
lesa podporujici adaptaci na zménu klimatu s ohledem na disturbance. Re$eni se opiralo o
zpracovani rozsahlych soubori lesnickych, environmentalnich a dalSich dat pomoci nastroji GIS
a sérii statistickych analyz.

Studie Trombik a Hlasny (2013) se zaméfila na vyhodnoceni kvality volné dostupnych geodat
0 rozSifeni lesa a dievinné skladbé v Evropé. Byla zjisténa relativné vysoka piesnost dat
opisujicich rozsifeni lesa, avSak korespondence dfevinné skladby s referencnimi daty byla
mimofadné nizka. V navazujicich studiich byla ze vSech karpatskych statt ziskana dlouhodoba
data o dynamice hlavnich sktidct a izemich s riznym stupném ochrany piirody. Studie Hlasny,
Trombik et al. (2016a) se zabyva vyhodnocenim budouci klimatické exponovanosti Karpat
s vyuzitim metodiky tzv. hot-spotl. Jedna se o lokality, ve kterych soucasné kulminuje zména
vétsiho poctu klimatickych prvki oproti referenénimu obdobi. V celém uzemi Karpat bylo
identifikovano 8 hot-spotti klimatické zmény, ze kterych vétSina byla lokalizovana v niz§ich
polohach. Tato skute¢nost naznacuje stoupajici riziko zejména pro jiz v souCasnosti vodou
limitované ekosystémy. Studie Hlasny, Trombik et al. (2016b) se zaméfila na vyhodnoceni
dlouhodobé ¢asové fluktuace bekyné mnisky (Lymantria dispar) v ramci Karpat a na vytvofeni
statistického modelu umoznujiciho predpovidat dalsi gradace. Poprvé byl identifikovan vztah
mezi nardstajici zemépisnou Sitkou a délkou gradacni periody jako i obecné odlisny charakter
vyskytu gradaci mezi Zapadnimi Karpaty a jihovychodni ¢asti Karpat. Ctvrtd studie (Holusa,
Lukasova a Trombik 2013) se vénuje popisu prvnich nalez lykoZrouta severského (lIps
duplicatus) uvniti horskych komplexi ve stfedni Evropé. Jedna se o druh pronikajici z vychodu
a potencialné predstavujici vyznamné riziko i pro karpatské lesy. Tti studie (Trombik et al. 2016,
Hlasny et al. 2017a) se zaméfuji na modelovani vyvoje smrkovych porostli v podminkach
napadnuti strom lykoZroutem. Tyto prace poukazaly na rizika péstovani smrkovych monokultur
ve stfedni Evropé€ a piedlozily doporuceni po jejich management zahrnujici jak zménu dfevinné
skladby, tak i upravu doby obmyti. V zavéreéné studii Hlasny et al. (2014) jsou komplexné
zpracovana doporuceni pro management lesa v podminkach zmény klimatu s diirazem na vyvoj
opatieni ochrany lesa a monitoring Skidci. Tento soubor védeckych studii je doplnén o 3 soubory
certifikovanych map, které popisuji vybrané aspekty souc¢asného a budouciho rozsiteni hlavnich
skudcta v Karpatech.

Klicova slova: lesni Skiidci, popula¢ni dynamika, klimatickd zména, ochrana lesa, adaptace



Abstract

Carpathians are one of largest continuous forest ecosystems in Europe. Carpathian forests have
been intensively managed for a long time. At the same time however, Carpathians include
numerous original and highly valuable ecosystems of European importance. In recent decades the
region has been experiencing substantial increase in the frequency and intensity of biotic and
abiotic disturbances, which, along with often exploitational use of resources, significantly
disturbed the regional ecosystems. Body of evidence suggests that intensifying disturbances are
related to climate change, which compromise plant vigour and affect biotic agents disturbing the
forests. Climatic projections and simulations generated by ecosystem models indicate further
intensification of forest disturbances, including increased risk of forest fires, drought or invasions
of new pests and diseases.

This thesis strives to extend the current knowledge of climate change impacts on Carpathians
and regional disturbance regimes. The thesis consists of the set of published papers, which
systematically present (i) collection, pre-processing and quality control of the underlying forest
data for the whole Carpathians, (ii) assessment of the patterns of climate change in the
Carpathians, (iii) analyses of different aspects of biotic and abiotic disturbance regime of the
Carpathians, (iv) proposal of recommendations for forest management, which can support climate
change adaptation mainly with respect to forest disturbances. To reach these objectives, we
analysed extensive forestry, environmental and other data using the tools of GIS and statistics.

The paper Trombik and Hlasny (2013) evaluated the quality of freely available data on forest
distribution and species composition in Europe. We found good quality of data on forest
distribution, but match of species composition maps with reference data was remarkably poor. In
several follow-up studies we collected data on the dynamics of main forest pests and nature
conservation areas from all Carpathian countries. The paper Hlasny, Trombik et al. (2016a)
investigated the patterns of future climatic exposure of the Carpathians using the so-called hot-
spot approach. The hot-spots are referred to as areas, where the projected change in several
climatic variable culminates simultaneously. We identified eight climate change hot-spots in the
Carpathians, most of them being distributed in lower-elevation areas. This indicates increasing
risk for ecosystems in water-limited environments. Study Hlasny, Trombik et al. (2016b)
investigated the long-term fluctuation patterns of Gypsy moth (Lymantria dispar) in the
Carpathians and developed statistical forecasting model to predict the future outbreaks. The study
identified, for the first time, the relationship between the geographical latitude and outbreak
period length as well as differential outbreak patterns in the Western Carpathians and the south-
eastern part of the region. This third study (Holu$a, Lukasova and Trombik 2013) informs on the
first findings of Northern bark beetle (Ips duplicatus) in the intra-mountain forests of central
Europe. The beetle is an invasive pest penetrating from the east and representing potential risk
also for the Carpathians forests. Other three studies (Trombik et al. 2016, Hlasny et al. 2017a,b)
addressed the modelling of spruce forest development under bark beetle outbreak. The studies
underscored risks related to the management of spruce monocultures in central Europe and
formulated recommendations on their management, which included, for example, change of tree
species composition of modification of rotation period. The final study Hlasny et al. (2014)
provides systematic recommendations on forest management under climate change, with stress
laid on improved forest protection and pest monitoring systems. The earlier mentioned research
papers are complemented by three sets of certified maps, which present various aspects of present
and future distribution of forest pests in the Carpathians.

Key words: forest pests, population dynamics, climate change, forest protection, adaptation
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1. Uvod

Karpaty jsou nejvétsi Evropsky horsky masiv, ktery prochazi Rakouskem, Ceskou
republikou, Slovenskem, Mad’arskem, Polskem, Ukrajinou, Rumunskem a Srbskem
(Ruffini et al. 2006). Vrcholy Karpat predstavuji nejrozsahlejsi evropské oblasti horskych
lest (ve vyskach 950 az 1 350 m n.m.), nalezneme zde rovnéz nejvétsi plochy ptirozenych
bukovych a jedlobukovych lesnich ekosystémil a nejvétsi plochu pralesnich spolec¢enstev
v Evropé¢ (Werners et al. 2014). V Karpatech Ize nalézt nejméné jednu tietinu vSech
evropskych druhti cévnatych rostlin — 3 988 druhti rostlin, z nichz 481 se vyskytuje pouze
Vv této oblasti (Balint et al. 2011, Otypkova et al. 2011). Horské spolecenstva jsou rovnéz
domovem nejvétSich evropskych populaci medvéda hnédého, vlka, rysa, zubra a
vzacnych druhti ptak véetné napfi. orla kralovského (Salvatori et al. 2002). Prilehlé
obydlené oblasti jsou s horami funkéné propojeny a vyuZzivaji mnozstvi ekosystémovych
sluzeb skytanych lesy (Gurung et al. 2009). Kromé toho je Sir§i karpatsky region
domovem zhruba 17 miliont obyvatel zijicich v malych komunitach az po stfedn¢ velka
méstska centra (Csagoly 2007, Ruffini et al. 2008). Vétsinou se jedna o obyvatele zemi s
pfechodnou ekonomikou, pro které je typické nadmérné vyuZivani ptirodnich zdroji a
dalsi praktiky neudrZitelného managementu (Schulze 2002; Knorn et al. 2012).

Probihajici zména klimatu mé vliv na mnozstvi ekosystémd, lesy Karpat nevyjimaje
(Linder et al. 2010, Hlasny et al. 2011). Soucasna intenzita oteplovani je ptiblizné 0,2°C
za rok, pticemz pro Stiedni Evropu je V porovnani s obdobim 1961-1990 projektovan do
konce stoleti nartst teploty vzduchu o 3-4°C a pokles rocnich uhrnt srazek o 10 %
(Christensen et al. 2007). Jiz vysledky soucasnych pozorovani a vyzkumu indikuji
vyrazné zmény Vv jednotlivych biologickych a krajinnych systémech Karpat (napf.
Gurung et al. 2009, Spinoni et al. 2015). Pro lesy Karpat je do budoucna sucho jednim
coz je jev, ktery byl v Evropé doposud dokumentovén zejména ve Stfedozemi (Allen et
al. 2010) i jako predispozi¢ni faktor pro napadeni rtiznymi druhy $ktdcd a patogenti
(Rouault et al. 2006), coz je ukaz typicky pro Stiedni a Severni Evropu. Frekvence
extrémnich hydrologickych jevii se b&hem poslednich desetileti prudce zvySuje a
pravdépodobné odrazi soucasné zmény klimatu v regionu (Easterling et al. 2000, Gurung
et al. 2009). Vyrazné zvySeni intenzity a frekvence bylo zaznamenano i U lesnich
disturbanci, jedna se o zvysenou frekvenci lesnich pozart, vétrnych polomt, nebo

pfemnozeni hmyzich sktidcti (Hlasny a Sitkova 2010, Temperli et al. 2013)
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Zmeény ruznych aspekt chovani skidci a patogenti patii k nejvyraznéjSim projevim
dopadd zmény klimatu na les (Wermelinger 2004, Jonsson et al. 2007, Hlasny et al. 2011).
Zména klimatu pfimo ovliviiuje rozsifeni, populacni dynamiku, virulenci, nebo zmény
hostitelskych dievin mnohych biotickych d¢initeld, atim nepfimo ovliviiuje lesni
ekosystémy (Netherer a Schopf 2010). Dosavadni poznatky naznacuji, ze v Karpatech
bude stoupat riziko poskozovani porosti kirovci, zejména lykozroutem smrkovym (Ips
typographus Linnaeus 1758). Nartstat muze i riziko poSkozovani porostii v souc¢asnosti
méné vyznamnymi druhy, kterym je napi. lykozrout seversky (Ips duplicatus Sahlber
1836). Z defoliatord je mozné za klicového skudce 1 do budoucna povazovat bekyni
velkohlavou (Lymantria dispar Linnaeus 1758), u které se ptedpoklada s klimatickou
zménou souvisejici narust velikosti gradacnich arealu (Logan et al. 2003; Hlasny a
Tur¢ani 2009).

Vyzkumu disturban¢nich rezimti Karpat, managementu lesa, nebo vlivim zmény
klimatu se jiz vénovalo mnozstvi védeckych studii (napt. Bartholy et al. 2004, 2013,
Kuemmerle et al. 2007, Svoboda et al. 2012, Temperli et al. 2013, Spinoni et al. 2015).
Navzdory vysledkim téchto vyzkumu zistavaji mnohé aspekty a zakonitosti moznych
dopadt klimatické zmény na lesy Karpat nepoznany. Motivaci pro feSeni této prace je
snaha doplnit a déle rozvinout souc¢asné poznatky o disturbanc¢nich rezimech Karpat a

moznych vlivech zmény klimatu a pfispét tak k jejich udrzitelnému managementu.



2. Cile prace

Cilem této prace je zhodnotit specifické aspekty ocekavaného vyvoje klimatu
v Karpatech, vyhodnotit a interpretovat zmény v distribuci a popula¢ni dynamice
hlavnich sktdcii. Piedkladanou préci je mozné rozdélit do nasledovnych dilcich cilt:
- Vytvofrit geodatabazi obsahujici celokarpatska data o abiotickych slozkach
krajiny (pudy, geologie, klima), vegetaci (zejména informace o lese) a dalsi
podpurna data jako hranice chranénych uzemi, hustotu obyvatelstva apod.
- S wvyuzitim kolekce (ensemble) scénaili zmény klimatu vyhodnotit
oc¢ekavany vyvoj klimatu a klimatickou exponovanost jednotlivych regioni a
vysledky interpretovat ve vztahu k lesnim ekosystémim.
- Na zéklad€ rozboru literarnich zdrojii a analyzy nashromazdénych dat o
vyskytu a recentnich zménach v aktivité hlavnich §kidci a patogent v Karpatech
ve vztahu ke zméné klimatu formou samostatnych studii vyhodnotit a interpretovat
zmény v Casoprostorové dynamice a distribuci vybranych biotickych skodlivych
Ciniteld a zakonitosti jejich ptisobeni na lesy.
- Vyhodnotit celkovou zranitelnost lesnich ekosystému Karpat a vyvodit
zaveéry pro management lesa, ochranu pfirody a moznou adaptaci na zménu

klimatu s diirazem na ochranu porostti vici vlivu vybranych skodlivych €initeld.



3. Rozbor problematiky (literarni reSerse)

3.1 Soucasné trendy ve vyvoji klimatu a klimaticka zména v Karpatech

V poslednich dvou desetiletich se na analyzu soucasnych trendii ve vyvoji klimatu a
problematiku zmény klimatu a jejich dopadi v regionu Karpat soustied’uji viceré
evropské strategické materialy. Piikladem je projekt CARPIVIA (www.carpivia.eu) a
Carpathian Convention (Weiss a Streifeneder 2011), jehoz vysledkem je Atlas
Karpatského makroregionu (Ruffini et al. 2008). V ramci projektu CARPATCLIM
(Szalai a Vogt 2011) vznikl Atlas klimatu Karpatského regionu (Spinoni et al. 2015),
ktery obsahuje homogenizovana data pro 16 klimatickych proménnych za obdobi 1961-
2010. Werners et al. 2014 a Spinoni et al. 2015 ve své praci analyzovali soucasné trendy
ve vyvoji klimatu v Karpatech, vysledky této studie 1ze shrnout v nésledujicich bodech:

- Primérné, maximalni a minimalni teploty vzduchu jsou zavislé ptredevsim
na nadmoi'ské vysce, nejteplejSimi oblastmi v rdmci regionu je jithovychodni
¢ast Rumunska a Srbské Karpaty.

- Nejvétsi uhrny srazek 1ze pozorovat od kvétna do ¢ervna, nejvyssi ro€ni
srazkové thrny se vyskytuji v nejvyssich polohach (primérné 1650 mm
vychod¢ Mad’arska (80 mm).

- Bc¢hem obdobi 1961-2010 doslo k vyraznym zménam jak teploty vzduchy,
tak i thrnt a ¢asového rozlozeni srazek (Obr. 3.1,3.2).

- Primérna teplota vzduchu vzrostla na zédpad¢, vychodé a nizsich polohach
Karpat 0 1,1 — 2,0 °C (Obr. 3.1), zmény ve vysSich polohach byly méné
prikazné. VétSinou k otepleni dochéazelo v pribéhu letnich mésict, v zimé
prumérna teplota vzrostla pouze 0 0,4 °C v ramci celého regionu (Obr. 3.1).
-V porovnani s teplotou jsou pozorované zmény v thrnu sraZek mnohem
vice variabilni. Na z4pad¢ a jihovychod¢ Gzemi Ize pozorovat Ubytek srazek,

zatimco na severu a severovychod¢ srazky narustaji (Obr. 3.2).
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Obr. 3.1 Narist prumérné teploty vzduchu v obdobi 1961 — 2010 (jaro — vlevo nahofte; 1éto —

vpravo nahote; podzim — vlevo dole; zima — vpravo dole) podle Werners et al. 2014
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celkového tthrnu srﬁiek v obdobi 1961 — 2010 (jaro — vlevo nahofe; 1éto —

vpravo nahoie; podzim — vlevo dole; zima — vpravo dole) podle Wernerse et al. 2014

Predpokladané zmény klimatu byly v poslednich letech také intenzivné studovany za
pomoci historickych méfeni a trendti (Bartholy et al. 2004, Bartholy a Pongracz 2007) a
pomoci regionalni klimatickych modela jako PRECIS (Pieczka et al. 2010), RegCM3
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(Busuioc et al. 1999, Torma et al. 2011) nebo COSMO-CLM (Anders a Haslinger 2013).

VétSina studii vyuzivala informace v méfitku jednotlivych zemi karpatského regionu

(napt. Pongracz et al. 2011, 2013, Bartholy et al. 2013, Micu et al. 2015) zahrnujici pouze

¢ast izemi, nebo pouzivala pouze omezeny pocet klimatickych modelt (napi. Belda et al.

2015).

I pfes tyto nedostatky se vétSina studii shoduje v hlavnich bodech

predpokladanych zmén v klimatu Karpat:

Na konci tohoto stoleti Ize o¢ekéavat narast primérné teploty vzduchu o 3,0 °C
na severovychod¢ a az 4,5 °C na jihu Karpatského regionu, otepleni bude
vyraznéjsi v prubéhu letnich mésicti a méné pozorovatelné v zimé (Obr. 3.3).
Ackoli trend a shoda jednotlivych modelti neni dokonale prukazna, lze
ocekavat ubytek srazek v letnich mésicich az o 20% a narGst o 5-20%
Vv pribéhu zimy, zaroven lze predpokladat zkraceni doby se sn¢hovou
pokryvkou (Obr. 3.3).

Nartst maximalnich dennich teplot a zvyseni poctu dnd s uhrnem srazek nad
20 mm.

Predpokladané zmény budou pravdépodobné mit znacny dopad na vyskyt a
intenzitu period sucha. Nejvyraznéji se tato zména projevi ve vysSich

polohach severozapadnich a severovychodnich Karpat (Albert et al. 2013).

/N mm T

10 12 14 18 18 20 4510 8 5 2 2 5 8 0

Obr. 3.3 Pfedpokladané zmény v primérné denni teploté vzduchu (°C) (vlevo) a uhrnu srazek

(%) (vpravo) mezi obdobimi 2021-2050 a 1971-2000 (podle Alberta et al. 2013).
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3.2 Disturbanéni rezim lesu a klimaticka zména

Disturban¢ni Cinitelé maji zdsadni vliv na rust a celkovou produkci lesa, pficemz
velkoplosné kalamity zpisobuji zhorSeni poskytovani celého komplexu ekosystémovych
funkci (Schelhaas et al. 2003, Seidl et al. 2014). Pfedevsim vétrné polomy a lesni pozary
hraji vyznamnou roli v ramci hospodareni s obnovitelnymi zdroji vétSiny zalesnénych
oblasti po celém svété (napt. Baur et al. 2003, Prestemon a Holmes 2004). V obdobi 1950-
2000 bylo v Evrop¢ komplexem disturbané¢nich ¢initelti poskozeno ro¢né zhruba 35 mil.
m?3 dfevni hmoty (Obr. 3.4), coz odpovida asi 8,1 % celkovych t&Zeb v Evropé a asi 0,15
% z celkovych zasob dfevni hmoty. Pfiblizné 53 % téchto Skod je pfipisovano vétrnym
polomtim, 16 % lesnim pozarim a 3 % zpusobil snih. Bioti¢ti Skodlivi Cinitelé byli
pric¢inou 16 % skod, z toho polovina $kod je pfipisovana kiiroveiim. Pfemnozeni kiirovca
jsou obvykle spojena pravé s vyskytem rozsahlych vétrnych polomt (Nikolov et al.
2014). Vyvoj posSkozeni v pokalamitnim obdobi je zpravidla ovliviiovan pribéhem pocasi
v nasledujicich letech (Schelhaas et al. 2003). Historicky vyvoj rozsahu i frekvence
vzniku rozsahlych disturbanci v Evropé ukazuje tendenci zvySeni poskozeni vétSinou

Skodlivych ¢initelti (Schelhaas et al. 2003, Seidl et al. 2014).
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Obr. 3.4 Objemy nahodilych tézeb v ramci Evropy za obdobi 1850-2000 (podle Schelhaase et
al. 2003).

Podobnou situaci lze na zakladé¢ regionalnich studii pozorovat i v Karpatech
(Kuemmerle et al. 2007, Temperli et al. 2013). V horské oblasti Karpat na pomezi hranic
Slovenska, Polska a Ukrajiny bylo v letech 1978-2000 poskozeno celkové 510 km? lesa

(témé&f 3% vsech lest v oblasti), z toho 353 km? disturbanci vzniklo po roce 1988 (Obr.
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3.5; Kuemmerle et al. 2007). Rozsah disturbanci vykazoval podobny trend ve vSech 3
statech a od roku 1988 se zvysil 1,3-1,8 krat (Obr. 3.5; Kuemmerle et al. 2007).

mm Poland
054 == Skovakia
 Ukraine

k=]
S

Yearly disturbance rate (%)
(=] (=]
N w

o

®Befors 1988 1988.1904  1904-2000
Obr. 3.5 Relativni rozsah disturbanci v pohraniéni (slovensko-polsko-ukrajinské) ¢asti Karpat

(podle Kuemmerleho et al. 2007)

Trend ve zvySovani poctu a naristajici intenzit€ lesnich disturbanci bude pod
kombinovanym vlivem klimatické zmény a antropogenniho tlaku na lesy pravdépodobné
narUstat 1 v dal$ich dekadach (Obr. 3.6; Seidl et al. 2011, 2014, Temperli et al. 2013).
V mnoha oblastech po celém svété 1ze vyvoj rozlohy, intenzity a frekvence disturbanci
povazovat za jeden z nejzasadnéjSich dopadd klimatickych zmén na lesni ekosystémy

(Dale et al. 2001, Lindner et al. 2010, Turner 2010).
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Obr. 3.6 Lesni disturbance v Evropé v letech 1971-2010 a jejich predikce na zakladé ensemblu
klimatickych modela do roku 2030 v @) mil. m3 za rok b) roéni procento disturbanci v poméru
s celkovym pfirlistem (Sedé plochy predstavuji mezi-modelovou variabilitu jednotlivych scénati

zmény klimatu) (podle Seidla et al. 2014)
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Prestoze scénaie zmény klimatu se vyznacuji znacnou variabilitou, je patrna obecna
tendence k vysSim teplotam a vétsSi proménlivosti srazek (Meehl et al. 2007). I kdyz je
obtizné spolehlivé odhadnout frekvenci a intenzitu extrémnich vykyvii pocasi jakymi jsou
vichfice, epizody sucha ¢i ptivaly tézkého snéhu, je pravdépodobné, ze se budou
vyskytovat Castéji nez v minulosti (Ko6lling et al. 2010). Nedavné epizody sucha, jako
Evropska vlna veder v roce 2003 (Rebetez et al. 2006), maji zdsadni vliv na lesni
ekosystémy (van Mantgem et al. 2009, Allen et al. 2010). S timto faktem je také spojena
veétsi Cetnost a zavaznost lesnich pozara (Westerling et al. 2006). ZvySeny stres vlivem
sucha u hostitelskych dievin mize rovnéz oslabit jejich odolnost vii¢i napadeni hmyzem
(Malmstrom a Raffa 2000, Roy et al. 2004, Woods et al. 2005). Obecné jsou bioticti
Skidci mnohem citlivéjsi a dokazi na zmény klimatu rychleji reagovat (Bentz et al. 2010,
Fisichelli et al. 2014), jiz v souCasnosti lze pozorovat zmény v rychlosti vyvoje
jednotlivych skiideti (Logan et al. 2003), ploSe a distribuci gradacnich oblasti (Parmesan
et al. 1999, Vanhanen et al. 2007, Hlasny a Tur¢ani 2009, 2013), ¢i zvySené abundanci a
vyznamu nepuvodnich ¢i dfive nevyznamnych Skiidcii a patogenli (napt. Netherer a
Schopf 2010, Duduman et al. 2011).

Dosavadni poznatky naznacuji, ze v Karpatech bude stoupat riziko poSkozovani
porosti kurovci, zejména lykozroutem smrkovym (Ips typographus), nartstat mize
i riziko poskozovani porostll v soucasnosti méné vyznamnymi druhy, jako je lykozrout
seversky (Ips duplicatus). Vyznam téchto kuirovci je uzce svazan se zdravotnim stavem
porostti a vhodnymi klimatickymi podminkami v daném misté. V soucasnosti se zpravidla
lihnou dvé generace za rok, ve vysSich polohach jedna a pfi teplém priibéhu pocasi miize
byt 0 jednu generaci vice. Vyviji se téméf vyhradné na smrku ztepilém (Picea abies (L.)
H. Karst.), vyjimeéné¢ na modiinu opadavém (Larix decidua Mill.) ¢i jinych druzich
jehli¢natych dfevin. U lykozrouta smrkového se predpoklada zkraceni doby vyvoje, coz
mu umozni ukoncit zivotni cyklus diive a zalozit dalsi generace béhem sezény (Lange et
al. 2006). Zména klimatu také ovlivni rojeni, diapauzu a zimni mortalitu tohoto Skidce
(Jonsson et al. 2007). Pfestoze je v porovnani s lykozroutem smrkovym lykozrout
seversky menSim druhem (Pfeffer 1955) a pro vyvoj by mu mohly stacit mensi
kumulativni teploty, v podminkach stfedni Evropy I. duplicatus zpravidla kopiruje
fenologicky model I. typographus (Holusa et al. 2012). Hlavnim rozdilem je fakt, ze se I.
duplicatus nevyskytuje ve vysokych nadmoiskych vyskach (Holusa et al. 2010), ale
preferuje polohy do 800 m n.m. (Holusa et al. 2013).
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Z defoliatori je mozné za klicového Skiidce i do budoucna povazovat bekyni
velkohlavou (Lymantria dispar). O¢ekavané klimatické zmény mohou rozsifit distribuéni
areal bekyné velkohlavé smérem na sever (Vanhanen et al. 2007) a také do vysSich
nadmoiskych vysek (Hlasny a Turcani 2009). V blizké budoucnosti se o¢ekava znacny
vyskytem dubovych porostli jako primarni hostitelské dieviny. Teplejsi a prodlouzené
léto mize mit pozitivni dopad na rust a vyvoj v nejsevernéjSich oblastech vyskytu
(Thomas et al. 1999, Vanhanen et al. 2007).

Zohlednéni disturbancnich procesti v rdmci Casoprostorového modelovani dynamiky
lesnich a ptfedevsim smrkovych porostli mé zésadni vyznam (Franklin et al. 2002, Seidl
et al. 2011). Smrkové porosty jsou historicky z velké ¢asti formovany velkoplo$nymi
disturbancemi (Svoboda et al. 2012), které se v ptirod¢ zpravidla vyskytuji chaoticky a
limituji jak lesnicky management, tak i pouziti vysledkli rustovych a produkénich
simulaci (Weber a Flannigan 1997), které vétSinou pracuji bez implementovaného
disturban¢niho (mortalitniho) scénare (napt. Seidl et al. 2008, Rotzer et al. 2009, Hlasny
etal. 2011).

Ptedpovidani, dopady, o¢ekavany vyvoj a interakce mezi jednotlivymi disturbancnimi
Ciniteli je v soucasnosti klicovou problematikou ekologického a lesnického vyzkumu
(Buma 2015). Navzdory zna¢nému pokroku v oblasti modelovani piirodnich Skodlivych
Cinitelt v lesnich ekosystémech v poslednich 20 letech (problematice se jen do roku 2010
vénovalo vice nez 300 védeckych praci, které ve své praci zrevidoval Seidl et al. 2011)
se vétSina postupti zamétuje pouze na odhad zranitelnosti lesnich komplext jednotlivymi
¢initeli, predpokladany vyskyt a intenzitu $kod. VéEtSina praci se rovnéz zaméiuje pouze
na jednotlivé disturbanéni Cinitele a nezohlediiuje vzéjemnou interakci a synergicky efekt
celkového komplexu Skodlivych ¢initeld (Turner 2010).

| nadidle tedy =zGstdva implementace disturbanniho rezimu v modelovani
Casoprostorové dynamiky lesa vyzvou (Seidl et al. 2011). Obecné plati, ze vyskyt
jednotlivych Skiidch a Skodlivych ¢initell je zavisly na interakei n¢kolika faktorti, napf.
klimatickych a orografickych podminek, charakteristik porostu a provadénych
lesopéstebnich opatfenich (napt. Gardiner a Quine 2000, Ruel 2000, Klopcic et al. 2009),
proto analyza na trovni jednotlivych faktorli neumoziuje hodnoceni jejich integralniho
vlivu.

Pomérné jednoduchy a prakticky pfistup, ktery mize byt pouzit v rdmeci riistovych a

jinych simulaci, je urcit hodnoty pravdépodobnosti vyskytu nahodilych tézeb, resp.
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simulovat mortalitu v jednotlivych vékovych stupnich vyvoje porostu (Gadow 2000).
Pravdépodobnosti piezivani jednotlivych stromd nebo porosti (tzv. survival
probabilities) dle rtiznych kritérii jsou nezbytnym zakladem pro manazerské rozhodovani
v lesnictvi, jako je naptiklad vybér dfevin ¢i optimalni doba obmyti. Zafazeni mortalitnich
pravdépodobnosti v modelech rovnéz umoziiuje zkoumat kombinovany vliv
disturbancnich Cinitelll a o¢ekavané budouci zmény klimatu. Pro tento ucel jiz Kouba
(1989) odvodil za pouziti empirickych dat o poSkozeni lesa a Weibullova rozdé€leni
pravdépodobnost ptezivani smrkovych porostl, rizika spojend se zakladanim porostu a
jejich poskozovanim vétrem a snéhem (Obr. 3.7).

Griess et al. (2012) pouzil na odvozeni funkci pifezivani dlouhodobé plochy
monitoringu z jihozapadniho Némecka. Na zakladé série satelitnich snimkti od roku 1984
byl v této studii zkouman vliv piimé&si dfevin na pravdépodobnost pieziti smrkovych lesu.
Vysledkem jsou na zéklad¢ parametri Weibullova rozdéleni odvozené funkce ptezivani
Vv zavislosti na zastoupeni smrku v porostu (Obr. 3.7). Na tyto vysledky navazal ve své
praci Neuner et al. (2015) v Bavorsku, kde byl do analyzy kromé zastoupeni dievin
zahrnut rovnéz vliv edafickych a klimatickych faktor (Obr. 3.7). Studie Hlasny et al.
(2014) uvadi ptiklad funkce pravdépodobnosti odvozené na zakladé dat lesni hospodatské
evidence Slovenské republiky za obdobi 1990-2010, ktera zahrnuji udaje o nahodilych
tézbach v dusledku vSech relevantnich disturban¢nich ¢initelti u vSech hlavnich dfevin
(Obr. 3.7).

f
/
//
/

—— IEEESNS
\ o8
\ oy | . M mocokitus,

0.8}
T
3
.
o
.i — S 100N reviedaé Mimasche » bl podmitky
g% A 80-99% oe wribané SM passwty,
i as SN as | sevhoded Wimatihé 3 pOdod padeinhy \
2 S rweckiure,
2o whodnd Mrmatiché 2 pasy pednriy
} ol 0l wraend SM poraaty,
whadedt blevariind 3 pley peddn iy
axs
w1 o)
©) Griess et al, {2012) d) Neuner et al. {2014)
0o - e . 0s
0 \ 10 1 1 o 1 ‘ T4 100 135 1= e
vk [

Obr. 3.7 Pravdépodobnosti pfezivani smrkovych porosti podle riznych autort.
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Porovnéani odvozenych pravdépodobnosti ptezivani podle jednotlivych autora je
zobrazeno v Tab. 3.1. Jak je mozné vidét, jednotlivé pravdépodobnostni funkce se
vyrazné lisi. Funkce odvozené na zékladé¢ dat dlouhodobych pozorovéani s vyuzitim
dalkového pruzkumu Zemé (Griess et al. 2012, Neuner et al. 2015) ukazuji fadove vyssi
procentudlni pravdépodobnosti prezivani nez v ptipade¢ funkci odvozenych z empirickych
dat v Ceské republice a na Slovensku (Kouba 1989, Hlasny et al. 2014; Kapitola 5.8).
Vyrazné rozdily jsou dany jak uzitou metodou, tak i rozdilnou historii hospodateni,
dfevinnym slozenim a regionalnim disturban¢nim rezimem. Velkou vyhodu funkci
odvozenych z dat LHE Slovenské republiky je moznost odvozeni mortalitnich funkci na
zaklad¢ stanovisté resp. jednotlivych tzv. klimatotopli (prostorové jednotky vzniklé
prekrytim vegetacni stupniovitosti a hydrické fady podle metodiky publikované v praci
Kulla a Bosel'a 2013). Naopak uvedené funkce nezohlednuji pozitivni dopady piimési

jinych dfevin, které ovSem zohlediuji prace Griess et al. (2012) a Neuner et al. (2015).

Tab. 3.1 Piehled pravdépodobnosti piezivani smrku podle ve€kovych stupit podle riznych

autort.
ik Kouba *Griess e;oa_ll. (201i) **Neuner et al. (2015) Hidsny et al.
(1989) 100% 99% 80% MV S-v m-n s-n (2014)
0 1,00 1,00 1,00 100 100 1,00 100 1,00 1,00
25 0,69 1,00 1,00 100 100 1,00 1,00 1,00 0,90
50 0,66 098 099 1,00 100 100 098 1,00 0,69
75 0,61 094 09% 099 099 100 092 0,98 0,40
100 0,57 083 092 097 09 099 082 094 0,25
125 = 0,50 0,57 o077 088 08 094 068 084 0,13
150 0,36 036 056 081 079 08 046 0,70 0,08

* zastoupeni SM v porostu
** m — monokultura; s — smiSeny porost; v — vhodné klimatické/pidni podminky; n — nevhodné

klimatické/ptidni podminky
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4. Metodika

4.1 Vymezeni uzemi Karpat

V ramci piedlozené dizerta¢ni prace bylo uzemi Karpat vymezeno kombinaci hranic
navrzenych Carpathian Ecoregion Initiative (CERI, http://www.carpates.org/) a
Carpathians Environment Outlook (KEO 2007) (Obr. 4.1). Celkova rozloha vyliSeného
regionu je 229 966 km? a pokryva jak hlavni horské pasmo Karpat, tak i ptilehlé
vrchoviny a niziny (celkové vyskové rozpéti 27 — 2 604 m n.m.). Diky tomu se v ramci
tohoto regionu vyskytuje siroka Skala lesnich ekosystému a typu vyuziti krajiny. Lesy
pokryvaji 48% uzemi, z toho 19% jehli¢naté, 59% listnaté a 22% smiSené lesy (CORINE
LandCover 2000, EEA 2006 a,b). Studované izemi bylo pro jednotlivé analyzy dale
rozdéleno na zakladé geomorfologickych subprovincii podle Kondrackiho 1989 (Obr.

4.1), jejich stru¢na charakteristika je uvedena v Tab. 4.1.
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Obr. 4.1 Vymezeni izemi Karpat a pouzité geomorfologické rozdéleni
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Tab. 4.1 Charakteristika geomorfologickych subprovincii v ramci izemi Karpat

Jizni Karpaty 19,019 6.7 703 RO 100
Zapadni Rumunské Karpaty 22,968 6.8 639 RO 100

Srbské Karpaty 9,607 9.7 642 Serb 100
Transylvanska ploSina 29,664 8.4 485 RO 100

Vnitini vychodni Karpaty 27,971 6.9 704 RO 77, UA 21, SK 2
Vnéjsi vychodni Karpaty - sever* 35,974 6.9 878 UA 60, PL 29, SK 11
Vnéjsi vychodni Karpaty - jih* 23,545 7.9 558 RO 100

Vnitini zapadni Karpaty 36,561 7.7 683 SK 68, HU 32
Vnéjsi zapadni Karpaty 24,659 7.1 773 PL 38, CZ 30, SK 30, AU 3

Zkratky: CZ — Ceska republika; SK — Slovensko; PL — Polsko; HU — Mad’arsko; UA — Ukrajina; RO — Rumunsko;
RS — Srbsko; T (°C) — primérna ro¢ni teplota; P (mm) — pramérny roéni thrn srazek v obdobi 1961-1990
* Vn&jsi vychodni Karpaty byly dale rozdé€leny na dvé asti (,,severe a ,,jih”’) Ukrajinsko-Rumunskou hranici z

divodu intenzivnich rozdilt u klimatickych prediktort jednotlivych subregionti.

4.2 Struktura a obsah geodatabaze

Zakladem pro veSker¢ analyzy, tvorbu a interpretaci vysledku bylo vytvoreni geodatabaze
obsahujici celokarpatska data o klimatu véetné scénaiti ocekavaného vyvoje, vegetaci
(zejména informace o distribuci a direvinném sloZeni lesu), data o poSkozovani lesa
vybranymi $kodlivymi Ciniteli a dalsi podpurna data jako hranice chranénych uzemi,
hustota obyvatelstva apod. Udaje o vyskové zonalnosti byly pievzaty z Shuttle Radar
Topographic Mission (SRTM) digitalniho vy§kového modelu (DEM), ktery je volné
dostupny v rozliseni 90 a 250 m (Jarvis et al. 2008). Pro vSechny staty v ramci regionu
byla opatfena data o administrativnim ¢lenéni podle nomenklatury uzemnich statistickych
jednotek (administrativni jednotky NUTS 0 - 3 a LAU 1 a 2), pfipadné podle
dostupnosti hranice lesnich oblasti, biogeografickych regioni apod.

Veskera prostorova data byla transformovana z narodnich soufadnicovych systému

(napt. Kiovakovo S-JTSK pro Slovensko a CR) do Lambertova azimutélniho zobrazeni
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(Lambert Azimuthal Equal Area - LAEA) na elipsoidu ETRS pomoci nastroji ArcInfo
(ESRI12010). ETRS LAEA byl systém vsech hodnocenych datovych souborti. Tabulkové,

obrazové, ptipadné jiné analogické podklady byly do geodatabaze ptevedeny za pouziti

nastroji GIS (georeferencovani, propojeni jednotlivych dataseti pomoci jedine¢nych ID

apod.). Obecny princip vzniku, struktury a obsah databaze je zobrazen na Obr. 4.2,

jednotlivé datasety jsou podrobné&ji popsany v Kapitolach 4.2.1-4.2.4.

Karpatsky region

- hranice jednotlivych stiti

- digitidlni v¥ikovy model

- administrativai Elenéni NUTS, LAU
- geomorfologické subprovincie

- hranice lesnich oblasti apod.
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Obr. 4.2 Schéma obsahu a struktury vytvorené celokarpatské databaze
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4.2.1 Data o distribuci a dievinném sloZeni lesa a hodnoceni jejich presnosti

Byly shromazdény v soucasnosti veskeré volné dostupné celoevropské datasety 0
distribuci lesnich ekosystému. Zakladni parametry jednotlivych mapovych setl jsou
uvedeny v Tab. 4.2, jednotlivé datasety lze na zakladé obsazenych informaci rozd¢lit na

dvée skupiny:

1) Vektorové arastrové vrstvy nesouci informaci o distribuci krajinného pokryvu
,»les®, v nekterych ptipadech déale rozdélného na lesy jehlicnaté, listnaté a
smiSené. Jedna se hojné vyuzivanou databazi CORINE Land Cover (2006 a,b)
a Ctyfi celoevropské rastry (EFMAP 2002 - Schuck et al. 2002; FMAP 2000 -
Pekkarinen et al. 2009; EFMAP 2011 - Gunia et al. 2011; FTYP 2006; FMAP
2006 -Kempeneers et al. 2011).

2) Vektorové a rastrové vrstvy nesouci informaci jak o distribuci lesa, tak i jeho
druhové skladbé. V rdmci feSeni jsme testovali 4 datové sety:

a. Rozsiteni dievin EUFORGEN (EUFORGEN - EUFORGEN 2009).

b. Druhova skladba lest podle dat iniciativy Forest Focus (FMOD -
FORESTMOD 2013).

c. Druhova skladba lest na zaklad¢ statistického vyhodnoceni zkusnych
ploch (TMAP 2009 - Troltzsch et al. 2009; TMAP 2011 - Brus et al.
2011).

Kvalita jednotlivych mapovych setd byla hodnocena na zakladé porovnani s aktualnimi
lesnimi hospodarskymi plany (LHP) Slovenska. Hodnoceni ptesnosti bylo zaméfeno na
porovnani rozsahu kategorii lestt v hodnocenych datovych souborech s udaji z LHP
Slovenska v ramci FAD. Podrobnéji je metodika popsana v publikaci Trombik a Hlasny

2013 (Kapitola 5.1 str. 37-40).
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CORINE 2006

EFMAP 2002

FMAP 2000

FMAP 2006
FTYP 2006

EFMAP 2011

EUFORGEN

TMAP 2009

TMAP 2011

FORESTMOD

raster,
vektor

raster

raster

raster

raster

vektor

raster

raster

raster

1:100,000;
100x100m;
250x250m

1x1 km

25%25 m

25x25 m

1x1 km

nespecifikovano

1x1 km

1x1 km

1x1 km

Tab. 4.2 Zakladni parametry jednotlivych datasetti o distribuci lesa

EU-27, Abanie, Bosna a
Hercegovina, Chorvatsko,
Makedonie a Lichtenstejnsko

vSechny evropské staty od
Portugalska po Ural, vyjma Kypru a
Turecka

EU-27, Norkso, gvycarsko,
Lichtenstejnsko, Albanie,
Chorvatsko, Makedonie, Cerné hora
a Srbsko

EU-27, Norkso, gvycarsko,
Lichtenstejnsko, Albanie,
Chorvatsko, Makedonie, Cerné hora,
Srbsko a Turecko

jako FMAP 2006 + Bélorusko,
Ukrajina, Moldavsko a Rusko

vSechny evropské staty, vyjma
Kypru, Turecka a Ruska

vSechny evropske staty, vyjma
Makedonie, Kypru, Ruska kromé
Kaliningradského regionu, Andory a
Lichtenstejnsko

vSechny evropské staty, vyjma
Makedonie, Kypru, Ruska kromé
Kaliningradského regionu, Andory a
Lichtenstejnsko

EU-27, Norkso, Svycarsko,
Lichtenstejnsko, Albanie,
Chorvatsko, Makedonie, Cerna hora
a Srbsko

satelity Landsat a Spot,
narodni topografické mapy,
letecké snimky, statistické
udaje

AVHRR-NOAA,; Narodni
inventarizace

Landsat ETM+ snimky;
Corine LandCover 2000

IRS-LISS-3; SPOTA4/5;
Corine LandCover 2000

satelity IRS-LISS-3;
SPOTA4/5; Corine LandCover
2000 a AVHRR-NOAA;
Narodni inventarizace
narodni experti; dostupna
literatura

plochy ICP Level 1; Narodni
inventarizace; vybrané
proménné prostiredi

NFI vyzkumné plochy;
Narodni inventarizace;
vybrané proménné prostiedi

FMAP 2000; Forest Focus
databaze
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lisnaté,
jehli¢naté a
smiSené lesy

les/neles;
listnaté;
jehliénaté

les/neles

les/neles;
listnaté;
jehliénaté

les/neles

34 dievin

6 dievin

20 dievin

24 drevin

* Presence/
absence

les ano/ne;
procento
zastoupenti
kategorie lesa
Presence/
absence

Presence/
absence

Zastoupeni lesa
(%)

Presence/

absence

Zastoupeni
dreviny (%)

Zastoupeni
dreviny (%)

Zastoupeni
dreviny (%)

vice nez 85%

variabilni, primérné
+ 5%,

vice nez 80%

vice nez 80%

vice nez 80%; nizsi pro
Bélorusko, Ukrajinu,
Moldavsko a Rusko

nespecifikovana

variabilni mezi
jednotlivymi staty,
korelace s valida¢nimi
daty mezi 0,2-0,8

43%, velka variabilita
mezi jednotlivymi
dfevinami

nespecifikovano, velka
variabilita mezi
jednotlivymi dfevinami



4.2.2 Podpirna data — vyuziti krajiny, hranice chranénych uzemi a hustota
obyvatelstva

Kategorie vyuziti krajiny (tzv. Land cover popft. Land use) byly pievzaty z databaze
Corine Land Cover (EEA 2006, CLC), jelikoz tato databaze neobsahuje uzemi Ukrajiny,
byl dataset doplnén o vyhodnocené satelitni snimky Landsat, z nichz byl typ vyuziti
krajiny odvozen se souladem s CLC (Hlasny et al. 2016a; Kapitola 5.2 str. 64-65).
Klasifikace byla zalozena na Maximum Likelyhood Classifier. Spektralni chovani
klasifikovanych kategorii Land cover bylo odvozeno ze spektralnich tidaji o odrazivosti
z obrazu Landsat v kategoriich CLC v regionech sousedicich s Ukrajinou (na Slovensku,
v Polsku a v Rumunsku). Piirodni vegetace Karpat byla odvozena na zakladé a map
vytvotenych Bohnem et al. (2004). Informace o nelesni vegetaci byly prevzaty z nékolika
zdrojt, napt. Carpathian Biodiversity Information System (CBIS, Carpathian EcoRegion
Initiative), nebo Carpathian Integrated Biodiversity System (CCIBIS, WWF Danube-
Carpathian Programme).

Mapa velkoplosnych chranénych tzemi Vv Karpatech byla odvozena kombinaci
vnitrostatnich databazi, voln¢ dostupné mapy karpatské sité¢ zvlast€¢ chranénych tzemi
(http://www.carpathianparks.org) a lokalit NATURA 2000. Hustota obyvatelstva byla
odvozena na zakladé gridu populaéni hustoty pro EU (Gallego 2010). Protoze tento
soubor map nezahrnuje Srbsko a Ukrajinu, pro tyto staty byla pouZita méné pfesna data

zaloZzend na mistnich spravnich jednotkéch (LAU 1) (Ruffini et al. 2006).

4.2.3 Klimaticka data a metodika hodnoceni klimatické exponovanosti Karpat

Pouzita klimaticka data byla pievzata z databaze FORESEE (Dobor et al. 2015). Tato
datova sada je zaloZena na vysledcich méfeni meteorologickych stanic (referencni
obdobi) a vysledcich klimatickych modelli (budouci obdobi). Parcidlni vysledky byly
pouzity k vytvofeni denni meteorologické databaze pro celou oblast sttedni Evropy (Obr.
4.3) v letech 1951-2100, ktera obsahuje minimalni / maximalni teplotni a srazkové ¢asové
fady. Referen¢ni obdobi (1951-2009) je zalozeno na zaklad¢ denni databaze E-OBS
(vytvorena v ramci projektu FP6 ENSEMBLES, Haylock et al. 2008) a mési¢ni CRU TS
1.2 (Climatic Research Unit, University of East Anglia). Pro popis budouciho klimatu
bylo vybrano deset RCM-GCM (Regionalni klimaticky model - globalni klimaticky
model, Tab. 4.3) (tdaje jsou poskytnuty v ramci projektu ENSEMBLES FP6, van der
Linden et al. 2009), u nichZ byla provedena korekce zkresleni pro obdobi 1951-2100.
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Vsechny pouzit¢ RCM byly fizeny scéndfem emisi sklenikovych plyni Al1B
(vyvazeny duraz na vSechny zdroje energie, IPCC 2000). Data byla interpolovana na
spolecnou vodorovnou rozliSovaci silu 1/6 X 1/6 stupné¢ pomoci techniky interpolace

inverzni vzdalenosti.
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Obr. 4.3 Pokryti databaze FORESEE (te¢kovany ¢tverec) obsahujici klimaticka data za obdobi
1951-2100. Data jsou ulozeny v 5,408 (104x52) pixelovych buiikkach v ramci pravidelné sité
1/6x1/6°.

Tab. 4.3 Pouzité RCM v ramci FORESEE databaze.

1 ALADIN-ARPEGE  National Centre for Meteorological Research (CNRM)

2 CLM-HadCM3Q0 Swiss Federal Institute of Technology Ziirich (ETHZ)

3 HadRM3QO- Hadley Centre for Climate Prediction and Research

HadCM3Q0 (HC)

4 HIRHAMS5-ARPEGE Danish Meteorological Institute (DMI)

5 HIRHAMS5-ECHAMS Danish Meteorological Institute (DMI)

6 RACMO-ECHAMS5 Royal Netherlands Meteorological Institute (KNMI)

7 RCA-ECHAM5 Sweden's Meteorological and Hydrological Institute
(SMHI)

8 RCA-HadCM3Q0 Sweden's Meteorological and Hydrological Institute
(SMHI)

9 REGCM-ECHAMS  The Abdus Salam International Centre for Theoretical

Physics (ICTP)
10 REMO-ECHAMS Max-Planck-Institute for Meteorology (MPI)

K vytvoreni celokarpatskych rasterit ve vysokém rozliSeni byla pouzita geostatisticka

metoda interpolace s externim driftem. Jako podpurna proménna pii interpolaci byla
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pouzita data DMT v rozliSeni 250 m. Podrobny popis této metody interpolace
klimatickych dat je uveden v praci Vizi et al. (2011).

Byla hodnocena tii obdobi — 1961-1990 (referen¢ni klima, zaloZena na E-OBS datech)
a obdobi 2021-2050 a 2071-2100 (blizka a vzdalena budoucnost, zalozena na RCM
v Tab. 4.3).

Na zaklad¢ takto sestavenych scénaiti zmény klimatu byl hodnocen vyvoj vyskytu a
intenzity sucha v SirS§im regionu stfedni Evropy (oblast zapadnich Karpat). S ohledem na
objevené trendy a ocekavany vyvoj byly rovnéz hodnoceny moznosti adaptace lesnich
porostii pomoci upravy dievinného slozeni (smérem k vy$Simu zastoupeni sucho
tolerujicich dfevin) a vyznam umélé obnovy jako mozného adaptaéniho opatieni.

Podrobnéji je problematika popsana v publikaci Hlasny et al. 2014 (Kapitola 5.8).

Pti hodnoceni klimatické exponovanosti Karpat v disledku klimatickych zmén byla
pouzita modifikovana metoda navrzena Diffenbaughem a Giorgimem (2012), ktera
vyuziva standardni Euklidovou vzdalenost (SED) pro kvantifikaci agregované klimatické
zmény (ACC) v multidimenzionalnim klimatickém prostoru mezi sou¢asnym a budoucim
obdobim (Williams et al. 2007). Pti identifikaci hotspotl byly pouzity tyto klimatické

proménné:

celkovy uhrn srazek béhem vegetacni sezony (duben - zati) (PTGS)
- pocet po sobé jdoucich dni bez srazek (CDD)
- pocet tropickych dni (maximalni teplota vzduchu béhem dne ptesahne 30°C)
(T30)
- Ellenberguv klimaticky koeficient (EQ)
- délka vegetacni sezony (GSL)

Hodnoty ACC byly vypocitany pro vsech deset RCM, jejich primérna hodnota byla
pouzita pro identifikaci jednotlivych hotspoti. Podrobnéji je metodika identifikace
hotspottl a vybéru proménnych popsana v publikaci Hlasny et al. 2016a (Kapitola 5.2 str.
48-50).
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4.2.4 Data o poskozovani lesa vybranymi lesnimi $kiidci a patogeny

Pro sestaveni databaze, vyskytu a rozsahu jednotlivych Skodlivych Ciniteli bylo
vyuzito vyrocnich zprdv a databdzi ndrodnich Ustavli a organizaci ochrany lesa,
veédeckych praci zabyvajici se jednotlivymi sktidci, pfipadné jinych internich materiala.
Byly ziskany informace o nasledujicich Skidcich (z divodu zna¢ného rozsahu databaze
jsou vysledné hodnoty a mapové vystupy v této praci piedloZzeny na piikladu I. duplicatus
v kapitole 4.2.4.1) :

e Defoliatori: Cephalcia abietis; Cephalcia alpine; Cephalcia arvensis; Lymantria
dispar; Lymantria monacha; Operophtera brumata; Pristiphora abietina;
Thaumetopoea processionea; Tortrix viridana.

e Podkorni hmyz: Agrilus biguttatus, Agrilus viridis; Hylobius abietis; Ips
amitinus; Ips duplicatus; Ips typographus; Polygraphus poligraphus;
Taphrorychus bicolor; Tetropium castaneum; Tetropium gabrieli; Dreyfusia
nordmannianae.

e Houbové patogeny: Phytophthora sp.; Armillaria sp; Sirococcus conigenus;

Chalara fraxinea.

Uroveti uvedenych podrobnosti i prostorového rozliseni se mezi jednotlivymi druhy
znaéné€ li8i, jelikoZ znalosti o ekologii Sklidct, distribuci a vlivu zmény klimatu jsou
proménlivé a obecné jsou systematicky sledovany a studovany pouze druhy s klicovym
vyznamem pro lesnictvi. Z tohoto divodu nejsou ziskana data pro jednotlivé druhy
jednotna a nasledné analyzy a prediktivni modely vyvoje byly vytvofeny pouze pro
druhy, pro které byly shromazdény dostate¢né informace a zaroven byly evaluaci
ziskanych dat zjistény nové poznatky. Jedna se o 1ykozrouta smrkového Ips typographus,
lykozrouta severského Ips duplicatus a bekyni velkohlavou Lymantria dispar.

4.2.4.1 Soucasné rozSiieni a monitoring LykoZrouta severského (Ips duplicatus)
v Karpatech

Ips duplicatus je pravidelné sledovan a vyskytuje se po celé Ceské republice v
nadmoiské vySce do 650 m n.m. od roku 1997. Nejvétsi odchyty 1 Skody byly zpravidla
zaznamenany v severovychodni a vychodni ¢asti zemé& (severni Morava a Slezsko), coz
je centrum vyskytu . duplicatus (Obr. 4.4). | na Slovensku je vyskyt I. duplicatus

potvrzen jiz od roku 1997, kdy byli brouci zachyceni ve vyssich po¢tech béhem sledovani
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Vv severozapadni ¢asti zemé (Turcani et al. 2001). Tento druh se §ifi na vychod a na jih od
hrani¢nich oblasti Slovenska (Vakula et al. 2009), coz potvrzuje jeho migraci ze
sousednich statli. V poslednich deseti letech se tento invazivni druh stava hlavnim
hmyzim $ktidcem ve smrkovych lesich slovenskych Karpat (Vakula et al. 2013). I.
duplicatus je monitorovan za pouziti feromonovych lapaci do 900 m n.m. Podle vysledka
monitoringu se tento druh v soucasné¢ dobé vyskytuje predevsim ve smrkovych lesich
centrdlni ¢asti Zapadnich Karpat (Tatry a Fatra), nejvice postizenymi oblastmi jsou

okresy Kusycké Nové Mesto, Zilina, Bytéa a Povazska Bystrica (Obr. 4.4).

Mean number of beetles Maxi numbaer of beetl
in pheramone traps (CZ part) In pheromone traps (SK part)
0,1-10,0 1-100
10,1-100,0 101 - 1000
B 100.1 - 5000 0 1001- 1500
B =001 - 10000 B 1501 - 5000
I - 0000 . e
- NoData . Carpathians border
natonal border
" —— district border

Obr. 4.4 Vysledky monitoringu Ips duplicatus na Slovensku a Ceské republice v obdobi 2009-
2011

V jiznim Polsku byla v celé oblasti polskych Karpat ziizena v letech 2001-2002
monitorovaci sit’ pro vyskyt Ips duplicatus. Celkem bylo monitorovano 70 lokalit
s nadmoiskou vysSkou nad 500 m (Grodzki 2003). I. duplicatus byl odchycen na 17
mistech lokalizovanych hlavné v zapadnich Karpatech (Obr. 4.5).
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Obr. 4.5 Vyskyt Ips duplicatus v Polské ¢asti Karpat na zakladé monitoringu v letech 2001 a
2002 (podle Grodzkiho 2003)

V rumunskych Karpatech byl I. duplicatus nalezen téméf v celé oblasti rozsifeni smrku
(Obr. 4.6). V roce 2010 byla ptitomnost monitorovana pomoci feromonovych lapa¢t na
péti lokalitdch a vyzkum pokracoval v roce 2011 na tficeti mistech distribuovanych na
vétsiné uzemi rumunskych Karpat. Jedinci I. duplicatus byli zachyceni na vétsiné
plochach, ale pouze do nadmotské vysky 1000 m n.m.

Piestoze v literatufe neexistuje zadny zaznam o vyskytu l. duplicatus na tzemi
Ukrajiny a Srbska, v ukrajinské ¢asti Karpat se tento Sktidce s nejvetsi pravdépodobnosti

vykytuje, jelikoZ se logicky §ifi mez Polskem a Rumunskem podél Karpatského hibetu.
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Obr. 4.6 Vysledky monitoringu I. duplicatus v Rumnské ¢asti Karpat pied rokem 2010 (levy
obrazek), mezi lety 2010-2011 (uprostied) a a pravdépodobny prubéh migrace (podle
Dudumana et al. 2011)

4.2.4.2 \lyskyt Ips duplicatus v horskych polohdch Karpat

V ramci monitoringu je . duplicatus pravidelné odchytavan ve stfednich polohach s
nadmotskou vySkou do 600 m n.m. (Holusa et al. 2006) a ve vysSich nadmotskych
vySkach Zapadnich Karpat je jeho pfitomnost potvrzena pouze ve vyjimecnych piipadech
(HoluSa 2004). Tento druh dosud nebyl nalezen uvnitt rozsahlych horskych pasem.
Z tohoto divodu byly studovany dvé lokality v Moravskoslezskych Beskydech a Hrubém
Jeseniku, které se nachazi v horach dosahujicich vysek 1000 m n.m. Vysledky této studie
jsou uvedeny Vv publikaci Holusa et al. 2013 (Kapitola 5.3) a slouzily jako jeden
z dulezitych podkladl pro upfesnéni a definici vyskového limitu vyskytu I. duplicatus
v Karpatech (viz. nasledujici kapitola).

4.2.4.3 Hodnoceni vlivu zmény klimatu na voltinismus Ips typographus a Ips
duplicatus

Analyza pifedpokladané¢ho vyvoje populaci lykozrouta smrkového a lykozrouta
severského byla zalozena na modelu PHENIPS — Komplexnim fenologickém modelu
pivodné navrzeném pro lykozrouta smrkového (Baier et al. 2007). V ramci tohoto
modelu urcuje maximalni denni teplota vzduchu den nastupu napadeni a priimérnd teplota

kary rychlost vyvoje jednotlivych vyvojovych stadii. Teplotni limity pro jednotliva stadia
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byly uréeny na zaklad¢é prace Wermelinger a Seifert (1998). Piestoze je V porovnani s
lykozroutem smrkovym lykozrout seversky menSim druhem (Pfeffer 1955) a pro vyvoj
by mu mohly sta¢it mensi kumulativni teploty, v podminkach stiedni Evropy I. duplicatus
zpravidla kopiruje fenologicky model I. typographus (Holusa et al. 2012). Hlavnim
rozdilem je fakt, ze se I. duplicatus nevyskytuje ve vysokych nadmoiskych vyskach
(Holusa et al. 2010), ale preferuje polohy do 800 m n.m. (Holusa et al. 2013). Pro
definovani vyskového limitu byla pouzita data z odchyti ve feromonovych lapacich. V
zépadnich Karpatech byly lapace umistény v pravidelnych 100 metrovych intervalech na
hote Ostry (Moravskoslezské Beskydy) v letech 2002 a 2003 (Holusa 2004), pro
vychodni Karpaty byly pouzity vysledky studie Duduman et al. 2011. Na zakladé
vysledkt méfeni byl vyskovy limit vyskytu I. duplicatus stanoven na 800 m n.m. pro
zapadni a 1 000 m n.m. pro vychodni Karpaty. Vysledné projekce byly publikovany

formou 2 soubort certifikovanych map (Ptiloha ¢. 1,2).

4.2.4.4 Soucasné rozsiieni a dynamika populaci bekyné velkohlavé pro jednotlivé
zemé v Karpatech

Byly ziskany historické zdznamy o Skodach (defoliované plose lesa) za obdobi 1947 —
2013 pro sedm zemi Karpatského regionu (Ceska republika, Slovensko, Polsko,
Mad’arsko, Rumunsko, Ukrajina a Srbsko). Ziskané tidaje, dynamika populaci a hlavni
oblasti gradaci jsou blize popsany v publikaci Hlasny et al. 2016 (Kapitola 5.4). Zjisténé
udaje o gradacich byly pouzity pro analyzu periodicity gradaci, trendy v rozsahu
poskozeni a jejich odlisnosti v ramci jednotlivych stati. Dale bylo provedeno hodnoceni
synchronizace gradaci v celokarpatském regionu. Ziskané statistické parametry
(pfedevsim periodicita gradaci) byly pouZity pii tvorbé prognostického modelu. Veskeré

uvedené postupy jsou rovnéz blize popsany v publikaci Hlasny et al. 2016 (Kapitola 5.4).

4.2.4.5 Zmény v potencidlnich oblastech premnoZeni bekyné velkohlavé

Zmény v potencidlnich oblastech pfemnozeni byly hodnoceny na zikladé modelu
navrzeného Hlasnym a Turcanim (2009). Byla pouzita Kanonicka korespondenéni
analyza pro identifikaci environmentalnich proménnych kontrolujicich abundanci bekyné
velkohlavé. Analyza prokazala positivni korelaci s teplotou vzduchu a zastoupenim dubu
v porostu (Hlasny a Turéani 2009). Vazeny pramér téchto proménnych (ve formé map),

ptrepocitany na Skalu 0-1, byl pouzit pro identifikaci porosti potencialné vhodnych pro
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gradaci populaci bekyn¢ velkohlavé jak v souCasném, tak i budoucim klimatu. Vahy
jednotlivych proménnych byly ustanoveny na 0,4 (pro zastoupeni dubu) a 0,6 (pro teplotu
vzduchu). Timto zpiisobem byly ziskany mapy zobrazujici grada¢ni potencial bekyn¢ na
uzemi Karpat, dosahujicich hodnot 0-1. Prahova hodnota 0,8 byla pouzita pro identifikaci
potencialnich oblasti gradace. Vysledné projekce byly publikovany formou souboru

certifikovanych map (Ptiloha ¢. 3).

4.2.5 Implementace vlivu $kodlivych ¢initeli v modelu Sibyla a jeho vyuZiti pii
hodnoceni vyvoje lesnich ekosystému

Cast vysledkii zaméfena na hodnoceni vlivu disturbanci na les a s lesem souvisejici
ekosystémové sluzby byla realizovana s vyuzitim modelu Sibyla na tzemi Zapadnich
Karpat (Nizké Tatry, Kozie Chrbty). Tyto studie zaroven vytvofily vychodiska pro
formulaci doporuceni pro management lesa v podminkach zmény klimatu. Souhrnné
vysledky byly publikovany v pracich Hlasny et al. (2017a,b; Kapitola 5.5 a 5.7), kterych
je doktorand spoluautorem. Soucasti feseni byla inovativni iprava kalamitniho modulu
modelu Sibyla a zlepSeni schopnosti reprodukovat charakteristickou ohniskovou
dynamiku napadeni porostl lykoZroutem. Zaroven byl vyhodnocen vliv zavedeni tohoto
algoritmu na simulovanou produkci a vyvoj né€kolika ukazateld druhové a strukturalni
diverzity lesnich porostd s dominantnim zastoupenim smrku. Tyto vysledky byly
publikovany v praci Trombik et al. (2016; Kapitola 5.6).

Pfi implementaci disturbanéniho rezimu do modelu Sibyla byl pouzit piistup
zalozeny na pravdépodobnosti piezivani jednotlivych druht dfevina jejich vékovych
stupnii (tzv. survival probabilities). V ramci publikace Hlasny et al. 2014 (Kapitola 5.8)
byly funkce pravdépodobnosti piezivani vyznamnych dfevin odvozené na zéaklad¢ dat
lesni hospodaiské evidence Slovenské republiky za obdobi 1990-2010, které zahrnuji
udaje o nahodilych t€zbach v disledku vSech relevantnich disturbancnich Cinitelti a vSech
hlavnich dfevin.

Simulace dynamiky a rtstu lesa byly provadény pomoci modelu Sibyla (Fabrika a
Dursky 2005). Jedna se o empiricky stromovy distanéné zavisly hybridni model
konstruovany na bazi modelu SILVA (Pretzsch et al. 2002). V soucasnosti ristovy
simulator Sibyla disponuje integrovanym disturban¢nim modulem. Modul umoziuje
definovat v Case se ménici pravdépodobnost vyskytu vybranych Skodlivych cinitelt.

Pravdépodobnost vyskytu disturban¢niho Cinitele 1ze definovat pro 5-leté periody a je
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stochasticky aplikovana v pribéhu simulace. Protoze pravdépodobnost piezivani je
definovana na tirovni porostu a druhu dieviny, nelze za pomoci integrovaného modulu
aplikovat odlisné pravdépodobnosti pro jednotlivé stromy v riznovékych porostech. Z
tohoto divodu bylo piistoupeno k vyvoji vlastniho softwarového feSeni kalamitniho

modulu, jakoZ i jeho parametrizace.

4.2.6 Syntéza poznatkii a navrh doporuceni pro management Skudci

Vyhodnoceni klimatické exponovanosti Karpat, fluktua¢nich cykla nejvyznamnéjsiho
defoliatora v regionu, bekyné velkohlavé, obeznameni se s problematikou invaznich
Skiidci formou studie ohledné lykozrouta severského a realizace komplexnich studii
ohledné vyvoje lesa vystaveného disturbancim a zméné klimatu umoznily formulovat
relativné ucelené opatieni ohledné adaptace lesti na zménu klimatu. Tento systém byl
nejprve publikovan ve studii Hlasny et al. 2014 (Kapitola 5.8). Doporuceni pro
management lesa byla dale formulovana v pracich realizovanych s vyuzitim modelu
Sibyla ((2017a,b; Kapitola 5.5 a 5.7). Metodicky postup formulace opatieni spocival
Vv rozsahlém studiu domaci i zahranicni literatury, na zakladé které byly formulovany
obecné principy adaptace pro jednotlivé oblasti managementu lesa (péstovani, tézba,
ochrana, lesni infrastruktura, monitoring apod.). Nasledné byly tyto obecné principy
zptesnény s ohledem na pfirodni podminky stfedni Evropy a vysledky regionalnich studii,
véetné téch, které tvori soucast této prace. Vysledky, na kterych se doktorand podilel,

ptispély zejména k formulaci doporuceni z oblasti ochrany lesa a monitoringu skadcu.
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5. Vysledky

Predkladana dizertacni prace je postavena na 7 ¢lancich a 3 souborech certifikovanych
map, zabyvajicich se vysledky analyz a interpretaci vysledki jednotlivych parcialnich
cili. Na vSechny tyto prace je odkazovano vramci textu ptredchozich kapitol.
Problematikou dat o distribuci a dievinném slozeni lesa a hodnoceni jejich pfesnosti se

zabyva publikace:
Kapitola 5.1) TROMBIK, J. - HLASNY, T. (2013) Free European data on forest distribution:

overview and evaluation. Journal of Forest Science, ro¢. 59, ¢. 11, s. 447-457. ISSN: 1212-4834.

pouzitim ziskanych klimatickych dat a hodnocenim ocekavanych zmén a klimatickou

exponovanosti regionu Karpat jsou hlavnim tématem publikace:
Kapitola 5.2) HLASNY, T.— TROMBIK, J. - DOBOR, L. - BARCZA, Z. - BARKA, |. (2016a)
Future climate of the Carpathians: climate change hot-spots and implications for ecosystems.
Regional Environmental Change, ro¢. 16, ¢. 5, s. 1495-1506. ISSN: 1436-3798.

2 publikace a 3 soubory map (ptfedlozené¢ v Piilohdch této prace) se zabyvaji
problematikou vyskytu a Casoprostorové dynamiku vybranych biotickych Skodlivych

¢initelt v Karpatech:
Kapitola 5.3) HOLUSA, J. - LUKASOVA, K. - TROMBIK, J. (2013) The first record of Ips
duplicatus (Coleoptera: Curculionidae, Scolytinae) infestations in central european inner
mountains. Scientia Agriculturae Bohemica, ro¢. 44, ¢. 2, s. 97-101. ISSN: 1211-3174.

Kapitola 5.4) HLASNY, T. - TROMBIK, J. - HOLUSA, J. - LUKASOVA, K. — GRENDAR,
M. — TURCANI, M. — ZUBRIK, M. - TABAKOVIC-TOSIC, M. — HIRKA, A. - BUKSHA, I. -
MODLINGER, R.— KACPRZYK, M. - CSOKA, G. (2016b) Multi-decade patterns of gypsy moth
fluctuations in the Carpathian Mountains and options for outbreak forecasting. Journal of Pest
Science, ro¢. 89, €. 2, s. 413-425. ISSN: 1612-4758.

Piiloha 1) HLASNY, T. - TROMBIK, J. - HOLUSA, J. - LUKASOVA, K. (2013) Soubor map:
Dopad klimatickych zmén na populace lykozrouta severského (Ips duplicatus, Coleoptera:
Curculionidae) v Karpatech: Vliv na distribuci a populaéni dynamiku. Cislo certifikatu
82918/2013-MZE-16222/MAPA604, Ministerstvo zemé&délstvi, T&nov 65/17, Praha 1, 11705.

Piiloha 2) TROMBIK, J. - HLASNY, T.— HOLUSA, J. (2013) Soubor map: Dopad klimatickych
zmén na populace lykozrouta smrkového (Ips typographus, Coleoptera: Curculionidae) v
Karpatech: Vliv na distribuci a populaéni dynamiku. Cislo certifikatu 82922/2013-MZE-
16222/MAPA605, Ministerstvo zemédé€lstvi, TéSnov 65/17, Praha 1, 11705.
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Pi¥iloha 3) HLASNY, T. — TROMBIK, J. — LUKASOVA, K. (2013) Soubor map: Dopad
klimatickych zmén na populace bekyné velkohlavé (Lymantria dispar Lepidoptera: Lymantriidae)

v Karpatech: Vliv na distribuci a populaéni dynamiku. Cislo certifikatu 82916/2013-MZE-
16222/MAPAG603, 2013, Ministerstvo zemé&délstvi, Té$nov 65/17, Praha 1, 11705.

vyuzitim ziskanych poznatkti o vlivu skodlivych ¢initell a jejich implementaci vlivu v
modelu dynamiky lesa s ndslednym hodnocenim vyvoje lesnich ekosystémt se zabyvaji

3 publikace:
Kapitola 5.5) HLASNY, T. — BARKA, I. — KULLA, L. — BUCHA, T. — SEDMAK, R. —
TROMBIK, J. (2017a) Sustainable forest management in a mountain region in the Central Western
Carpathians, northeastern Slovakia: the role of climate change. Regional Environmental Change,
ro¢. 17, ¢. 1, s. 65-77. ISSN: 1436-3798.

Kapitola 5.6) TROMBIK, J.—- BARKA, I. — HLASNY, T. (2016) Effect of different tree mortality
patterns on stand development in the forest model SIBYLA. Lesnicky casopis (Forestry Journal),
ro¢. 62, ¢. 2016, s. 173-180. ISSN: 0323-1046.

Kapitola 5.7) HLASNY, T. - BARKA, |. - ROESSIGER, J. - KULLA, L. — TROMBIK, J. —
SARVASOVA KVIETKOVA, M. — BUCHA, T. - KOVALCIK, M. — CIHAK, T. (2017b)
Conversion of Norway spruce forests in the face of climate change: a case study in Central Europe.
European Journal of Forest Research, ro¢. 136, ¢. 5-6, s. 1013-1028. ISSN: 1612-4669.

formulaci moznych opatieni adaptace lesi na zménu klimatua a doporuéeni pro

management lesa je vénovana prace:
Kapitola 5.8) HLASNY, T. —- CSABA, M. — SEIDL, R. - KULLA, L. — MERGANICOVA, K. —
TROMBIK, J. - DOBOR, L. - BARZCA, Z. - KONOPKA, B. (2014) Climate change increases
the drought risk in Central European forests: What are the options for adaptation? Lesnicky casopis
(Forestry Journal), ro¢. 60, ¢. 1, s. 5-18. ISSN: 0323-1046.
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5.1 Free European data on forest distribution: overview and evaluation.

JOURNAL OF FOREST SCIENCE. 59, 2013 (11): 447-457

Free European data on forest distribution: overview
and evaluation

]. TRoMBIK', T. HLASNY'*

'Faculty of Forestry and Wood Sciences, Czech University of Life Sciences Prague,
Prague, Czech Republic

“National Forest Centre — Forest Research Institute Zvolen, Zvolen, Slovak Republic

ABSTRACT: A growing need for the evaluation of prospects and sustainability of forest resources calls for the avail.
abllity of harmonized data on forest distribution. We described and evaluated nine datasets providing such informa-
von: Corlne LandCover, four Earopean forest maps and four tree spocies distribution maps. Apart from providing a
condensed overview of these ditasets, we focused on the match between selected forest maps and forest management
plans (FMPs) of Slovakia, which can be thought of as highly accurate information on forest distribation. The degree
of match betweon forest and spocies area, within 306 forost administrative districts of Slovakia, was used as an indi-
cator of accuracy, In sddition, the match between the total forest and species area in Slovakia, given by FMPs and by
eval d dat was add, d. We found a high degree of match for the datasets an forest distribution (R-sguare
0.57-0.93, depending on the dataset), ax well as strong agreement in total forest area [+ 5%). Both Indicatars are worse
in the case of forest type evaluation {coniferous and broadleaved). Poar results were obtained for tree species maps,
which under- or averestimated species areas by tens of per cent, although differences were highly variable among

species. The obtained cesults are valid mainly for temperate forests.

Keywords: tree species distribution; data quality; forest management plans; accuracy assessment

An increasing number of studies focus on the trans-
boundary or even pan-European evaluation of forest
resources (8. BADEA et al. 2004; Penrcy, FErreT1
2004), These activities are often limited by a lack of
suitable data on forest distribution for such large-scale
use. In fact, forest management plans of many Euro-
pean countries contain high-quality forestry data, in-
cluding a range of stand and site variables, with fine
spatial resolution. However, despite the recent effort
of most countries to establish kegislation on free ac-
cess to public data, access to national or institutional
databases is often limited, and such data are not obvi-
ously available for research or commercial activities.
Recently, climate change-related h has be-
come an important area to suffer from the low quality
of forestry dats, which lags behind the continuously

increasing resolution of climate models. In addition,
forest area is one of the indicators for sustamable
forest management in Europe (MCPFE 2003), and
information on tree species distribution is impor-
tant in the assessment of forest-related biodiversity,
in connection with the United Nations Convention
on Biological Diversity and affiliated European pro-
cesses (TrOLTZSCH et al. 2009). The development of
European forest maps 15 also needed for peotection
and conservation, carbon storage evaluation or for-
est planning {ScHUCK et al. 2003). For these reasons,
several initiatives have been taken to develop unified
datasets on forest distribution in Europe. The avail-
ability of such datasets may lead to improved forest
resource modelling, able to deal with high-resolution
forest diversity in Europe (Brus et al. 201 1). Undoubt-

Supported by the Slovak Research and Development Agency, Project No. APVVY-0111-10, and by the Czech University
of Life Sciences by the Internal Grant Agency (IGA), Project No. 20034327, and by the Ministry of Agriculture of the

Crech Republic, Project No, Q11220016

J.FOR SCL, 59, 2003 [11)) 447457
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edly, CORINE Land Cover (EEA 1994, 2006 a,b) has
been recognised as an extremely useful dataset, and
has been used in dozens of studies since its first re-
Jease (e.g Sirakis et al 2004; TRAUSTASON, SNOR-
RASON 2008 Maa et al. 2011). Later, an increase in
the quality and availability of remote sensing data, as
well as methodological advances in the processing
of spatial data, led to the development of numerous
forest maps with different geographical coverage,
providing diverse information on forests. In addition
to forest and forest-type maps, maps of tree species
distribution have been found to be extremely impor-
tant for forest resources evaluation, biodiversity as-
sessment and forest planning (e.g. TrOtTzSCH et al
2009; Brus et al. 2011). [n addition, there are special-
ized forest maps, such as forest management maps
by HenGrvELD et al, (2012), forest blomass maps by
Barrepo et al. (2012), or various global forest and
fandcover maps (e.g. DeFies et al. 2000; BARTHOLO-
ME, BELWARD 2005 AHLENIUS 2012), which are not,
however, addressed in this study.
Despite the avatlability of numerous forest maps
with European coverage, a critical evaluation of their
quality and suitability for various objectives is miss-
ing. For this reason, this article aims to describe the
freely available data on forest distribution. with most-
ly pan-European coverage, and evaluate the limits
and assets of such data. In particular, we focused on:
~surveying the sources of freely avaitable data on forest
distribution in Europe;
~ evaluating the content, quality, accuracy, coverage
and other attributes of such data;

~ evaluating the quality of selected datasets on forest
distribution in Europe, on the basis of their match
with forest management plans (FMPs) of Slovakia.

We hypothesize that datasets containing informa-
tion on forest distribution and the disteibution of for-
est types (broadleaved, coniferous and mixed) could
show a very goad match with the FMPs. This assump-
tlon & grounded in the fact that currently available
satellite imagery and classification algorithms, which
are used for the development of most of the addressed
dataset, allow for the highly accurate delineation of
forest areas (e.g. KEmpeneers et al, 2015 Porarov
et al. 2011). On the other hand, we suppose lower
quality of data on tree species distribution, in terms of
thetr match with FMPs. This assumption issues from
the fact that the spatial interpolation of point data on
the species proportion, which is generally applied for
the development of evaluated datasets, could produce
largely uncertain results, depending on the spatial
density of data and the pattern of spatial autocorrela-
tion specific to analysed species. [n addition, we as-
sume that maps of species with scattered distribution

M8

may have poorer quality when compared to maps of
species with contagious range.

DATA AND METHODS
Evaluated datasets

Two groups of forest maps have been evaluated.
The first group contains maps on the distribution of
category ‘forest] which ix divided further in some da-
tasets into subcategories coniferous, broadleaved and
mixed. CORINE Land Cover data (EEA 1994, 2006
ab} and four European forest maps were included
into this group (SCHUCK et al. 2002, PEKKARINEN
et al. 2009; Guwia et al. 2011; KempeNEERS et al.
2011), The second group contains maps providing
information on forest tree species distribution such
as EUFORGEN maps (EUFORGEN 2009), tree spe-
cies distribution maps based on the Forest Focus
data (FORESTMOD 2013), and two results of statis-
tical mapping of tree species distribution in Europe
(TraLrzscy et al, 2009; Baus et al. 2011) were in-
cluded into this group.

CORINE Land Cover (CORINE - EEA 1994)

The CORINE {Coordinate Information on the En-
vironment) database is a pan-European land cover
map, devedoped by the European Enviconmental
Agency (EEA) in cooperation with national partner
Institutions. The dataset covers the 27 countries of the
European Union (EU27), as well as Albania, Bosnia
and Herzegovina, Croatia, Macedonin, and Liechten-
stein. Three land-cover categories define the forests:
broadl | (proportion > 75%); coniferous (> 75%);
and mixed forests (remaining forest land ) {(EEA 1994).
The dataset was developed on the basis of multispec-
tral satellite imagery acquired by Landsat and Spot in-
struments, and additional national data such as topo-
graphic maps, thematic maps, statistical information
and aerial photographs (EEA 1994, 2006 a,b), with the
minimum mapping unit of 25 ha. The dataset is avall-
able through the web portal of the EEA as raster files
(TIFF format with a resolution of 100 and 250 m} and
vector files (ESRI shp file). CORINE 2006 is currently
the latest update; the version available in ESRIshp file
format was used in this study.

Forest Map 2000 (FMAP 2000; PExxARINEN et al.
2009)

FMAT 2000 contamns the information on forest
and non-forest categonies, derived from 415 Land-
sat ETM+ satellite scenes and CORINE Land Cover
2000, with a spatial resolution of 25 m. The map cov-
ers the EU-27 countries, Norway, Switzerland, Lich-
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tenstein, Albania, Croatia, Macedonia, Montenegro
and Serbia. The map’s overall point-level agreement
exceeds 80%, and it approaches 90% in Central Eu-
rope, A comparison with the country-level forest area
statistics shows that, in most cases, the difference be-
tween the forest proportion of the derived map and
that computed from the published forest area statis-
tics is below 5% (PEKKARINEN et al 2009). The maps
can be downlouded from the website of the Joint Re-
search Centre of the European Commission (http://
forest jrc.ec.europaeu) as raster data (TIFF format).

Forest map 2002 (EFMAP 2002; Scauck et al,
2002)

EFMAP 2002 represents the proportion of conifer-
ous and broadleaf forests per fand area ina 1 < 1 km
pixel resolution. The map was derived from NOAA-
AVHRR satellite imagery, and calibrated to conform
to statistical information on forest area, such as na-
tional inventary reports and data from international
data-collection processes of the United Nations Eco-
nomic Commission for Europe/Food and Agriculture
Organisation (UNECE/FAQ 2000; PAIVINEN e al
2001). The difference between the map and inventory
statistics varfes around = 5% (higher In the coastline
and small island area) (Schuck et al, 2003). EFMAP
2002 includes all European countries except for Cy-
prus and Turkey. The map can be downloaded from
the European Forest Institute (EFL) website (http://
www.efi.int/projects/euromap/ phase2/register.php),
as raster data (IMAGINE Image format).

Forest Map 2006 and Forest Type Map 2006 (FTYP
2006; FMAP 2006; KEMPENEERS et al, 2011)

The FMAP 2006 contains forest, non-forest and wa-
ter categories, while the FTYP 2006 contains broad-
leaved and coniferous categories. The resolution of
both datasets is 25 m. The maps were produced using
IRS-LISS-3 and SPOTA4/5 satellite scenes, acquired in
2006. Multitemporal information obtained from the
MODIS sensor (NASA) was added to improve the
dassification. FMAP 2006 and FTYP 2006 cover the
same aren as FMAP 2000, but they also include Tur-
key. The result can be downkaded from the EC-JRC
website (hetpy//forest jrc.ec.europa.eu) as raster data
(TIFF format).

Forest map 2011 (EFMAP2011; GuNia et al. 2011)

EFMAP 2011 represents the modified version of
FMAP 2006 (KemreNzegs et al 201 1), which was ag-
gregated from the original 25 m spatial resolution to
1 km, by summing up the foeest avea for each 1 km
pixel (the proportion of forests is given), Forest share
estimates taken from the | km resolution EFMAP
2002 (ScHuck et al. 2002) have been wsed to extend

J. FOR. SCL, 59, 2003 (1) 447457

the map up to the Ural Mountains, covering Belarus,
Ukraine, Moldova and the European part of the Rus-
sian Federation, The map can be downloaded from
the EFl website (http//www.efiLint/projects/euro-
map/phase2 register.php) as raster data (IMAGINE
Image).

Tree species distribution maps 1 (EUFORGEN ~
EUFORGEN 2009)

The Euwropean Forest Genetic Resources Pro-
gramme (EUFORGEN) produced a series of pan-Eu-
ropean maps of forest tree species distrnibution. The
maps were produced by members of the EUFORGEN
Networks and other experts, on the basis of diverse
information sources. The dataset contains polygonal
data with the area of occurrence of 34 tree species
acrass Europe. The dataset is available through the
EUFORGEN web (hetp://www.enforgen.org/distribu-
tion_maps.html) as ESRI shape files (shp). The maps
are updated irvegularly.

Tree species distribution maps 2 (TMAP 2009;
Trorrzscu et al. 2009)

TMAP 2009 is based on tree species Information
from plot data of the 1CP (International Cooperative
Programme on Assessment and Monitoring of Air
Pollution Effects on Forests) Forests, with the spac-
ing of 16 x 16 ki, which is combined with other spa-
tial and statistical information. The point data were
interpolated using the kriging method, and produced
maps were scaled and calibrated to make the maps
correspond to the Forest Map of Europe, version 2002
(SCruek et al 2002) at a pixel level, and to national
forest inventory statistics at regional or national fev-
els (TrorrzscH et al. 2009). The outputs are pan-
European maps with a resolation of 1 km, contain-
ing proportions of the main tree species groups as a
percentage of the total land area. The maps were de-
veloped for pine, spruce, fir, birch, beech and oak spe-
cies groups, All remaining spedies were grouped into
categories 'other contferous’ and other broadlieaf. The
maps cover the entire Europe except for countries for
which ICP and/or detailed national forest inven-
tory were not available (e.g. Macedonia, Cyprus,
parts of Russia, Andorra, Liechtenstein),

Tree species distribution maps 3 (TMAP 2011;
Brus et al. 2011)

TMAP 2011 contains maps with a proportion of
18 tree species in a1 x 1 km resolution grid. The
1CP-Level-I plot data on tree species distribution
(6,238 plots} and National Forest Inventory data of
cighteen countries (335,360 plots, NAsuuks 2009)
were used for the development of this dataset. In ar-
eas with national forest lnventory data, species area
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proportions were obtained by compositional kriging.
For the rest of Europe, & multinomial Jogistic regres-
sion model was used, using various abiotic factors as
predictors (soil, biogeographical zones, climate data).
The regression results were scaled to fit NUTS-1I for-
est Inventory statistics and the European Forest Map,
according to TROLTZSCH et al. (2009) and ScHuCK et
al. (2002). Maps of 20 tree specles are available in the
dataset. The accuracy of produced maps was highly
variable, depending on the species; the overall ac-
curacy equals 43%. In areas with NFI plot data, the
accuracy was 57%, and outside these areas 33%, GIS
data are available for download from the EFI website
(htepe/ /www.ellint/projects/tree-species-map/regis-
ter.php) as raster files (ESRI file geo-database),

Tree species distribution maps 4 (FMOD;
FORESTMOD 2013)

The map contains information on tree species pro-
portions in a I-km resolution grid, The Forest Focus
database (Forest Focus 2003) containing information
about the tree specles composition on the basis of a
systematic network of observation points and obser-
vation plots was the main source of data. The point
data were interpolsted and then scaled to FMAP 2000
(PExKARINEN et al, 2008). The results contain the dis-
tribution of 24 tree species. The maps cover the EU-27,
as well as Norway, Switzerland, Lichtenstein, Alba-
nla, Croatia, Macedonda, Montenegro and Serbia.
The maps can be scquired using the FORESTMOD
map viewer (httpe//forest|rc.eceuropa.eu/efdac/ap-
plications/species-distrbution/) as raster files (TIFF
format),

Modification of low-resolution rastey data

Some of the datasets described above contain data
in 8 1-km resolution grid. To improve the visual and
analytical properties of these data, we applied the
following modification. The original grid data were
wransformed to vector format, and the produced
polygons were intersected with forest polygons from
CORINE Land Cover data. Then, forest celis, or their
parts lying outside the forest area specified by CO-
RINE Land Cover, were removed. In the case of tree
species maps, CORINE categories ‘Coniferous’ and
‘Mixed” were wsed to modify the coniferous species,
and CORINE categories ‘Broadleaved” and 'Mixed’
were used to modify the broadleaved species, EFMAP
2002 and 2011, TMAP 2011 and FMOD datasets were
modified using this methodology. The effect of such
madification on the map accuracy was evaluated.

Forest management plans of Slovakia

We evaluated the accuracy of selected freely avail-
able data using the Slovakian FMPs (National Forest
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Centre, Slovakia, inteenal data), which represent the
Information on forest tree species distribution, inde-
pendent of all evaluated data sources, The informa-
tion on tree species proportions in the FMPs is as-
soclated with forest subcompartments, of the average
size approximately 5 ha. This data can be a priori
thought of as more accurate when compared with
the evaluated datasets, because FMPs are compiled
on the basis of regular 10-year step field surveys, ie.
one tenth of country’s forested area is updated annu-
ally. This implies that used FMPs refer to the period
2003~2012 (the analysis was run in 2013). This fact
introduces certain temporal inconsistency into the
analysis, as well as temporal mismatch between the
FMPs and evaluated datasets on forest distribution.
Considering the scale which the analysis focuses on
and relatively low forest dynamics at this scale, such
inconsistency cannot be expected to affect the results.

Accuracy assessment

As most of the evaluated datasets can be expected
to have a relatively low informative value at the stand
scale, owing to the inherent effect of their low spatial
resolution, we focused our evaluation on the scale of
306 forest administrative districts (FADs) of Slovakia,
with an average size of 150 km’. The accuracy assess-
ment was focused on a comparison of the extent of
forest categories in the evaluated datasets with data
from FMPs of Slovakia within FADs.

To fadlitate this analysis, the map of FADs was
transformed from the national coordinate system
(S-JTSK Krovak) to Lambert Azimuthal Equal Area
(LAEA) projection on the ETRS ellipsoid using the
Arcinfo GIS (ESRI 2010) tools; ETRS LAEA was the
system of all evaluated datasets. The ervor due to this
trunsformation is not expected to affect the analysis.
FMPs were not transformed, and forest, forest type
and species areas within FADs were calculated in the
original national coordinate system (S-TTSK Krovak}.

In the cazse of forest type evaluation (coniferous,
broadleaved, mixed), species proportions in FMPs
were classified so as the definition of a given forest
type corresponded with the definition of this forest
type in the evaluated dataset, No limit was imposed
on stand density, age and other attributes in the FMPs,
and all forest compartments were used in the analysis.

Correlation analysis was applied to describe
the refationship between these variables, and to
evaluate the strength of correlations using the
R-square, The analysis was performed separately
for FADs, with mean elevation above and below
600 m asl, as well as for all FADs regardless of
their elevation. In addition, a comparison of to-
tal forest, forest type and species areas, glven by
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FMPs and evaluated datasets, was made, In the
case of tree specles maps, we focused on selected
temperate forest tree species with contagious and
scattered distribution: European beech {Fagus syl-
vatica), Norway spruce (Picea abies) and Silver fie
(Pinus sylvestris),

and forest type areas within FADs indicated re-
markable differences between the match of FMPs
and evaluated datasets {Table 2). FMAP 2000 with
the resolution of 25 x 25 m performed best out of
all datasets (R-square 0.93 in all FAD), and showed
equally high R-squares in both ¢levation zones ad-

dressed (below and above 600 m a.s.l.). CORINE
Land Cover reached similar accuracy, However, it
slightly outperformed the FMAP 2000 in FADs at
elevations below 600 m a.s.l. (R-square 0,97),
FMAP 2006 with 25-m resolution and EFMAP
2011 with 1-km resolution showed balanced, and

RESULTS

Summary Information on all addressed datasets
is given in Table 1. Correlation analysis of forest

Table 1, Baslc properties of forest maps addressed in this study; map abbreviations ane explained in the text

Dataset  Format - Resoloti Cavurage Molo datasourcss O™ apribae | Reported
categories accuracy
Landsat und Spat
satellites, national )
10100000, EVU-27, Albania, Bosnlaand  topographic and 3
gg:mt ::‘;" 100 % 100 o Herzegovima, Croatia, Mac-  thematic maps, l:“,::“. ".b":::’ > 85%
250x2% m  edonia, and Licchtenstedn  statissical infor- 3
2 mixed
mation and serial
phatographs 4
rest/
o all Europesn countries from  AVHRR-NOAA; non-forest; forest or yl‘:::::r
raster box Lhkm  Portugel to Upal Mits, except  forest inventory  broad-  forest type
2002 P d Turkey statistics 00T L accuracy (n the
s coniferous e EORTR G
EU-27, Norway, Switzecland,
tein. Albani Landsat ETM+ >
;;‘XA!P KN S 255455 L(.'?o::n. M;oedoma smugey; Corine (o::(m lboe:::j s
Montenegro and Sestia:  -andCover 2000
A forest/
FMAP EU-27 and Norway, Switzer-
: IRS.LISS-3;  non-forest;
mm“'p raster 25 x25m c::f.. “::‘.mb“"’“ ey t::'::e_ SPOT4/5; Corine  broad- "'M“‘:' > 0%
2006 o, Surbls and :rm LandCover 2000 leaved;
IS LIsg.; - Prieras < e
same as FMAP 2006, added  SPOT4/5; Corine oz e
EEMAR L ikm  Belanus Moldove, Ukesine  LandCaver 2000 forestnon- forest pro- 1) ':‘“
011 o and Russtan Federation (from  and AVHRR- forest portion Mold ? od
SCHUCK et al. 2002) NOAA; forest °m:::
inventory statistics
EUFOR- all European countries; except national expertss 34 forest  presence/ .
GEN  Vector umspecified T s, Turkey and Russis bibliography.  treespecies absence ¢ *Pecified
T KCP Level | plots; variable
Mecedosis, Oypeus, partiof;  Coopesalor oo . betweenile
TMAP est Map; Forest species  countries, cor-
raster b« Lkm  Russia other than the Leain- tree
009 grod and Kaliningrad regions, inventory statistics; oihilag proportion relation from
‘Asidcevs snd Lgcllnondn * selected environ- pe cross-valida-
mentil variables tion 0.2 to 0.8
Pan-European ares except NFI T
Macedonia, Cyprus, parts of _ PO Tones . 20 forest - 43%, highly
E: ,Al' raster L« 1km  Russia other than the Lenin- mul !' mm::. tree w;mnvuhbbuwg
grad and Kﬁmmmm 1 variables species species
EU-27, Norway, Switzecland, 24 forest not specified,
FOREST- mator Lk Lichtenstein, Albania, FMAP 2000; Forest fide species  highly variable
MOD Croatie, Macedonia, Focus database speciey  PrOPOrtion among species
Montenegro and Serbia pe! and locations
1. FOR. SCL, 59,2003 (1)) 447457 451
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Table 2. R-squares calculated between areas occupbed by main forest type categories within forest administrative
districts in Slovakia, taken from the FMPs of Slovakia and six maps of forest distribution in Europe {CORINE - EEA
1999; FMAP 2000; EFMAP 2002 Scuuck et al, 2002 FMAP 2006; FTYP 2006; PEkK AINEN et al. 2009; EFMAP

2001, Guxia et al. 2011; KempeNeERS ¢t al. 2011)

Elevation FMar

EFMADP

EFM AP FTYP

i RINE
ARgery ne 000 006 W02 Zoo 211 moilc | 2006 OO
all districts 0931 NS 088 077 0.8 082 - 089
Forest <600 masl 094 094 082 0.76 0.92 0.9 - 097
> 600 masl D94 D87 093 083 088 080 - D86
all districts - - 066 0.60 - - 0.93 098
Beoadleaved < 600 masl - - 077 0.65 - - 092 097
> 600 mast - - 049 0.80 - - 0.82 095
all disteicts - - 091 0,86 - - 091 092
Coniferous <600 masl - - 054 0.72 - - 0.85 092
> 600 masl - - 093 084 - - 090 090
all disericts - - - - - - - 077
Mixed <600 masl - - - - - - - 074
> 600 masl - - - - - - = 077

“modification of the original dataset using CORINE Land Caver data described in the text

in the case of the latter dataset, the applied modi-
fication by CORINE Land Cover did not affect the
R-square substantially. The R-square of FMAP
2006 and EFMAP 2011 at elevations < 600 m
as.l. was equal to FMAP 2000 map performance
in all districts, but at elevations > 600 m as.l. it
was, however, weaker. EFMAP 2002 with 1-km
resolution had lower accuracy as compared with
FMAP 2000 (R-square 0.88 vs, 0.93 in all districts),
Surprisingly, the map modification by CORINE
Land Cover reduced the R-square, and it reached
0.77 in all districts. Hence, such modification is
not advisable in the case of this map.

Much higher variability of R-squares was observed
among datasets, forest type categories and elevation
zones in the case of coniferous and broadleaved for-
est type classes. CORINE outperformed the EFMAP
2002 and FTYP 2006 in both coniferous and broad-
leaved dasses (mixed is not included in the latter two
datasets). A high degree of match with FMPs was
found in the case of the CORINE broadieaved catego-
ry (R-square 0.98 in all districts), while it reached 0.92
for the coniferous and (177 for the mixed categories
(definition of these categories in FMPs was the same
as CORINE forest classes). EFMAP 2002 was found
to have the fowest performance, and its R-square

Table 3. R-squares calculated between areas occupled by three forest tree species within forest admin istrative districts

in Slovakia, taken from the "forest

s

plans’ of Sh

kia and two maps of tree species distribution in Europe

(TMAP 201 1; Brus et al, 2011; FMOD - FORESTMOD 2013)

Species Elevation zone TMAP 2011 TMAP 2011* FMOD FMOD*
all districts 0.52 ne7 052 049
European beech <H00masl 0.59 0.60 0.55 Q.52
* 600 masl 053 ns2 0.50 0.55
oll districts 0.33 054 017 0.20
Silver fir <600 m axl (IR0 0.67 055 071
» 600 m asl 040 D46 0407 0.08
all districts 0.83 LS - -
Norway sproce” <60 m a5l 0.3 087 - -
» 600 m asl 0.685 081 - -

*madification of the original dataset using CORINT Land Caver data described in the text, “spruce was not included in

the FMOD dataset
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reached only 0.66 in-all broadleaved districts. Better
results were obtalned for conlferows categories in all
districts (Resquare 0.91), but R-square in the ¢eva-
tion zone < 600 m asl was only 054 {improved by
CORINE modification to 0.72). Modification by CO-
RINE Land Cover did not improve the results in other
cases, FTYP 2006 with 25-m resofution showed high
performance in both coniferous and broadleaved cat-
egories, and R-square reached 0,93 and 0.91, respec
tively, in all districts. For the visual evaluation of se-
lected datasets see Fig. 1.

The analysis of tree species maps was focused on
TMAP 2011 (Brus et al. 2011) and FMOD maps
(FORESTMOD 2013; Table 3), both with 1-km res-
olution. In contrast to the analysis of forest types,
maodification by CORINE resulted in substantial
improvement in all three species in both datasets,

The highest degree of match with FMPs
was observed in spruce from the TMAP 2011
(R-square 0.83 in all districts), though R-square
in elevations up to 600 m a.sl. was only 0.35. This
value, however, Increased remarkably after modifi-
cation by CORINE Land Cover, and reached 0.87.
A similar effect was observed in the case of Silver
fir at an elevation of up to 600 m as.l, where the
R-square reached only 0.14 in the original TMAP
2011, and 0.55 in the original FMOD. After modi-

Fornsd s (% b 160 b ol
W wrowtwr ) 06 T [ o b S

B eensts ot R

'~

fication, these values reached 0,67 and 071, re-
spectively. In the case of beech, original TMAP
2011 reached the same Resquare as FMOD (0.52).
Madification by CORINE Land Cover was benefi-
cial only in the case of TMAP 2011 (R-square 0.67),
while it caused a minor worsening in the case of
FMOD (R-square 0.49). Maps for Silver fir, which
occurs mainly as an admixture species, showed low
performance, and R-square reached 0.33 in TMAP
2011 and 0.17 in FMOD (case of all districts), A
substantlal effect of modification by CORINE Land
Cover was observed in TMAP 2011 (R-square
0.54), while this effect was only minor in FMOD
{R-square 0.2). For the visual evaluation of beech
and fir distributions see Figs 2 and 3.

In addition to the presented analysis, we evalu-
ated the match among the total area of forest, forest
types and tree species, taken from the FMPs and
from the evaluated datasets (presented forest and
forest tree species areas are different from official
national statistics, because of different methodol-
ogy used in these calculations) (Table 4). Datusets
providing information on forest and forest type dis-
tribution were found to correspond very well with
the respective areas from FMPs, except for FMAP
2000, which overestimated the total forest area by
ca 20%. Modification by CORINE Land Cover had

Fig. 1. Maps of forest type distribution, taken from forest management plans of Slovakia and from three freely available

datasets on forest distribution in Europe
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Furapras beach ST T ol Sidver fir

Fig. 2. Distnbution maps of European beech and Silver fir, taken from forest management plans of Slovakia and two freely
avallable datasets, based an statistical mapping

AP AP

‘.

European beech bT-1 Cx Y o Bilver fir
Fig. 3. Dastribution maps of European beech and Slver fir, taken from forest management plans of Slovakia and two freely
available datasets. based on statistical oapping, the maps were madified by CORINE Land Cover
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Table 4, Comparison of areas occapied by the total forest area, forest types and three forest tree species in Slovakia,
taken from forest management plans and from 8 European datasets on forest distribution

Dataset Forest Contferous  Broadleaved Mixed F. sylvatica A alba P abies
FMBs (lom) 18,272 7,288 10,683 4636 7687 00 6,198
FMAP 2000 (') =198 - - - - - -
FMAT 2006 (%) -53 - - - - - -
EFMAP 2002 (%) +1.9 -02 +7.6 - - - -
EFMAP 2002° (%) -33.0 ~35 ~294 - - - -
EFMAP 2011 (%) ~0.3 - - - - - -
EFMAP 2011* (%) 234 - - - - - -
FTYP 2006 (%) - -19 +74 - - - -
CORINE (%) +29 -36 -3 +5.0 - - -
TMAP 2011 (%) - - - - ~a45 B89 ~19
TMAP 2001* (%) - - - - -709 -10.5 ~-59.2
FMOD (%) - - - - +5.2 ~04 -
FMOD" (%) ~ — - - 319 ~-64.2 -
*modifi of the original d vsing CORINE LandCover data described in the text

& detrimental effect on ull maps, and the removal
of parts of the forest area distributed outside the
CORINE forest classes caused a substantial un-
derestimation of the total forest area, as compared
with FMPs, Poor results were obtained for tree spe-
cies maps, which under- or overestimated species
areas in tens of per cent in both evaluated datasets
(TMAP 2011 and FMOD).

EUFORGEN maps represent another dataset
containing data on the distribution of forest tree
species, which has not been addressed in the previ-
ous analyses, Visual investigation of the match be-
tween several EUFORGEN maps (European beech,
Norway spruce and Silver fir) and FMPs revealed
erroneous geographical projection, which resulted
in the shifted and distorted position of evaluated
species maps, The distortion was remarkable for
both beech and spruce, and Increased to the south-
east of Europe, Provided that this problem has been
fixed, the EUFORGEN maps can be expected to
match the real tree species distribution very well.

DISCUSSION AND CONCLUSIONS

This study used consistent information from sever-
al datasets which provide free acoess to data on forest
distribution, with approximately pan-European cov-
erage. In addition to the general description of this
data, we evaluated the accuracy of selected datasets
by their comparison with forest management plans
of Slovakia. In line with hypotheses stated at the be-
ginning of this study, we found a high agreement be-

1. FOR. SCL, 59, 2003 (1) 447457

tween forest management plans and maps describing
forest and forest type distribution, in terms of both
performed correlation analysis and comparison of the
extent of total forest area in the country. Such results
agree with evaluations provided by the authors of the
maps, who indicate their accuracy to exceed 80% in
all datasets. Our findings corroborate the validity of
these evaluations, and emphasize the suitability of
evaluated datasets for Central Europe. Hence, the use
of these data seems advisable for most pan-European
or transboundary initiatives, such as the Carpath-
ian Initiative or the Danube Strategy. The high per-
formance of CORINE Land Cover in all three forest
types (coniferous, broadleaved, mixed), and the fact
that CORINE Land Cover is the only dataset contain-
ing the ‘mixed forest’ category, makes it outstandingly
valuable. Such accuracy is undoubtedly related to the
active participation of Slovak nstitutions in the de-
velopment of this dataset. The dataset, however, does
not contain any data for Ukraine, which is addressed
In many initiatives focusing on the Carpathians bio-
region. Therefore, a combination with other forest
maps is needed.

The evaluation of datasets on tree species distribu-
tion did not yield as satistactory results as datasets on
forest and forest types. The spatial pattern of Silver
fir distribution, according to both evaluated datasets
(Brus et al. 2009; FORESTMOD 2013), was found to
correspond with FMPs only very roughly, though the
proposed modification using CORINE Land Cover
brought substantial improvements (Figs 2 and 3).
These facts may generate concern about the appli-
cability of maps of other tree species with scattered
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distribution. Better results were obtained for species
with contagious distribution - Norway spruce and
European beech - in terms of both correlation analy-
sis und visual match of maps with FMPs. Howeves,
the map ability to reproduce the total species areas
in the country was poor, which may Bmit some ap-
plications for forest resources evaluation (e.g. carbon
stocks). Hence, neither did the use of a number of na-
tiomal forest inventory data in both datasets allow for
reaching a higher accuracy using methods based on
the interpolation of point distributed data.

In pan-European evalwations. another problem
may arise from the spatially varied accuracy, related
1o the variable density of source point data used for
the interpolation of species proportions, Hence, a
spatially explicit indicator of uncertainty, such as a
map of kriging variance, should be used, along with
species distribution maps. Generally, the evaluated
species distribution maps should be used with care,
and mainly for large-scale applications. In this regard,
Tutivrzscu et al. (2009) suggested that such maps
can provide only a rough estimate of species distri-
bation, and cannot replace highly detailed national
inventory maps.

In addition to the datasets addressed in this study,
there are, for example, products with global coverage,
such as a global percentage tree caver map (DeFRies
et al. 2000), or the World Map of Forest Distribution
(AHLENtus 2012), which were not considered be-
cause of their supposed limited informative value for
Europe. However, exploring the quality of these data
and their suitability for European conditions could be
wseful, and can be subjected to future research, The
presented results indicated some deficiencies of eval-
uated datasets, and may initiate their future improve-
ments. Owing to the averwhelming importance of
European forest maps for the community and natural
resource management such improvements are des-
perately needed.
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Abstract The Carpathians are the largess European
mouniain rnge axl harbour exceptional  biodiversaty.
However, recent and anticipated changes in climate along
with rapid social and economic development suggest that
the region's yalues may oot be sustaine]. We strived to
Identify the main regional climate change ot-spots and
evaluate the disaribution of chmatically exposed Land-use
types and ecosystems, The analysis was based on 10 cli-
mate models driven by the emission scenario AIB, To
idemify the hot-spots, we adopted o methodology based on
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change trajectonies in o muitidimeosional climate space.
Three hot-spots were in the Western Carpathiuns (Crech
Republic, Slovakia, and Hungary), two were in Ukruine,
and theee were in the Romsnian und Serblan Carpathians.
Regions with the highest aggregate climote exposure (i.e.
above T0 % of the regional mnge) were mostly covered by
brosdleaved forests {39 %), agriculiural land (30 %), and
pastares and woodlands (15 %) These regions also con-
tined 15 % of protected areas and 36 % of the total buman
population in the Carpathians. While growing scason
length was the main [actor affecting bot-spot magnitude in
the north-west, precipitation-related variables were the
main factons in the cast and south, Analysis of inter-climute
model variability indicated that the level of comfidence in
hot-spol podition and magnitude differed among ot-spots.
In addition to idemtifyimg u lurge-scale regional pattern of
climate change, we showed that there are sub-regions with
remarkably hagh chmate exposure. The hotspot stnbu-
tion n Jower elevations suggests that Carpathisn ecosys-
wems i water-linited  environment may be particularly
exposed 10 climute change.

Keywords  Climate exposure - Cenwal and south-castern
Europe - Clumate change adaptation - Drought -
Biodivenity

Introduction

The Carpathion Moumtuins foem the largest European
mountain range and pass through Austria, Crech Repoilic,
Slovakia, Poland, Hungary, Ukraine, Romania, and Serbia
(Ruffimi et al. 20060, Adpcent populated arcas are func-
tionally linked to the mountains and rely on & wide range ol
ecosystem services (Gurung et al. 2004; Grét-Regamey

D Speinger
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et al, 2012), Countries with transitional economies cover a
substantial pert of the Carpathins, plostation of

(Hawkins md Sugton 201 1), which might provide a useful
to change impact studi

malural resources amd other ndicasors of unsustainable
manggement e evident across the region (Schulze 2002,
Knoen o al 2012). Such practices may couse some
coosystems and human communities 10 be particularly
sensitive 10 climute chonge. Al the smme time, the socio-
economic capacity 10 adapt to snticipated threats is inad-
equate because of the relatively low performance of
regional economies and the generally low level ol public
awareness regarding the need o sdapt 10 climate change
(Grothmann and Patt 2005, Fischer el al. 2005; Hiisny
et al 2014),

Recent observations indicate changes in the longlerm
gquasi-equilibrium ol diverse physical and biological sys-
tems in the Carpathians (Gurung et al. 2009, Spinoni et al,
2015). The fregquency of extreme hydrotogical evems has
been increasing over the last decades and likely reflects
recet changes in the climate (Easterling et al. 2000;
Gurung et al. 2008), The Carpathinns foce accelerated
vegetation dynamics with polentially adverse effects on
biodiversity (Mihai et al. 2007; Martazinova et al. 2011
Soldr and Janiga 20131 mcluding the vadesired influx of
alien spectes (Simpson and Prots 2013). Recent observa-
tions indicate & substantial increase in the rate of forest
disturbances including windthrows, forest fires, und pest
owtbreaks (Hlasny and Sitkova 2010; Temperli et al. 2071 3)
that adversely affect the provision of numerous ecosystem
goods und services. Soch disturhunces nlso st as positive
feedback to climate change through episodic releases of
large amounts of carbon (¢.g. Kurz et al. 2008; Seidl et ol,
20043

Information on the spatial variahility of anticipated
changes in climate is requested for vulnerability axsess-
ment and spatially | planning (Baettig
etal 2007; de Shctmnln 2. ‘“lc identification of cli-
mate change hot-spots based on the mtegration of diverse
climate projections and other data has been increasingly
used to assess the patteens amd mugnitude of climate
exposure or vulnermbility of various regions (e.g. Giorgi
2006; Baettig et al, 2007; Diffenhaugh et al, 2008; Ercksen
et al, 2011; Diffenbaugh and Gioegi 2012; Piontek et ol,
2004). The increasing resolution of climate modelling
owput, which can currently describe small-scale atmo-
spheric p al regionally i ch aro-
graphic patterns (Furda et al. :mm. hus resulted in the
imatiation of o ber of regional studies, including specili
research on regeonal climate chunge hot-spots (e.g. Mldg-
ley et al. 201 1; Hagenlocher et al. 2014). Recent research
has ako provided comprehensive evaloation of climate
models performance (Flato et al. 2013) as well us options
for nurowing the unceruinty of climate projections

2 Springer

ln this stdy, we provide new mformation ca the mag-
nitude, spatind wends, and vagability of projected climate
change in the Carpathians. So far, such mformation has
been available mostly at u scale of countries extending into
the Carpathions (e.g. Pongrice et al, 2011, 2013; Bartholy
et al, 20035 Micu a al 2015), omermg only i pm ol' llE
region, or asing a | | of ¢
(Belda et al. 2015), Moreover, no hot-spot mn!yscs have
been conducied i the region. We adopt the methodology
for globul hotspot identification that evalusies trajectories
of change in & multidimensional climate space. We focus
on chimate exposure hot-spots (Giargs 2006, Diffenbaugh
and Giorgi 2012: Gu et al. 2004; Torres and Muarengo
2004) rather than complex vulnersbility hot-spots (Barnett
et al, 2000; Piontek et af, 2014) or specific hot-spots related
to human population migration (Samson et al. 2001} or
other phenomenn. We strive to identify the main land-use
types and ecosystems of the Carpathians that are likely w
experience high cllmlte exposure in the future o encour
age scieatists and pr Is 10 ale on these
land-use types and ea-ywsm in climate change valners-
bility assessment and adaptation planning. At the same
time., we identify percentages of the human population in
the Carpathians residing in climatically highly exposed
regions; these human communities are likely to be directly
alfected by the declining provisioning of ecosystems goods
and seevices as well as by the increasingly unfavourable
climate. The imponance of this research is underscored by
numerous Evropean or regional initiatives addressing the
Campathion region, including ¢limate change volershility
assessents, biodiversity and climate mapping, and adap-
tation (Tumock 2002 Gurung et al. 2009; Spinoni et al.
2015; Carpathian EcoRegion Initiative: Ciarpathian Con-
vention: WWF Danube-Carpathian Programume, eic.).

Data and methods

Study reglon

This study used the Campathian border designated by the
Carputhian EcoRegion Initiative (CERL huip//fwww cor
pates.org/) and the Carpathians Environment Outlook
(KEO 2007) (Supplementary matenal A, Fig, Al). The
region, which has an arew of 229,966 km’, contains the
main Carpathion mountain range and adjacent foothills and
lowkinds: hence, the region includes @ broad range of
ecosystems and land uses. The cumemt climate of the
Carpathinns (1961-1990), which was evaluated according
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to geomorphologic sub-provinces (Kondracki  1959), is
described in Supplementary material A

Climate data

Pust climate datu (1961-1990) used in this study we based on
the daily data provided by the E-OBS ditobase (Huylock et al.
I008) combined with the monthly CRU TS 12 (Mitchedl
el al. 2004) grdded duta set, The future climate (2021-2050
and 2071-2100) was investipated hased on 10 ROM-GCM
(regionad climase model-general circulation maodel) combi-
nations provided by the ENSEMBLES FP6 project (van der
Linden and Mitchell 2009), The models used were sekected

value of change in variable v over the entire study area
hetween the two periods,

We recaleulisted ACC to represent o percentage of the
maximum permissible change, which is defined us the
square ool of the number of varinbles used for hot-spot
entification (n):

ACC
ACCy = -—‘/T » 100

The identification of hot-spot positions is hampered by a
lnrge-scale north-west 1o south-cast trend in the climate
exposure of the Carpathians that causes the highest vilues
of ACCy to occur in the south of the region. Hence, highly

froms the 32 models available in the ENSEMBLES datalx
based on the following critenia (1) sputial resobution of
25 5 25 km and (2) continuous coverage from 1951-2100
(for additional detals. see Dobor et al. 2015), All climase
projections were driven by the A1B greenhoase gas emission
scenano (Nakicenovic md Swan 2000)

Because the direct use of RCM data is limited by sys-
tematic ervars in the simulated variables (Chnstensen el al,
2008, Dosio and Paruolo 2011), data wed in this study
were bins-corrected following Dobor et al. (2015).

Given its regional scale, the current sindy requires high-
resolution climate maps capturing the regional orographic
pattern in the Carpathians. To produce such maps. we used
kniging with external drift, a spatial interpolation method
that was previousdy found suitable for the interpolution of
climase data (Hudson and Wackemagel 1994), We used
digital elevation mode! with spatial resolution of 230 m
CJarvis et al, 2008) us a supportive vanable correluted with
all ¢limate variobles used in the current study. The ¢limae
maps wene produced with the geossatistical software 1SA-
TIS (Geovariunces, France),

Identification of climate change hot-spots

We modified the method proposed by Diffenbaugh and
Giorgi {2012}, which uses the standard Euclidean distance
(SED) o quantify the aggregate climate change (ACC)in o
multidimensional climate space between the present and
future peciods (Williams et al. 2007), The ACC is given as:

\ (..i.s“’“)

ACC »

where
SED, = (A, /mu[A, |

A, is the value of chunge in climate vanable vt each gnd
point in the stsdy area between two periods (19611990
and 207 1-2100 in this stody), and meev|A,| 15 8 maximum

exposed  locan with sub-regional imponance (e.g.
Western Caspathians) would net be identified, Therefore.
we extracted o spatial trend from the ACCy, surface and
ientified the hot-spots in positions where the residual
ACCy, (R-ACCS) is above the 95 % quantile. Because the
magnitade of the R-ACC, in hol-spots is more or less
equul scross the Carpathians. we used the onginal ACC,
values (e those containing trend) to evaluate hot-spot
magnitude. The trend-containing data were also used o
evaluate the refative contribution of the underlying climate
variables to the ACCy for all hot-spots. Therefore, while
hot-spot positions have sub-regionul  impartmce,  their
mugnitude allows their comparison ot a pan-Cirpathian
scale.

The vanables wsed 10 calealate ACCy are precipilation
totals during the prowing scason (April to Seplember)
(PTGS), growing season length (GSL), consecutive num-
ber of dry days (CDD), number of days with maximum air
temperature exceeding 30 °C (130), and the Elkenberg
climate quotient {EQ) (for the justification of this selection.
see Supphomentary matecial B).

We calculated ACCy and R-ACCs for all 10 RCMs
(Supplementary material G); R-ACCo based on the aver-
age climate projection was used for hot-spot identification.
The uncertainty in hot-spot positions associited with inter-
chimate model dfferences was evaloated using the map of
coellicient of variation (CV, mtio of standard deviation 1
mean climate progection in per cent), The CV was calew-
luted for both ACCy and R-ACC,,

Land-cover types, ecosystems, and population data

We usex] the Corine Land Cover da set (EEA 2006; CLC)
to identify dominant land-cover categories in chmatically
highly exposed areas in the Carpathians (ie. those areas
with R-ACCq > 70 % quantile, Supplementary muterial
H). Because the data set was mot avaslable for Ukraine, we
classified the Landsut satellite imagery and derived o map
consistent with the CLC (Supplementary material D).

Qs.
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Forest tree species composition wiis taken from the results
of statistical mapping of forest tree species in Europe (Brus
et al. 2011) and from the Forest Managesment Plans of
Slovakia (National Forest Centre, internal data), The nat-
ural vegetation of the Carpathians was evaluated based on &
mup developed by Bohn et al. (2004), The indicative
information on non-forest vegetation was faken from sev-
el datn sources such us the Carpathinn Biodiversity
Information System (CBIS, Carpathion EcoRegion Initia-
tive) or Carpathion Integrated Biodiversity System (CCI-
BIS, WWF Danube-Carpathian Programme). The map of
nuture conservation aress i the Carpathians was produced
based on a combination of national environmental data-
bases and the maps of the Carpathian Network of Protected
Areas  (hup/iwww.easputhianparks.org) and NATURA
2000 sites.

The population demsity grid of the European Union
(Gallego 2010) was used to estimate the percentage of the
human popalation living in highly exposed arcas. Because
this duta set did not include Serbia and Ukraine, rougher
data based on the local adminstrutive unats (LAU 1) were
used instead (Ruffini et al. 2006).

Results
Spatial pattern of climate change

We peesemt here future climate exposure of 14 geomor-
phologic units in the Carpathions based on 10 climate
models for pedods 2021-2050 und 207 1-2100, compared
to the period 19611990, The multi-mode] mean projection
indicated an morease in the mean annual air temperature of
32-38°C by the end of the century in the Carputhians,
although some locations show an in ol up 1o 5.1 °C
(detalls are given in the Supplementary material E).

While T30 in the Western and Eastern Carpathians was
projected to increase by  18-30 days in the period
2071-2100, the projected increase in the Transylvanian
Plateau, Serbian, and Western Romanian Carpothions was
3148 days, The maximum change in T30, which was
projected by HadRM3Q0-HadCM30Q0, was an increase of
65 days.

In the Western Carpathians, mast models showed that
PTGS in 2021-2050 would be more or less equal 1o PTGS
mn the reference period, but that PTGS would decrease by
up 1o 10 % in 207 1-2100. A mean decrease in precipitation
of 15-27 % was projected for the rest of the Carpathians;
however, the inter-model variability was high and ranged
in the Serbian Carpathians, for example, from -7 to
~47 %.

The pattern of change in CDD was mostly unclear, but
an increase from the north-west 10 the south-east was

2 Springer

apparent. While CDD was projected to decrease by about
4 days (from 17 10 13) in the Outer Western Curpathians,
CDD was peojected to increase from 18 10 21 days in the
Serbian Carpathians. The pattern of change was unclear Toe
the rest of the region. and inter-model variability was high.

EQ values in the reference period ranged from 10 1o 85
Muost of the Carpathians had values up to 30, but a small
wred in the Transylvanion Plateau had extreme values.
Future projections indicated that the climate will become
drier from the Western Carpathians (by 5 unils) towards
the Eastern and Serbian Carpathions (by 13 umts). Locally.
an increase in BQ valves of up o 27 units occurred by the
end of the century,

GSL was projected 1o increase ucross the Carpathiang
relatively uniformly by 10-20 days in 20212050 and by
30-40 days in 2071-2100; the inter-model variability,
however, was high

Climate change hot-spots

The magnitude of the original (i.e. not detrendest) ACCy
mereased from the north-west towands the south-east of the
Carpatluans. ACCs in the Outer Western Curpathians was
51 w0 53 % of the maximum permissidle change in the
Carpathians (all-model average ACCs in CZy and SK-
PLyw), while ACC.y in the Serbian Carpathian hot-spot
(RSye) was 76 % (Table 1), ACCy, values were high in the
main lowlands and intra-Caspathians valleys but Jower on
the main mountain crest. Inter-chmate model varkability of
ACCq, was pearly equal in most of the Carpathians (the CV
ranged from 8 10 13 %), exscept at RSy, where the CV was
17 % (Fig, 2a).

The extraction of i quadratic spatial rend from ACC,
generled normally distributed residuals suitshie for hot-
spot identification for all 10 climute models (Supplemen-
try material G, The chssification of the all-model aver-
age R-ACCy using the threshold of 95 % quantile
produced cight spots with remarkably high climate expo-
sure, and these were located mostly in the Carpathion
Towlands und foothills (Fig. 1), The CV was substantially
higher for R-ACCy than for the osiginal trend-containing
values (Fig. 2b); the 25 and 75 % quantiles of CV were 43
and 149 % for R-AACC,, and 9.4 and 13.6 % for ACC,.
Four hot-spots (SK-HU g, UA-Northys, UA-Southys, and
RO-Easty i) were in locutions where the CV of R-ACCy
had relatively low values (22-56 %), while the remaimning
hot-spots were in locations with high mier-model vari-
ability (110-124 %),

In the Western Carpathians, two hot-spots (CZy, and
SK-PLyg) of almest equol magnitude, Le. with ACC,
valves near 50 %, were identificd (Table 1), CZyy is
locuted in the lowland of Moravia (Czech Republic), while
SK-PLjs is adjacent to the mountain range of High Tatras
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Mt at the Stovak-Polish border. Al both bot-spots, GSL
had the main effect on the ACCy, Le. 395 in CZy and
48 % in SK-PLyg (Table 1). At SK-PLy, also CDD had
substuntial effect on ACCy (34 %) The CV of R-ACCy, in
both hoi-spots was relatively high (110 and 124 %,
respectively), suggesting uncertainty in these  hot-spot
positions,

The third hot-spot in the Western Carpathians (SK-
HUgg) i in the Pannonian Lowlond at the border of Sko-
p vakia and Humgary. Its magnitude of 59 % was mainly
affected by GSL (33 %), T30 (26 %), and CDD (20 %)
(Table 1) CV of R-ACCs of 56 % Indicates relatively
high agreement of climate models used.

Two het-spots adjacent to the runge of Carpathians are
3 s Ukraine and reach 60 % (UA-Northy, ) and S8 % (UA-
South ) of the maximum permissible change. Among the
eight hot-spots identified in this study, CDD had the largest
influence at UA-Northy, (42 %), followed by GSL (37 %).
For UA-Southy. the magnitude of ACCy, reflected the
combined influence of GSL (33 %) T30 (26 %), PTGS
(19 %), und EQ (15 %), The CV of R-ACC, was rela-
tively small in both hotspots (31 and 53 %, respectively).

Two hot-spots were wlentified in Romama: one in the
Transylvanian Plateau (Truns;e) with a magnitude of 38 %
and one in the Outer Eastern Carpathians (RO-Eastys) with
a magnitude of 72 %, Transys reflected the combined
infloence of GSL (27 %), T30 (25 %), CDD (24 %), and
PTGS (15 %), RO-Eastys wus influenced by EQ (27 %),
T30 (25 %), PTGS (21 %), wxd GSL (17 %), The muin
difference between the Romanian bot-spots was that while
Transgyy was significamtly uffected by CDD (24 %), this
varisble had little effect in RO-Eastyzg. Although the CV of
R-ACCy, was small in RO-Easty (22%), the CV in
Transgy was high {109 %), suggesting uncertainty in the
sdentification ol the lstter hot-spot.

The Serbian Carpathizn hot-spot (RSys) had the highest
ACCe (76 %) and wus affected by T30 (30 %),
EQ (25 %). and PTGS (18 %), followed by GSL (15 %)
and CDD (12 %). CV of R-ACCy was large (108 %),
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Land cover, ecosystems, and population distribution

The arcas with high climate exposure, which are those with
the R-ACCy > 70 % (Supplementary material H), arc
mastly covered by broadleaved Forests (39 %), agriculture
land (30 %) and p und Hasds (15 %) (Suppl
mentary material 1),

The exposed forests contam diverse species of cak
(Quercus spp.). European beech (Fagus sylvarica L), pines
(Pinus spp.), amd hombeam (Carpinay betilus L), plus
other less important species, The natuml vegetation in
exposed regions s dominated by pre-Carpathinn beech
foresas, Carpathinn fir-beech and sproce-fir-beech forests,

ACC,

i+ s
+4)
=5)
+7)
N
ER0]
=7

T2 4T

Table 1 Magnatede and inter-mmadel vanability of the aggregnte climate chamge in hot-spots. magnitude and inter-model vansbifity of change in undedying climale vanables in hotspoes ind

relative contribution of live wedertying cliomte varmbles i hot-apot magratide
guotent. GSL grwwing season length, PTGS precipitaton sotal denng growing season: 730 mamber of days with

ACC, aggreyme clime change in ferms of the p
kel rasge of ACC,, In hot-spot posk
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— RO Sl
e ntae Bordey

Fig. | Aggrepate chimate change in the Carpathsans and climate change hotspots (indicated by mwmbery ) identified ased on mubi-model meas

projection. Hot-spot codes are explained in Tahke |

Fig, 2 Cocfficent of varigion of he igzrepe climate change
() moad of she reedual aggregate climse change (B). The coefficient
indscates the degmee of uncertanty reled 10 differeaces in the 10

Pannonian-pre-Carpathian sessile osk-batter onk forests,
and Pannonian-pre-Carpathian hurdwood alluvial forests
(Bohn et al. 2004). Some vegetation types of the
Carpathions  occur exclusively in the exposed regions
(Supplementary material J).

The expased regions comprise a variety of primary and
secondary thermo- and  xerophilows communities of the
class Festuco-Bromerea Br-BI. ¢t Tixen ex Soo 1947, and
commumnsties of the secondary mesic and wet meadows and
pastures on nutrient-rich soils of the class Molinio-Ar-
rhenatheretca Taxen 1937, The weadow  vegetation

Q:. "

glimate models used for the analysis. Also isdcated are the positsams
of eight climate change hot-spuss idenrified based om the mean clinste
progection

contams mainly the mesic meadows of lower altitudes
(allance Arrhematherion elanioris Luguet 1926) and man-
ured psstures of lower althodes (alliance Cynoswrion
crismr Tikbven 147 nom. cons. propos.) (Janifovi et al.
2007y, Most of the grasslands have been traditionally
grazed, but some types in moee productive hobitags have
also been mown (Chytry 2007),
OFf the total aren of nature conservilion areas (Le
| parks. p | landscape areas, amd mature
reserves) in the Carpathions, 23 % is distributed in the
exposed regions (Supplementary materinl K). Parts of the
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most important Carpathinn nature conservation areis, such
as the Biikkl National Park :nd the Duna-lpoly National
Pask in Hungary, and the Djerdap Natonul Park on the
boeder of Romania and Serbia, lie i the exposed regions.
Twenty-three percentage of the NATURA 2000 sites (un-
der both bird and habitat directive) is in the exposed
regions as well, with the highest share in the Outer Eastern
Curpathians North (47 & of NATURA sites in the geo-
marphologic enit),

Approximately 36 % of the totd human population in
the Carpathians live in the exposed regions {Supplementasy
material K).

Discussion

In this study, we have explored bow climate n the
Carpathians is likely to develop in the future and whether
the spatial pattern of “aggregate climate change” includes
regions that are particularly exposed o climate change and
should be chiefly considered in complex vulnerability
assessment and adaptation planning. This stdy adds 10 the
recent 1 h eflorts add 1g the regional patterms of
climate exposure or of complex vulnerability (e.g. Midgley
etal. 2011: Gu et al. 2014; Hagenlocher et al. 2014}, which
are meant to support the targeted allocation of resources for
climate change adaptation. Indeed, the drawbocks and
deficiencies in these assessiments, which concem both the
analytical aspects of hot-spot identificution (Freudenbery
2003; Diffenbaogh and Giorgi 2012) and the wvse of hot-
spats in decision- and policy-making (Bamett et nl, 200%;
de Sherbinin 2014), hove been repeated |y stressed.

Methodological mspects

The application of giobal hot-spot mapping methodology
based on the stodies of Giorgi (2006), Williams et ol
(2007), and Diffenbaugh and Giorgi (2012) ot a regional
scale raises several questions conceming the proper inter-
pretation of the regional bot-spot patterns. That the maxi-
mum change in the underlying chimate vanables used for
the ACCy calculation was slentified in the Carpathians
rather than on the global scale obviously indicates that the
identified hot-spot patterns are sanictly specific o the Car-
pathinn region. For this reason, for example national
assessments should avoid interpreting the nd:nulial hot-
spots as hot-spots of national | e the
maximum change parumeters wuhm the Cnrpalhlnn temi-
tory also suggests that values of ACC,y, higher than those in
the hot-spots (e above 10X %) may be distributed in areas
surounding the investigated region o elsewhere: for
example, ACCy values above 100 & oceur south of the
Curpathians m Hongary and Romania, suggesting that

these wreas are likely to experience higher climate exposure
thun the Carpathiuns themselves.

The use of spasally detrended ACC, for hot-spot
wentification represents 2 substantial modification of the
original procedure. Such a modification was necessary to
be applied 10 cope with the presence of the north-west o
south-cast gradient in the projected climate exposure that
wirs present in all climute varables used for ACCy cal-
culation, und consequently, in the ACCy uself. Tread
extraction [rom the origmal ACCy valves allowed us to
identify the hot-spots by setting 3 unigue threshold in the
R-ACCq (Le. the 95 % quuntile) for the entlre Carpathians
and prevented hot-spoe accumalation in the south of the
Carpathians, as would be the cuse with the onginal trend-
contaming ACC. The latter pattern woald peovide mfor-
mation of guestionable value for most of the region, It
folkows that botspots identified using the R-ACC,; should
be thought of as having sub-regional rather that pun-Cor-
pathian relevance; however, such n sub-regional scale can
be moee pseful for regional vulnerability assessment and
adaptation planning, Regandless, we also preserved the
mformation oa the ACCy, magnitude in hot-spot pasitions
based on the orginal trend-containing dats, which can be
viluable for specific pan-Carpathian evaluations.

Unlike our study. most other studies have identified hot-
spots based on the visual evaluation of some type of the
aggregate climate change map o other indicator {e.g.
Giorgi 200¢; Buettig et ol 2007 Gu et ol 2014) For
example, Glorgi (2000) wrgues against the impontance of
setting o unigue threshold that would allow for hot-spot
Wentification. becawse hot-spot analysis primarily com-
pares regions with each other and does not provide an
absolute measwre of change. We agoe that an approsch
based on classification of a residual map, as was done in
the current stidy, & more dgorous than one based on visual
imvestigation and that the classification of a residual map
can be particularly useful when large-scule trends might
obscare regionally important hot-spot patterns. In most
cases, however, both approaches are likely o produce
similar results.

The selection of climate vanables used for ACCy, cal-
culation was based on expert decision and was justitied
based on the imp ¢ of the selected variables for
regional ecosystem dynamics {Supplementary maserial B).
For example, Diffenbaugh and Gioegi (2012) und Gu et al.
(2004 used seven climade varmbles for each of four sea-
sons, yielding n 28-dimensional climate space: Gioegl
(2006) and Torres and Mareego (2014) used four vanables
for two seasons 1o caleolate a Regional Climate Change
Index (RCCIy and Bacttig et ol (2007) used nine combi-
nations of climate clements and seasons 1o calewlate a
Climate Change Index (CCT). We argue that such analyses
were likely 10 be affected by an inter-vanable correlation

Qs.
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(for example, when the same vanable is cvaluated for

aggregate change (in terms of the trend-containing ACC.)

severnl seasons), which could result in the ov bmation
of the effects of some varishles. Therefore, we suggest that
some degree of control of knter-varlable correlution, as
performed in the curvent stdy, shoald be applicd.

The inter-model mnge of the underlying climate vari-
ables was high (Supplementary material F), even though
the used models were driven by only a singh emission
soenario, melanafaclmmth:quoamwwheﬂm
the used ble of chi pr an ade-
quate portion of the uncentainly in future climate devel-
opment. In this regand, Hawkins and Sumon (2011)
suggested that uacemmy in pmcupmmn related 10 the
diff n scenarios is relatively small by the
end of the twenty-lirst century in Ei whike
In precipitation related (o the difference in climate modds
driven by the same radiative forcing is substantial. How-
cver, this is not the case for temperuture. On this hasis, we
argue that the ensemble of climate change scenarios used in
our stody contained i substantinl part of the uncertainty

fnted W future chi develop although temy
ture-related  uncertainly  was  probably  underestimated.
M er. o quality lled and buas-corrected climate
data set driven by an emission scenirio other than that used
in the current study (Dobor et al. 2015) s not currently
available for the region.

As our investigation used present-day datn on ecosys-
tems, tand use, nature conservation, and buman population
distribution, one may question whether it s appropriate to
evaluste fature climate exposure for these present-day
systems. Moreover, numerous studies have provided sce-
nanes on how ecosystems, lund use, and human population
distributions are likely 0 develop in the future (eg.
Rounsevell et al. 2006), and these kinds of imformation
could ulso be used in the mvestigated region. We argue,
however, thal the concurrent use of a number of scenario-
based modelling outputs (Le. outputs for climate, ccosys-
tems, and human populations) would likely gencrate
uncertain information with limited applicability. Therefore,
we opled to assume o baseline soenario, which can inform
vulnerahility nssessment stixlies aboat the type of climate
exposure of ccosystems and other features provided no
changes in their distribation occur. In fact, sensitivity and
aduptive copacity variables used in vulnerability studies
often represent current rathes that future state, which needs
1o be considered m the interpretation of such studies
(Preston et al. 20112 de Sherbinin 2014).

Ecological and envirommental inferences
The entified hot-spots are mainly located in Jowland and

foothill arcas adjocent o the main mountain range of the
Curpathinns, At the same time, the magnitade of the

2 Springer

increased wwards the south; the magniuxde of ACC, was
ca. 25 % higher for the Romaman-Serbian hot-spot (RSy)
thun foe the CZys and Plyg locuted in the Western
Carpathians (76 vs. 51-53 % of the maximum permissible
change), Such findings indicate that the arcas that are most
Tikely 10 experience excessive climate exposure are those
that currently contiin semi-ark] ecosy siems (forest steppe or
open wondland), which act ux rmportant barriens 1o land-
scape andification (Sun and Liy 2013), the climaje-sensative
lower distabutional limit of closed lorests (Miityds 20102
Miityds and Sun 2014), as well as commercially and eco-
Jogically valuable broadleaved forests in the foothills of the
mam mountain crest. Interestingly, Mityis (2010) suggested
that the climste vulnerability of such ecosystems has been
lurgely unexplored until very recently as compared with, for
example. mountain ccosysiems.

Stagl et al. (2015) suggested that information on climute
exposure might be eritical for climase-infuenced docision-
maoking in protected areas. That 23 % of the Carpathians’
mmn conservalion areas lie in climatically exposed
about the effects of climate
clmgc on lhc regional biodiversity (Tumock 2002). Such
effects are generally expected to be adverse (Thuilker et al.
2005, 2007; Bellard et al. 2012), what is parmticelarly rel-
evant for Carpathinns, which represent n unique reservoir
of many endemic plant and animal species of the European
importance (Grodzinska et al. 2004; Kvemmerfe et al.
2000y, Differences in climuate sensitivity among the main
ecosystem types in the Carpathians may result in dif¥er-
ences in the responses of biodiversity 1o climate change.
For example, climate change might mduce  habitat
destruction in Carpathian forests that are locasted near their
aeric distributional Tanit and that have high climate sen-
sitivity (Lakatos and Molndr 2009; Mdtyis ef al. 2010,
Hidsny et al. 2014). On the other hand, Carpathian grass-
lunds, 24 % of which are distribused in the highly exposed
areas, can be resilient o drooght in the face of climate
change and can help muintain ecosystem functioning even
under increasing climate exposore (Crune et al. 2012),

Our assessment showed that the Carpathians inclle
extensive, mostly mountamous areas with lower ACCy
vitlues thas the rest of the regson. This finding might seem
surprising because some stixlies hove suggested that the
warming rate is grester at mountang than at lower eleva-
tons (e.g, Pepin et al, 2015), The evidence for this dif-
ference in warming mte hus been questioned, however,
based on methodoogical und other concerns (e.g. Rang-
wala and Miller 2012). Morcover, the aggregate climate
exposure evaluated in this study was based on some cli-
mate variables that show geographic and topographic pat-
tems different from that of the air temperature; hence, the
specific patiern of ACCq was found in our research,
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The sdentified high climate exposure of Carpathian
lowlands and foothills should not be misinterpeeted 0
mean that the moantain areas have a bow vulnerability to
climate change. The vulnerability of moumain ecosystenss
1o climate change is generally high (Brner et al. 2013),
muinly because of the high climate sensitivity of these
ccosy stems resulting from, for example, the limited options
for species 1o migrate (Jump et al. 2009), Our research,
however, indicates thut lowland und foothill Campathian
ccosystems are likely 1o expenence substantial climate
exposure. That the climate sensitivity of these ecosystems
has not been well studied (Mdétyis 2010) might generae
concerns about our capacity to understand region’s vul-
nerabilities and W take appropaute actions. Therefore, we
suggest that [uture research should focus on the climate-
reluted vegetution dynamics in climatically exposed sem-
and regions, which represent large areas in the Carpathian
region. and such rescarch might be crtical foe effective
aduptation,

Finally, we determinedt thut 36 % of the haman popu-
lation of the Campathians resides m the exposexd regions,
finding that highlights the importance of potential declines
m ecosyslem sevvices soch us air and water quality main-
tenance, or climate regulation (Patz et al. 2005; McMicheal
et al. 2006) as well a5 of a direct effect of increasingly
unfavourabde climate on humans.

Socio-cconomic and management perspectives

Five of the cight hot-spots identified in this study are dis-
tributed in the Ukraininn, Romanian, and Serbian part of
the Carputhians, where sociol end economie indicators are
much lower than in the Western Curpathion countries
(Czech Republic, Slovakia, Polund, and Hungary); more-
over, the magnitude of ACC% was as much as 25 % higher
in the former than in the latter region. The gross domestic
product per capit in the period 20092011 in the Ukraine,
Romanii, and Serbiz was only 358 % of that in the
Western Carpathian countries (hitp:/data worldbank.org),
which indicates n much lower adaptive capacity in the
Ukraine, Romania, and Serbia, The low aduptive capacity
of countries with transitional economies along with the
high climate exposure of the south-eastern region of the
Carpathians underscores the urgent need for increasing our
understunding of this region's vulnerability und  for
¢ rl ' - i ror 'L'l'h..

Although identification of climatically exposed regions
and vulnerable social, physical, or biotogica systems belps
set priorities foe rescarch and resource management, there
is little evidence that hot-spot maps developed for vanous
regions and sectors have influenced investment, research,
or adaptation (de Sherbinin 2014). Despite the promotion
of knowledge-based und data-driven decivion-making (e.g.

Vicik ef al. 2013; Manuiik and Kafpar 2015), there are
{actors in the region thut himper the use of vulnershility
assessments in resource management. For example, none of
the Carpathian countries has effective legislation regarding
climate change adaptation, except for non-binding strate-
gies (Merganiovi et al. 2013), and this lack of legislation
significantly reduces the tmnsfer of knowledge gained from
research 10 decision-making. The international scope of our
study and of the identiied hot-spots makes the transfer of
knowledge even more difficult, In this regasd, de Sherbimin
(2014) suggested that national decision-makers often tend
o distrust regional or international assessments becalse
such decision-makers lnck confidence in data not obtained
under the supervision of national agencies. Indeed, there
are reasons Lo question the quality of globel or regional
data. including those wvsed in the curremt study (eg
Trombik and Hlasny 2013), as well as relevance of infer-
ences based on such data for decision-making ot the
natiomal level. Saill, rescarchers have repeatedly empha-
sized that natural resource management and conservation
should be coordinuted a1 a scale of bioregions (Turmock
2002; Chester 2006). Obviously. management o o regional
scale (across the Carpathians, foe example) will reguire
global or regional assessment such as that presented in tye
current study.

Conclusions

Our stdy confirmed that the investigation of spatial vari-
uhility of climate projections can help identify sub-regions
thot are particulurly exposed (0 climate change. Using a
novel methodology proposed in this study, we found oot
that, in addition to a lurge-scale nocth-tosouth trend of
climate warming and drying m the Carpathins, there ane
sub-regions with remarkably high climate exposure. Such
highly exposed sub-reglons were distributed mainly in the
Jowland to foothill areas. which suggests that Carpathian
ecosystems located in water-limited environment can be
particularly exposed 1o climate change. Hence, under-
standing drought effects and improving  water-friendly
landscape management may be central to adapling to cli-
mate change in extenssve parts of the Carpathizn regron.
These facts can help (o set future research priorities and
decide  wpon  adaptation  actions,  Unfortunately, the
dynamics of semi-and ecosystems and their responses o
climate change in the stndy region are insuflicently
understood to enable effective adaptation,
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SUPPLEMENTARY MATERIAL A Geomorphologic umts of the Carpathians

Table Al Characteristics of geomarphologic tmits in the Carpathians

Aren Percentage of the area represented by
Grenmorpbolozic it TG ¥Flmm)
Oan) ench cotenry
Southen Capathizs o0l 67 T RO 100
Western Romanian Crepathass 212568 a8 6% RO 100
Sexbisn Copahiam 0,67 27 647 Serh) 100
Trmneylvimun Platems 20.664 84 RS RO 100
Tiser Eastern Conpathii e 27.9mM 69 ol ROTT.UAZLSK2
Outer Eastern Carpathises Nosth* 3591 a9 8% UA 60, PL 29 SK 11
Outer Eastern Carpithises South* 23548 T bh RO 100
Tneser Westen Carpathimns 36561 7 683 SK 68 HU 32
Outer Westan Carpathisns 24659 71 ™ PL A8 CZ 30, SK 30, AU 3
Abbrevintions: CZ - Crech Repoblic; SK - Slovaku, PL - Foland, HU - Fregary; UA - Uraipe: RO - Ronsamin, RS - Serbm, T
(") -~ wverage aoennl aie teny drinng the period 1961-1990; 7 (run) — avernge anmial precipitation totals during the penod

19611990
* Outer Eastern Caepathians ware divided into two pats (Outer Eastern Carpathams North mod Ovter Eastern Capathises South) by
the Ukraine-Romanian border becase several climate elements were ntenssvedy changing between these two sub-regions.

Fig. Al State boundaries and gecenorphologic unigs of the Carpathians used as a spatial frnme for the assessment
of climate exposure

Codes. TZ ~ Crech Repiblic. SK - Stovaki, PL - Podand, HU - Hungsey . UA ~ Ukraine RO ~ Roamnm. RS - Sabi, AT -
Austrin, 81— Slovesss. HR ~ Croatia, BA — Bosia and Heroepovine. BO - Bulgaris
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SUPPLEMENTARY MATERIAL B Defimtion of vanables used for identificaton of
climate change hot-spots and justification of their selection

The varisbles used to identify climate change bot-spots were selected from a bronder set of vanables based on
two crferia the relevance of & grven vanable as o driver of regional ecosystan dynamics. and inter-vanable
carrelation < 0.8 of the Pearson's R (Table B1). The latter ariterson was used to avoud redundasnicy m the data In
addition to considering the correlation of varuble vakies, we also considered the comrelation of differences m
varmble values between the fiutiwe and reference clamate becanse these differences were used to caloulate
aggregate climate change (Table B2)

< Precipitation total during growing season (April-September) (PTGS) i= generally recogmized as 2
key actor affecting the vigour, productivity, md distribution of vegetation includmy agricultiure crops
(Frank 2007, Al-Kas et al 2013) At the smme time, PTGS iz broadly used as o predictor vanable nn
species distnbition mapping and in other predictive modellimng (e g, Garzon « al 2007).

«  Consecutive dry days (CDD) describes the average duration of rainless penods durmg the mvestigated
30yenr periods (1961-1990 and 1971-2100) Dry days were defined as those with < 3 mm of
precipitation because, given mierception and evaporation losses, 3 mm of precipitation is unlikely to
affect the physiologscal performance of vegetaion (van de Salm et al. 2007);, mdeed differences
between vegetation types and environments exist.

- Number of days with maximum alr temperature exceeding 30°C (130) 15 used ns an mdicator of
extreme mr temperatures. High lemperatures are likely to reduce the physiologicn] performance of
diverse vegetation groups and can even increase mortality rates (eg, Allen 2000, Bréda et al 2006
Kipp « al 2008, Hlasiy e al 2014), The combined effects of drought and high tanperatre we
capecially damaging (Rouaunlt ot al 2006, Matyas et al. 2010).

- Ellenberg climate quotient (EQ) is defined as the ratio of mean air temperntire of the winmest month
(MTWM) and the snual precipitation sum (AP): EQ = MTWM / AP « 1000, The quetsest i3
powerful predictor of the vigour and distribution of some forest wee species i Euwrepe (Jensen et al
2(04: Fang mnd Lechovitz 2006; Caicz 2011).

- Growing seasan length (GSL) i= defined s the number of days pa year wilh daily mean air
temperatire above 5°C. In the calculation of GSL, the growing season begins in spring with the first
cantimtous sequence of 6 days above 5°C amud ends in autismn with the first continuous sequence of 6
days below $°C. GSL mereases i response to climate change and can increase plant growth and
productivaty, manly af higher elevations and Iatitudes, where GSL can be hmiting factor (Grace o al.
2002, Reyes-Fox et al 2014),

According to the mter-viriable corvelation matrix for the ongmal varisbles (1 e.. not for differences between the
two periods), the correlatson coeflicients between GSL and T30 and between PTGS and EQ weare 0.8, for the
remmining variables, the coefficients ranged from -0.69 1o 0 78 (Table B1)

The correlatica of dfferences between the penods 2071-2100 and 1961-1990 can be thouglt of 23 a relevant
mdicator of redimdancy in the dals becatse the differences (or the percentage change m the case of PTGS) were
used to cakulate the aggregste climate change. Based on these differences, the correlation between EQ mud
PTGS, between T30 snd PTGS, and between T30 and EQ renched or nearly reached the arbitranly set threshold
of 0.8 (Table B2). The corelation coefficients for the remainang pairs ranged from -0 31 to -0.79 Thes usdicates
that the selected vanables were not so strongly correlated to justify their exclusion from the analysis
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Table BI Matrix of Pearson correlation coelTicients for the ongmal climate variables (¢ e not the differences)
for the periods 2071-2100 and 19611990 that were used to identify climate change hot-spots

PIGS  OD  EQ T30  GSL
PGS 100 — — — =
oD 4% L, - - -
B 480 o0& (KU =
T a0 06l 0®  Lw
sl 053 03 -6l 063 100

Table B2 Matrx of Pearson camelation coefficients for the climate vartables for the periods 2071-2100 and
1961-1990 that were used to identify climote change hot-spots. Corelations of differences between the two

periods are mdicated

Fras (oD BQ Ts0 GelL
PGS 100 = — — —
cop a6 100 — - -
EQ a0 10 — -
Ti0 471 07 078 10 —
Gsl, A 64 073 039 0.5 100
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SUPPLEMENTARY MATERIAL C Tempemtue-precipitation chart used to charactenze
the 10 chmate models used i the current study based on climate data for the penod 2071-

2100
13
— Y 12 TN
’ S
— stdev 1,5x : A}
-~ stdov 2x S L A 4
12 el

Climate 1961-1890
T-75C
P—742 mm

E ". . ad N
. "- 7 / ”--,.‘.\ n.
\ e A : ® ) 1
A R b ':" l'
’4"\\ "= - R USSR N st L
10 : - : e s e -
\ 2 R e P SRR i
A HIRHAMS-ECHAMS & HadRM3CO-HRICMIO0 @ CLMHAdCMC0 I REMO-ECHAMS
U REGCMIECHAMS  # HIRHAMS-ARPEGE W RACMOZ2-ECHAMS @ All-modal maan
o ® RCA-ECHAMS W RCA-HAdCMIOT A ALADIN-ARPEGE = = = sslociad modeis
550 00 650 700 750 %0 850
Precipitation (mm)

Int thay diagram, the X-axae represents the precipitation tolals dinmg a growing sesson (IV-IX), md the Yoaxiy
represents mean anmunl o temperature. The temmperahiwe-precipitation space is divided by the all-model mean
values mto four quadrants, i which the individual modeks are distributes] Theee most contrasting models —
HIRHAM-ARPEGE (cold-dry model). HadRM3QC-HadCM3QO (hot-dry model), and RCA-ECHAMS
{temperature nentral-moist model) - are lnghlighted Respective aggregale climate chimge maps are presented in

the Supplementary matenal G
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SUPPLEMENTARY MATERIAL D Land cover of the Ukraman part of the Carpatluans
based on the suparvised classification of the Landsat satellite imagery

A supervised classification based cn the Maximum Likelihood Classifier was used to classiy the Landsat
satellite mmagery and to produce the map of the Ukrmnson land cover. thas map used categones sdentical to those
of the Corme Land Cover data set (CLC), Spectral signatives of classified laed cover categocies were derived
from the spectral reflectance data fram the Landzat mnagery within the CLC categaries m the regions adjacat to
Ukraine n Slovakia, Poland, and Romania, where CLC data are svnlable Moreover, o digital elevation model
(baged on EU-DEM and SRTM) was used to enhance the signatures by conssdering the altiadinal amangement
of land cover types Google Maps was used to define the boundanes of traming sites in greater detml The
Landsal TM scenes taken during the vegetaticn period in years 2007-2009 were used (granules 184026, 184.
027, 185-026, 185-027, 186-026. and 186-027),

- % .

Fig. D1 Map of the land cover m the Ukranim part of the Carpathuans based on the supervised classification of
the Lanclsiat satellite mnagery
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Table DI Susnmary information on land cover types m the Ukrsmman part of the Carpathians based on the
supervised classification of the Landsat satellife mmagery

o of total area in the
Land wse eategory and CLC code Area flan] Ukraindan part of the
Carpathism

1 Artificial sur faces £40.37 152
1.1 Usban fabeic 54037 5
1.2 Duscontmuous b fabiric 4037 5

2 Agricultural aveas 4137 % 1929
2.4 Arade faowt 3129972 15

2 L1 Noovirrigated arable buud 328972 1534

2 3 Fontewrex S 54 195
231 Pastines #1781 398

3 Foresty wonid vermd nstural areas 16, 73116 50,00
2 | Fovests s 6116
311 Brond-lenved forests 6,248 9% 203
312 Comferos foreas 297346 13186
413 Mixed forests LELLE o4 xi?

4.2 Servb qoniior Iwrds ' Lsxz 57
121 Naturnl wassludy 80612 178

4 22 Mears sad heathland 17.61 022

3 24 Trmmitioon] woodlmsd-strul 227146 1058

3.3 Open speaces with little or no vegetafon s azr
133 Sparscly vegetated aren 5771 0z

5 Water bodles aw e
5.1 Indroed weser R ale
S 11,812 Water comrses, Water bodies aw (AL
Total 2480108 100,00
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SUPPLEMENTARY MATERIAL E Projected change of chunate vanables used for hot-
spol identification with 1espect to geomorphologic wuts of the Carpathians

Numibers ca the X-axes denote Uree periods | — 1961-1990, 2 — 2021-2050, 3 — 2071-2100. The Y.axes
indicate changes in varisble values relfative to the reference pertod (1961-1990), the vakie for the reference
paied 15 indicated i each panel For precipitation totals dunng the srowing semon, the valses are the
pacentages of change.

Black circle - allmoded mens. Grey circles - 10 clinste models: Vatscal lnes - standard deviations.

Fig. E1 Projection of meamn annual air temperatire based oo 10 climate modeis
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Fig. E3 Projection of Ellenberg climmatic quotient based on 10 climate models
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Fig. ES Projection of precipitation totals durmg the growms season (Apeil-September) based on 10 chimale
models

10
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Fig. E6 Projection of the number of days with mmcumam daily air temperatine exceeding 30°C based on 10
climate models
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SUPPLEMENTARY MATERIAL F Values of maxumun change in chmate vanables that
underlie the calenlation of aggregate chimate change maps {equations are describad in the
paper)

Table F1 Maximaun changes in climate variables used to wentify climate change hot-spots aceoeding to the 10
chimate models

PTGS EQ Ti0 an @sL
Climate model

) (“C o) (No. of days) Na of days) No. of days)
Avernge of 10 RCMs -4 1] +5% 7 7
RCA-BCHAMS 28 2 ] +55 9 40
HadRMIQO-HACMIQ0 -38 3l =80 -8 +61
HIRHAMS-ARFEGE -4 3 -2 1 54
CLM-HadCM3Q0 -2 2 60 =S +53
REMO-ECHAMS -8 ¥ =4 -2 54
RACMOLECHAMS o 57 42 9 3
ALADIN-ARFEGE -38 19 66 -8 +37
RCA-HadCM3IQ0 28 +10 +56 8 54
HIRHAMS-ECHAMS -6 1 s L -8 +46
REGOMIECHAMS 42 "6 57 R a8

12

70



SUPPLEMENTARY MATERIAL G Aggregate chimate change maps based on 10 climate
mdels and climate change hot-spots

Fig. G1 Distribution of the residual aggregate climate change (ie agaregate climate change with extracted
spatinl trend) i the Carpathisns based on the 10 climate models used in this study Three contrastng climate
models identified wsing the temperature-precipitation dingram i the Supplementary materinl C are highlighted

{2.b.c). The displayed hot-spet posibions are desived from the mean climate projection
Codes of ¢himamte chmge hot-spots’ | — CZg 2-8K-Plas § -SK-HU, 4 - UA-Northus, 6~ Transus, 7 - RO-Eastin; 8 ~ RS0s

13
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SUPPLEMENTARY MATERIAL H Regions with the residual aggregate climate change
above 70 % of the regonal range

I high cimate exposure

— geomorphologic subprovinces
—— slate borders
— hot-spot

Fig. HI Regions with climate exposure sbove 70 % quantile of the rexidual sggregate climste change md
chimate change hol-spots

Codes of geomaphelogi wets: CWC - Outer Westem Capathisns. IWC - lnne Westen Carpthians, OECN - Owter Eastem
Crpathuans North: OFCS - Outer Eastem Carpathions South TEC - boner Eastern Carpathinns; TF - Traosy vanian Platean; WRC
Western R (& | SC - Southen Cwpathinae. Serb — Serbaan Carpathins

Codes of cimate change hot-spots: | - CZae 2 SK-Plys, § -SK-HUje, 4 - UA-Nothes. 6 - Tranins 7 - RO-Eastip, 8 - RS

The figure shows the residual aggregate climate change (ACC%) above the threshold of 70 % quantile Such a
threshold was used to identify the remons with high climate exposure refative to the rest of the region. Hot-spot
positions are mdicated as well

14
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SUPPLEMENTARY MATERIAL I Percentages of the main land cover types (EEA 2006)
in chimatically highly exposed regions in the Carpatluans, The percentage of each category
within the exposad regions and the percentage of the total calegary in the Carpathians are
indscated. Only categories above 5% are presented

owe we OECN OECS EC
CODE g =%a 0as%  km@’ 04 96°% k@ %4 6% Em' %' 0a0¢  hm’ 0 050
Nz W7 35 8 6% a6 5§ 22 38 3§ Ll 71 1 a1 38 9
A1 2024 M 42 4917 S5 36 2074 3T 22 2228 ™ A 1420 44 Al
241 WP A 8 947 38 7 s6R 45 6 123 S 12 M9 T8
w2 198 12 4 200 45 1 M4 0B 3 4% @ M0 15 3
M3 81 2 1L T2 36 S 4 A 3 6N 6 o122
i ML M 6 4645 41 34 384 43 38 2878 52 27 2010 35 43
M2 44 10 9 4SS S 1 s, 16 6 126 S5 1 7 0 o
33 W4 13 8 320 11 1 e 18 12 465 1 4 @ 3 1
21 6 2 o e B | w3 0 oo 410
SiEL e =Rl ER S e D A Y u 6 2 0 T o
324 99 17 2 S16 30 4 ST ™ 6 196 W2 9 5 2
Othe 138 2 3 ST 40 4TI 40 1 1208 76 1 nr 32 3
Totd 5114 21 100 15706 37 100 9344 29 100 10808 45 100 4631 17 100
1 WRC 50 Sab Yool
T L L S ¥ S BT ]
WM 217 W29 4M 26 12 MS M 7T w7 W7 15864 45 26
/LML J W Me b 0 B0 W 5 65 S84 1 553 M 9
M2 2 W 4 M7 2 128 AW 03 651 36 02 2B M 4
243 62 M 8 I8 W 6 X 35 6 38 24 13 I8 2 6
31 1658 M 22 IS8 I6 S8 4 16 22 1293 30 44 19261 31 31
a2 T s 0 T 10 86 M a2 1 s 0 1% 8 3
313 23 1 0 3 6 1 336 9 7 4 9 0 284 12 8
B &= = = PR T S T CHN S B T B 4 0 9m 24 2
2 - - - 1 2 0 M0 s 0 - - - Moo
24 W o1 2 st 3 085 15 2 132 19 4 182 18 3
Ohe 431 32 6 1M 15 4 3@ M 7 146 & 5 3m 40 5
Totd 77 25 100 3230 14 100 4566 24 100 29 31 100 61581 27 100

* Percent of the tolal category sres i the Carpathens

** Percent of a categary mmde clamatically highly exposed regions

Codes of geemorpholognt et OWC — Outer Weslem Carpathiss, IWC ~ Iine Westan Capathians, OECN - Ouler Esstern
Crepathimne Notile OECS - Outer Eastern Capathimns South TEC — Tnner Eastern Carpathimns, TV — Traesy lvastan Platen, WRE -
Western Rooumian Crrpatlsisese; SC - Scuthem Crwpathims. Serts - Serbizs Carpathi

Codes of hod cover types: 112 - Dwscontiooss wbaa fabri; 211 — Non-imigated arsble ld. 231 - Pastires; 242 -Complex
cultivation patterns; 243 - Lind prcpally occupried by agriculine, wih ssgenficmnt meas of natizal vegetation, 311 - Brosd-lesved
fovest: $12 - Conifercus forest: 315 - Mixed forest: 321 - Natural grasslands; 322 - Mooy and hesthlmt 324 ~ Tomsstionnl
woodland-stsub; Other -~ Othe categories
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SUPPLEMENTARY MATERIAL J Percentages of the man nanumal vegetation types
(Bohn et al. 2004) in chimatically lughly exposed regions in the Carpathians. The percentage
of each category within the exposed regrons and the percentage of the total category in the
Carpatinans are mdicated, Only categones above 5% are presented

owe nwe OECN OECS EC
o ko %Y %W kP %Rt %t iy N W kn* L AT T N e
DA - -_ - - - - 100 2 1 4 ] o - - -
F120 148 12 s 626 13 3 LI I s - - - 1292 o9 20
F128 299 20 6 236 2 2 299 4 3 220 16 2 80 18 13
Fl26 o — - - — - — LT o 16 - - -
Flis 676 10 1 07 4 2 s30m A & 24 10 - - -
F2 o 9 2 -~ - - - - - 37 M 0 2200 T 5
Fs8 1870 40 37 379 S0 27 an M a — - —  L14S 100 18
F6x - - - - - - — - - LS4 100 " - - -—
ot - - - - - - - - - 4,153 5 Lo - - -
Ggle - - - 937 68 43 — —_ - — -— - -— - -
Ula 215 7 4 1358 &9 1o - - - 1442 ™ " 47 6 8
Other  L8IT 26 s L%63 0 n 1369 W 15 783 2 7 i 30 6
Totdl 5110 28 100 s 37100 10818 1 10600 45 10 0297 22 100
™ WRC 5C Serb Total

D37 - - — — - - B8 b | 18 - -_ - 965 4 1
F120 - — —_ - - - - - - - - - 2385 s 4
F123 — — —_ s 31 1”7 38t 7 8 - - _ %42 29 1
FI4 — —_— — M8 34 I “u7 95 10 09 26 21 1403 36 2
F12§ 309 14 Rl - - - - - - - - - 4872 2 E
Fl2a 2 6 ) m 9 11y o4 7 e - - -— 206 14 4
Flas 6 0 103 3 3 3 L T - -_ -—_ 733 16 11
F22  L028 78 " — —_— — -_ - — -_ — 1362 0 5
58 - -— - -— — - - - - - - 7.261 49 11
raz - — - -— - - - - - - - - 1504 100 2
¥oh — -_ — — — - 8 17 2 — -— — 4132 78 7
Gl1é 1840 ™ 25 297 12 9 — -— - - - -— 8,085 58 12
Gle - - - - — — - - - 1163 26 30 1163 2% 2
Go 3 e 0 w2 15 4 197 o0 4 ] 2 0 675 29 1
G L1M4 1 13 67 n 2 - - - 6 a2 0 1207 Rt 3
Gi 838 12 1" 64 95 2 - - - - - - ool 14 1
G8 - - - m a2 [ 201 100 4 243 o8 8 g0 57 I
U 878 3% 12 b2l I | 8 27 @ @ - - - 4915 33 8
Other 1166 13 16 ;a1 1217 3 39 a3l 43 3 10340 31 16
Total 7,448 25 1o s 14 100 4567 2 B L) 23959 MO0 6469 28 o

* Percent of the tatnl categony ares ws the Carpothies
*4 Percert of a catezary inside clanatically highly exposed regions
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Codes of gecmarphologic e OWC - Outer Westem Carpattiises, TWC — luner Westeny Carpahinng; OECN - Owter Eastern
Crrpathibne Noetle OFCS - Outer Eastany Carpathios Soutly, TEC - Inner Eastern Carpotlians, TV — Traosy lvastan Platean, WRC —
Western Romanian Crpatlvisns; SC - Southern Cargathinas. Serb - Sertriss Carpathians

Codes of natiral vegetation types: D37 — Eant and South Carpathim gpriice fovests. 7120 — Pre-Camputhinnd-noeth Pangonian) beech
forests. Fi23 - Moessan beech forests; FI 24 — Moesion milver lime-homb beech foresty; FI 2S5 ~ PreCarpallinn beech forests:
F126 - Southesst Carpatliian hoenbesm-beech forests, Fi 35— Capathisan fir-beech and sproce-fe-beeth forests, 1722 -
Hercynaan-pre-Carpathion by grophidous pedunculite cok forests; F58 - North Pannonian-Carpathion sessile ok -bombeun forests.
F62 - Fast pre-Caspathuon-Moldavien sessile cok-hoobesn forests. F61 — Southeast Carpithinn sessile sk forests; G16 -
Pannorim-pre-Caupathisan sessile ank-Bitter cak fovests, GIO - Uyvsao-west Moestan Bakan ook-bifter osk focests (G20 -
Parmom-Danvbian Balkan ok bitter cak forests: G221 ~ Danubin-estt Balkanse mixed bitter ok forets; GF -
Temsylvmian meved Tstarimn maple-odk foeests, G8 -~ Pre-Cpatlsan mixed Onectal hombenn-sessile cak foreas, U6 -~
Pannoninn-pee-Capathian hadwood atkmis! focest; Other — Othier ctegeries
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5.3 The first record of Ips duplicatus (Coleoptera: Curculionidae,
Scolytinae) infestations in central european inner mountains.

THE FIRST RECORD OF IPS DUPLICATUS (COLEOPTERA:
CURCULIONIDAE, SCOLYTINAE) INFESTATIONS IN
CENTRAL EUROPEAN INNER MOUNTAINS"

J. Holuga, K. Lukisova, J. Trombik

Czech University of Life Sctences Prague, Faculty of Forestry and Wood Sciences,
Prague, Czech Republic

The nstural dustribution of the double-spmed sproce back beetle, Jos digplicana, mchides the Palearetic stretching from Scan-
dnnvin across NE and Catral Eirope to NE Asin, The first outbreak of 1. duplicatus s Central Exrope probably occurred in
the carly 19905 i North Moravin md Sdessa, where the beetle still mfests spraces ot elevations < 600 m 2 51 This species

which prefers elevations < 600 1 n.s |, b not boan previously Toond withen laree monntain ranges. The presant study, how-
ever, deals with | deplicatus occurrence at ca, ®00m a 51 m two large momtam mnges ~ the Mornvskoslezske Beskydy Mis
and the Huby Jesend Mte. In both the regsons, the beotfo was detected in the terminal parts of closed valleys, approxansmcely
20 kan south of the mfested sites at 400 m a s | The new infestations at 600 m a5 | probably result from the mereased abun«
dance of the beetle m the lowlands of the closed valleys The anly defance currantly known ie to idaitify sad harvest (destroy)
the inflested trees before offipring mature and overwinter in the litter. Ocourrence of [ duplicatns within large monmtain ranges
constitutes » new risk for sprice stands i the mvountains, 3t least in the Abieto-Fagotum forest vegetation (altifudmal) zone.

bark beetle: occurraice, udestation. spruce. Caech Republic

INTRODUCTION

The double-spmed spruce bark beetle, Ips dupli-
catns (Sahlberg, 1836) (Coleoptera: Curculionidac,
Scalytinae), 1s naturally distributed over the Palearctic
stretching from Scandinavia across some parts of NE
and Central Europe to NE Asin (Wood, Bright,
1992, Pfelfer, 1995) Until the 20™ century, the
southernmoest occurrence of I duplicatus in Europe
was in the Bialowieza Primeval Forest in today '
northern Poland. In the first half of the 20" century,
however, I duplicatis began to spread southwards mto
mtificially established spruce stands both m lowlands
and uplands (Pfeffer, Kni2ek, 1995) The first
record of I duplicany in Central Europe came from
southern Poland (Tredl, 1907, Karpinski, 1925,
1926), I the Czech Republic it was firstly recorded
m the castern parts (Wanka, 1927), its first occur-
rence in $lovakia was reported almost simultane-
ously (Roubal, 1941) In nocthern Austria the first
observations of I duplicatus fall within the 19805
(Holzschuh, 1989)

By the end of the 1990%, I duplicatus became
widespread both in Slovakia (Tur ¢ ani etal , 2001)
and the Czech Republic (Holu g a etal., 2010). Smce

2005, the beetle’ man occnrrence shifted from the
east south- and westwards into the central part of
Bohemia (Holu#a etal, 2010) The southen border
of its central Buropean distribution s likely to be in
southern Slovakia (Zubrik et nl, 2006).

Pfeffer, Knizek (1995) stated that the first
sertous outbreak of L duplicatus probably occurred
i North Maravia and Stlesia in the early 19905 At
that time, several hundreds of thousands of cubic
metres of wood were harvested because of the beetle
infestation. The volume of infested wood continued to
mcrease becanse of the continuing effects of drought
and Armillaria infestation (Knizek , 1998 Holuga,
Liska, 2002). A similar I duplicatus outbreak was
recorded simubtaneously m southern Poland (Grodzki,
1999)

Today, pheromone monitoring regularly detects
I duplicatus m highlands with elevations under 600
masl (Holuga et al, 2006), and flying beetlex
are detected only exceptionally at higher elevations
of the exterior rmges of the Western Carpathians
(Holudn, 2004)

Currently no occurrence of /. duplicatus-mfested
trees is known in the interior parts of hugh mountam
ranges, Le., mountains exceeding 1,000 ma sl (e.g.

* Suppocted by CTGA (Internal Gead Agency of the Crech Uneverssty of Life Sciences Praguc), Progect No. 20124302) and 1GA (Intetnal
Ormt Agency of the Farnby of Forest and Wood Sciences of CULS Prague), Project No 20134527
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Kula, Zabecki, 2001, 20024, b). The present study
focused on the determination of the current distribu-
tion of I duplicatuy in the enstem part of the Czech
Republic in order to ascertain whether the beetle still
occirs only at the foot of the mountains or whether the
spruces in the mtenor parts of the Moravskoslezske
Beskydy Mts. and the Hruby Jezentk Mts. are nlso
endangered.

MATERIAL AND METHODS

Characteristics of the study areas

Infested trees were studied ot two Jocalities m the
Czech Republic (indicated by stars in Fig. 1).

(1) Celadna, Umuéeny {49°27°24 T12°N,
1872050, 947°E; 660 m n.s.1.). Celadna is located in
the Motavskoslezskeé Beskydy Mg, (Outer Western
Carpathians) and has an area of 623 km? and elevations
between S08-1.323 m a.s. 1. This locality supports the
Abies-Fagus, Picea-Fagus, and Fagus-Picea forest
vegetation (altitudinal) zones (for definitions, see
Viewegh et al.. 2003), with a dominance of the
Ables-Fagus fovest vegetntion zone {Holu g a, 2004),
Spruce dommates the woody plants and represents ca
80 % of the tree community mainly on non-onginal
stands. Seven spruce (Picea abies L. (Karst.)) trees
(38 m tall) were examined at thig locality on August
15,2012

(2) Adolfovice, at the foot of Bezovy Mt
(50°11'47.425"N, 17°9"22.939°E, 691 m a.8.1). The
locality 15 n the Hruby Jesenik Mis. (Sudeten sub-
province) and has an area of 530 ki and elevations
between ca, 400-1.492 m as.|. The Picea-Fagus forest
vegetation zone 18 domnant (covering 37 %o of the
area), and at higher elevations Fagrs- Picea and Picea
zones are abundant, covering 22 and 12 %5 of the area
The Ables-Fagur zoae occupies 27 % of the lower
boundanes of the area, Spruce stands of uniform age
cwrvently dommate the locality (occupying ca. 80%
of the area), nnd a few stands have » substantial num-
ber of broadleaf trees, mamly beech (Culek 1996),
Fifteen spruce trees (32 m tall) were examined at this
locality on July 29, 2012

Detection of L dwplicatus

In mature forest spruce stands at each study locality,
spruce trees 25-35 cm m diameter (at chest height),
older than 100 years, and with beetle infestation were
cut down just above soil Jevel, For assessment of bark
beetle abundance, the entire trunk of cach tree was
debarked, and the extent of beetle mfestation was as-
sessed for each of the | m long sections. The width of
ench section (nlong the radial tree axis) was equal to
half of the section’s circumference. Beetles were con-

sidered abundant if there were more than 10 entrance
holes per 0.1 m?, and beetles were considered sparse
if there were fewer than 9 entrance holes per 0.1 m*
Stages of bark bestles were recorded, and bark beetles
were identified to species bazed on adult morphoelogy.

RESULTS AND DISCUSSION

1. duplicatus was detected at both localities. Al
Celadnag, all seven trees were infested with the bark
beetles Ips tvpograplus (L. 1758) and Pityogenes
chalcographns (L. 1738). Two trees were abundantly
nfested (> 10 entrance holes per 0.1 m?) with /. dpli-
catur. Abundant infestation of the trunks from Celadna
extended fromthe heiglt of 125 0.7mto 24,52 0.7 ny,
the stems had developed galleries that contained
L2-L3 larvae and matemal beetles. At Adolfovice, all
15 trees were infested with 7. duplicatus, I fupographus,
and P chalcographns, but mfestations of the latter
two species were sparse. Abundant mfestation of the
trumks with 1. duplicatuy extended from the height of
88=0.7mto27.9= 23 m, stems had developed gal-
Jeries that contamed 1.2-13 farvae and matemial beetles,

Both localitics were similarly situated, in the closed
part the valley, ca. 600 m a.s 1, and were ca. 20 ki
south of the already mfested sites at 400 m a5l m
tlie respective valleys (Fig. 1) The developmental
stages of 1. duplicatuy detected were the same along
the trunks at both localities.

Before the present study, [ duplicatus has never
been detected within large mountain ranges. Recently,
infested trees have been detected in flat to rolling hngh-
londs ot elevations up to ¢a. 600m as ] (Toréani,
2000. Holu#a et al, 2010, personal observations).
Although infested trees have occasionally been found
in the Moravskoslezské Beskydy Mts. at 800 mas |
(Holu#a, 2003), these were growing on slopes ad-
Jncent to a lowland area, Contrarily, the infested trees
under the present study were situated in ¢losed valleys
of extensive mountain ranges with elevations exceed-
ing 1,000 masl

The occurence of L duplicans within extensive
mountain ranges 15 probably » consequence of it in-
creased abundance m the lowlands (Holuds et al,
2010) and pressures of a growmg population along the
longitudinal axes of the interier valley=. Both Celadna
and Adolfovice are in forest districts where only ca,
100 overwintering beetles per pheromone trap were
captured asrecently a5 2011 (Knizek, Modlinger,
2012). Thie. however, 1= the consequence of their
location within mountainous areas where densities of
I duplicatus have historically been low. In both aweas,
the first bark beetle infestations occurred in 2011,
A longer-term local bask beetle ombreak exists on the
southern slope of Smrk Mt in the Momvekoslezské
Beskydy Mg, this outbreak including I tvpographus
aad ips amitinus (Erchhoff, 1872), 1sat 1,200 mas |
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and has been detected by trap trees (Lukatova,
Holuks, 2011). The now infested standmg treex
were studied only in 2010, when infestation with
I duplicatius was not found (personal observation).

Both Celadni and Adolfovice have elevations that
only slightly exceed 600 m a:s 1., and detection of 1. di-
plicatur al these localities 15w accord with the beetle's
preference for clevations < 600 masl (Grodzk.
2002, 2003, Vakula etal, 2011),

The rate ot which I duplicatiy 1= multiplying ad
spreading in Central Europe indicates that this spe-
cies has reacted positively to the moderate chimate
m Central Europe (Holu#a ct al., 2010). Although
I duplicatus 1x adapted to northern and possibly to
mountain conditions, m response to higher tempera-
hares it i¢ capable of producing multiple generationy
peryear According to most authors, winle this species
annually produces one generation in the taiga and
m anorthern Poland (Snalas, 1923, Karpinski,
1933, Pfeffer, 1955 Schnorder, Sicrpinski,
1955), 1t produces up to three generations m Central
Europe per year (Schnaider, Sierpinsks,
1955, Grodzki, 1997, Holuga etal., 2003, 2006)
Although I duplicatus occurs at higher altitudes pst
sporadically (Grodzki, 2002, 2003: Holuga et al,

2010. Vakula etal, 2011). it resembles I hpogra-
Phus here in producing only one generation per year
(Holu#a o al, 2006), At elevations like Celadna and
Adolfovice (600 m a5 L), L hipographus can produce
1-2 generations per year (Holufa et al, 2006) In
the present study, the mature beetles detected were
probably re-emerging maternal beetles (rather than
n new generntion of adults), which matches the general
pattern observed at lower and mednun elevations m
Central Europe i 2012 (personnl observation)

CONCLUSION

Although it has an extensive range, [ duplicatus
15 usually captured i pheromone traps at lower and
medium elevations, In addition, the number of beetles
captured in pheromone traps cormrelates with the number
in mfested trees (Holuga el al, 2010),

Control of I duplicatis 15 complicated by several
factors. First, I duplicatus normally attacks scattered
trees wathin o stand, and the mvasion i concentrated
m the tree crowns. Second. beetle development 15
often either completed or considerably advanced be-
fore change in needle colour is evident; Le,, infested
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trees are recogmzed only Iste Thud, 7 duplicatny
only rarely invades trees lying on the ground, and
therefore classical traps cannot be weed for 1ts control
(Grodzki, 1997 Knizek, 1998 2010; Holuta
et al, 2006). The only defence is to identsfy and har-
vest (destroy) mfested trees before offspring mature
and overwmter in the litter.

The occurrence of the double-spmed bark beetle,
I duplicatus, m the intertor of mountain ranges con-
stitutes a new threat for spruce stands in the moun-
taing, at least in the Abies-Fagus zone, On the basis
of these findings, the recommendation is to monitore
I drplicatus with pheromone traps within mountain
ranges nnd ot elevations up toca, 600m as L If I du-
plicatus is captured at these locations, we recommend
that trees infested with bark beetles be debarked ond
studied in detail to confirm I duplicarus occurrence.
If the species of . duplicatus ix confumed, forest-
ers et carefully examine other trees in the area to
determine the extent of the infestation and to guide
management decisions.
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Abstract  The gypsy moth is the most important defo-
liator of broadleaved forests in the Northern Hemisph

southeastern pan of the region. Outbeeak forecosts based
on combined use of the Fourier Transform and ARFIMA

We explored the pattemns in the moth’s loag -term dynamics
and produced outhreak lorecasts for seven countries loca-
ted in central to southesstern Europe and extending into the
Cuarpathion Mountains. We investigated how the outhreak
peniods and trends in the size of oubreak arcas differ
among the countries, the extent to which pest dynamics are
synchromized, und how the observed patterns can be used 1o
forecast outhreaks, We used long-teom tme series on
outhreaks from about 1947 o 2013, The outbreak period
ranged from |3 years in the northwest to § years in the
southeast of the region: the periods were statistically sig-
nificant in six of the seven countries (2 = 0.05). Two
distinct patterns in outhreak size were observed, 1e, while
outbreak aress in the b were ing, excep-
tionally large outbreaks occasionally occurred in the
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- We investigated the long-tenm dynamics of the gypsy
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The long-term pest dynamics significantly differed
between the northern and southern regions,
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«  The outbreak period kength was strongly contmoiled by
geogruphical grudients, and pest populations were
A, I-' gy ',
—  Future outhreaks are Hhely o increase bn size in some
countries and will require increased resources for
control.

Introduction

The Carpathian Mountains, which pass through Awstria, the
Czech Republic, Slovakia, Poland, Hungary, Ukrine,
Romaniy, and Serbia, contain the largest continuous forest
ecosystem in Evrope (Rulling e al. 2006). Recently, forest
damage in the Carputhians has increased (Hlisny and Sie-
kovi 2010; Badea et al, 2011) following the European-
wide trend in forest disturbances (Schelhnas et al. 20073,
Lindmer et al. 2000; Seidi et al, 2014). Forest pests are
climatically sensitive and are affecting forests worldwide
(Bentz et al. 2000; Fisichelli el al. 2014), Recent climae
elfects, such as reduced tree resistance to pests and diseases
(Malmstrom and Raffa 2000; Roy et al. 2004; Woods et ol,
2005), modified developmental rates of some pests (Logan
et al. 2003), expanded pest outbreak ranges (Parmesan
et al, 1999; Vashanen et al, 2007; Hlésay and Turdini
20048, 2015 amd increased sbundanves of some pative
pests that were peeviowsly considered unimpocant (Neth-
erer und Schopl 2010; Duduman et al. 201 1), are expecled
1o significantly alter the forests in the Carpathians,

One climate-responsive insect pest with Carpathinn-
wide distribution is the gypsy moth (Lymanyria dispar L)}
(Villesmant andd Fraval 199%; Csdko and Hirka 2009), The
gypsy moth can feed on more than 300 tree species
(Liehhold et ul. 1995: McManus and Cadkn 2007) and s
one of the main defolistors of oak i in Ewrope
(Duvidson et al, 2001 ; McManus and Cséka 2007), Feeding
by gypsy moth calerpillars reduces the mte of tree growth
(Naidoo and Lechowicz 2001), reduces seed production,
weakens wees physiologically, and can even lexd 10 wee
death (Eisenbies et al. 2007 Tabakovié-Todi¢ 2013).

Gypsy moth population dynamics are characterized by
cyclical increases m abundance thut result in the defoliation
of large forest tracts (McManus and Csoka 2007; Taba-
kovic-Todié 2013). The outbreak period varies across
geogruphical gradients (Weiser 1967; McNamarn 1996),
decreasing [rom the nocthwest 1o the southeast. The period
ts about ca. 12 years in centrad Evrope but only 7-8 years
in the Mediterrancan and Balkan regions (Weiser 1987:
Johnson et al. 2005); there are indications of sub-harmonic
oscillations with period 34 years (e.g. Marovi¢ et al.
L), which have been reported ulso from differem
environments (e.g. Bjomstad et al. 2010),
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A spatial synchrony of oscillation for geographically
separated  populations. s o common  chamcteristic of
msect populstions and can infonn the scarch lor
underdying mechanisms (Liebhold et al. 2004 Johnson et al.
2005; Haynes et al. 2013). The synchrony also suggests the
extent to which the information on population dynamics and
forecasts can be trunsferved between countries and regions.
Although gypsy moth popalations were found 10 be syn-
chronized (o a certain extent across furge temitonies (Myers
1995 Peltonen et wl, 2002; Johnson et al. 2005), factors
mfluencing gypsy moth periodseity and geographicad syn-
chronizution are unresolved (Johinson et al. 2005, 2006).
There s evidence that population syncheony can be induced
by environmental perturbations rither than by dispersal
(Haynes et al. 2013). Weather pattens and gypsy moth
populations were found o be synchronous st ximilar scales
(Peltonen et al. 200)2). suggesting that weather had a syn-
chronizing effect by comtrolling gypsy moth survival and
reproduction as well as by affecting pathogens and preda-
tors (Haynes et al. 2013), In particulas, rainfall might
increase gypsy moth mortality by enhancing the transmis-
sion of the gypsy moth nucleopolyhedrosis virus (LANPV)
(D' Amico and Elkinton | %95) or by enhancing indection by
the fungus Entomophage meimaoiga (Estomophtocales:
Entomophtoraceae) (Weseloh 1993), The effect of weather
on the complex interactions between generalist predators
and gypsy moth populations is also likely to enhance syn-
chrony (Haynes et al. 2009),

When based on the relutionship between pre-sessonal
egg mass density and defoliation intensity, forecasts of
gypsy moth outhreaks provide useful, short-term (abost
1 yeur) predictions (Licbhold et al. [993; Gribko et al.
1995), The ubality 1o perform medium-lerm forecasting (Le.
1o predict an outbreak several years into the [uture) ix
limited by the complex relationships between the pest and
the environment (Wilder 1999) as well as by the biotic
interactions (Dwyer et al. 2004, Bjornstad et al, 2010
Huynes et al. 2013), and is made even more difficalt by
climate change, Permck ef al. (200%) suggested that the
cyclical pattemn of gypsy moth owhreaks and of climatic
data can be usexd for short-lerm forecastmg, although ity
related 10 the guestionable cycling of weather patterns are

pparent (Martinat 1957 Burroughs 1992).

Given that the moth regularly damages forests and might
expand  new territories undes climate change (e.g Van-
hanen et al, 2007; Hldsny and Turédm 2009), lorecasting
gypsy moth outbreaks und controlling moth damage are
important and require o betier und ding of the moth's
lopg-term dynamics. In the current stdy, we attempted to
increase the current knowledge of gypsy moth dynamics in
the area sumounding the Carpathian Mountains by inves-
tigating the long-term time series of defoliation daw col-
lected by | forest p services. The study
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udds 1o the research of Johnson e al. (2005} by focusing on
4 limer scale of regional outhreak areas rather than on o
country-wide scabe, und by drawing inferences abowt gypsy
moth ecology and population dynamics that are specihc o
the Carpathian environment. We attempted o answer the
following guestions:

~ Do dat collected from the main outbreak areas in
seven Carpathion countries reveal geographical puttiems
of population syncheony and outbreak period length
that were not detected in previous studies (e.g. Peltonen
et al. 2002; Johnson et al. 2005; Pemek et al. 2008;
Cocoo et al, 2010)?

~ Do the longterm tremds in the extent ol gypsy moth
outhreak areas indicate an increasing risk to the
Carpathian forests?

— Can patterns of past gypsy moth outhreaks suppoet
outbreak forecasting”

To onswer these questions, we tested the hypothesis that
there is significamt synchronization in gypsy moth popu-
lations in the Carpathians, where populations ure separated
by distances in which the synchronization is likely to occur
(Myers 1998: Peltonen et al 2002; Johnson et al. 2005).
We also tested the hypothesis that outbreak extent and
severity are incressing in time aceoss the Carpathians and
that the 1 of outbreuk is sufliciently reg.
ular o fucilitate a forecasting of future outhreaks. The

Its are intended 10 support pest gement i that
they should improve outbreak forecasting and should also
increase our understanding of gypsy moth ecology and
population dynamics in the Carpathinns,

Data and methods

Historicad records and recent distribution
of the gypsy moth

We used the loag-term annual records on gypsy moth-in-
duced forest defoliation from seven countries. the territo-
ries of which extend ino the Carpathians. These countries
were the Czech Republic (CZ), Slovakia (SK), Poland
(PL), Hungary (HU), Ukmine (UA), Romania (RO), and
Republic of Serbin (RS),

The collected historical records cover the period from
ca, 1947 1o 2013, although the danting and ending vears
differ among the countries {Supplementary material A).
The records include data on the annually defolisted area in
hectares. For a limited number of recent outhreaks, the data
were spatially referenced on the basis of countries’
administrative districts. The latter information is used 10
identify the most distinct outheeak wrea in each country
(Supplementary material B).

Periodicity

The perxsdscity of gypsy nuxh cuthreaks was evaluaied by
the Fast Fourier Transform method (FFT), To meet the
assumptioss on the use of the FFT, cach time series was
Jog-transformed, a temporal trend was removed, and the
resulting data were normalized 10 & mean of O and a vari-
ance of LO. A spectral density chant (persodogram) was
used 1o identify the most distinet periodicities in each time
series. The Noemalized Fourier Power Spectrum (NFPS)
wis used 1o determine the significance of the identified
peaks in ench spectral density chart (Tomrence und Compo
1998) ot the level of 50, 95, and 99 G,

Forecasting

The FFT-based forecasting and Avtoregressive Fractional
Integrated Moving Average methods (ARFIMA) were used
to forecost outhbreaks. The former approach first determines
outbreak frequency (number of outbeeaks per unit time)
and the number of components (Le. penodic functions),
and lits them o the observations. Then, amplitudes and
phoses of the used periedic functions are determined.
Finolly, such mitial estimates are subjected to a non-linew
optimization o improve the lit of the model 1o the data
Then, the forecast is produced by propigating the under-
Iying periodic functions to the future.

Unlike the well-known ARIMA technique (Asterion and
Hall 201 1), the ARFIMA models can capture the long-range
dependences (LRDs) in o time senes: such LRDs are char-
acterized by u rute of decay of statistical dependence that is
slower than an exponentiol decay, In our dati, the presence
of LRD wis detected using the Hurst exponent H (Hurst
19515 Weron 2002) estimuted by the Hipel and Mcleod's
method implemented in the R librury FGN (Supplementary
matertal C). A value of H in the range of (1.5-1.0 indicates
the presence of LRD in the data. The ARFIMA model
parameters were esti | using the likelibood
method (Haskett and Raftery [1959). The order of the model
was determined using the step-wise procedure based on the
statistical significance of the estimated parameters.

A quality of fit was evaluated for both models wsing the
root-mean  square eroes pormalized by the mean of
observed values (RMSE®); in this case, the Tull length of
the series was evaluated, For ARFIMA-based modeHing,
an addisonal test was done; the observed daty were splhit
mio ayg isation and validation set (n = 10). and the
RMSE was calcolated using the validation data. This pro-
cedure could not be applied in case of the FFT because the
number of outbreak peaks in some time series wis 100
small o allow the data to be split.

The stutionary FFT-based approech was used only o
forecast oatbreak timing, while ARFIMA generated 2

Qs.
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comples outbreak pattem, including the trend in size of
outhreak areas.

The AutoSignal (Systat Software Inc.) and the R lan-
guage (R Core Team) libeary fracdifl (Fraley et al. 2006)
were used for the obove analyses.

Outbreak synchrony snd trends

Becuuse most synchrony metnics required that each time
series comtain the same number of records. the loagest
penod for which the dota weee available in all countries,
1972-2010, was analysed. We evaluated the propoction of
coincident peaks (C) (Yong and Rao 1993 Buonaccorsi
et al, 2001) and correlation among e seres usmg
Spearmun corelation (SP) (eg. Adler 1994 Garber and
Burger 1995) (Supplementary material D), Becase the
statistical significance testing of the SP can be violated by
the autecorrelation pattern in the investigated time serics,
we used the block bootstrup procedure with blocks lengths
based on the geometric distribution (Hull et al. 1995) o
estimate the 95 % confidence intervals (C1) of each coel-
ficient, The mean block size was indicated by the highest
lag &t which the autocorrelation coeflicient was significant.
The shape of the bootstrap distribution was used 1o choose
the method foe CI construction (i.e. noemal approximation,
basic bootstrap C1, percentile CI). The library boot in R
(Canty und Ripley 201 1) was used for the analysis,
Multi-decude trencls in the size of defoliated areas were
eviluated to Mentify the differences in outhreak develop-
ment in individunl countrics, Logarithms of the original
values were used 1o lincarize the trends and 1o unify the
scnle of outhreaks, Both trends in the entire time series and
in values related W outbreak peak years were evaluated. In
the latter case, if a peak year could nol be recognized, the
average value of several adjacent years was used nsteod.
Because of the temporal autocorrelation in the data. the
modified Maan-Kendall test (Hamed and Ruo 1998) was
used 10 evaluate the significance of a monotonic trend in a
time series, The R libruries fume and zyp were used for the
analyses. Sen's slope (Sen 1968) wits used as nop-par-
melne estimation of the regression lme slope. The median
of residuals of observations from the Sen's slope wits tsed
to culbculate the intercept (Rousseeuw and Leroy 2003).

Results
Synchrony in outbreak time series
The percentage of coincident outbreak peoks was highest

between Slovakia and Poland (75 %), followed by Slo-
vakia and Hungary (60 %), and then Romania and Serhia

2 Springer
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Fig. | Temporal development of the member of coincident oothresk
peaks (L.year tolerance spplied) divided by the samber of avalluble
tirne series in each cuthreak year, A di ighted leas squases
function was fmed 10 the dutn

(57 %) (Supplementary matersnl D). These puirs come-
spond with the adjocency of outbreak areas in these
countries (Supplementary material B, D), Outbreak syn-
chrony in terms of number of comncident peoks divided by
the number of tme senexs available in & given year differed
over time (Fig. |1 While the level of synchrony was high
from ¢ 15 10 1960 (although only three 10 four data
series were available), the synchirony declined from 1960 1o
1995, From 1995 to 2010, the synchrony recovered and
reached its maximum in 2005, when the outbrenks occumed
concurrently in all countries in the stixly region.

Statistically significant values of SP runging from 0.27
10 071 {p < 0,05) were found between 9 of 21 pairs of
locations (Supplementary material D). The lghest corre-
lution was between Slovakia und Hungary (SP = 0.71;
95 % C1 053-1.0), followed by Hungary and Romania
(0.52; 0,22-0.95), the Czech Republic and Slovakin (0.48;
0.11-1.00), and Romania and Ukraine (0.46; (0.25-0.70). All
significant correlations are for palred locations that ane
within 700 km of each other, escep for the correlation
between Hungary and Ukraine (0.41; 0.08-0,74), where the
paired locations are separated by 956 km.

A spatial pattern in outbreak synchrony was evaluated
by plotting the SP against the distance that separated
respective pairs of main outbreak areas, The coellicient
decreased with increasing separation di (7 - 019,
p=0047, 1= —=213), suggesting that outhreak syn-
chrony shows positive spatial autocoerelation (Fig. ).
While the linear trened reached a value of zero for SP ot a
distance of 1250 km, the Jower C1 (95 %) reached zero at
860 km: this is the distance at which the spatial synchrony
of gypsy moth popalations in the Carpathians disappears.

Perlodicity in outhreak time series

According o FFT analysts, the outbreak period ranged
from 8 10 13 years; the identified periods were statistically
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Fig 2 Values of Spearmun coefBicient (SP) calculated betwoen the
pairs of outhreak time series (defolimed | ¥ plotted against the
distance tht separstes the pabe of tine series. Phobed Uues represent
the 95 % confidence imtervaly

significant al p <005 in six of the seven countries
(Fig, ). The longest outbreak periods were 125 and
130 years and were in Poland and the Czech Republic,
respectively, where the main outbeeak areas are Jocated in
the northwest of the study arca (Supplementury material
B). The stanstically sign:6 outbeeak period with o
value of 9.8 years was identified in both Slovakin and
Hungary, where the outbeeak areas are adjscent Lo each
other. Ukruine, Romania, and Serbiz, whose main outbreak
areas are located in the southcast of the stxly arca. had
shorter outbreak period of ¢a. 8 yearss however, the peak
identified for Ukraine (7.7 years) was not statistically sig-
nificant, The statistically significant period of 353 years in
Uknaine is most likely a mathematacal artefact that lacks
ecological meuning.

Geographical pattern in outbreak cycles

The relationship between outbreak period and lutitudinal
aod longimdingd gradicats was evaluated with and withowt
dats from Ukmine, for which the pericdogram peak was
not statistically significant (Fig. 3). Geographic coordinates
at the centres of main outhreak areos (Supplementary
material B) were used as islependent variables.

The outbreak cycles showed a strong geographical pat-
tern, i.e. the period decreased from the northwest towands
the south ard east of the study reglon (Fig. 4). When period
from Ukraine was excluded, the latidinal and lon gitudmal
gradients explained 63 and 84 %, respectively, of the
vanability in period length: when period from Ukriine was
included, these values were 65 and 83 %, respectively, The
combined effect of these varables occoanted fir 85 %
without UA (p = 0.06) and §3 % with UA (p = 0.02) of
the total variability. The duta mdicated that the outhreak
period decreased by 1 yeur as lutitude changed by ca. 1.5%

to the south und a5 longstude changed by 3" 1o the east. The
equitions with und without dats from Ukraine (Eq. | and 2,
respectively) were as follows:

Peried = ~ 10,408 — 0.161x + 0500y, ()
Perixd = ~21.899 — 0.003x + 0.679%, (2)
where x s latitude and y is longitude.

Long-term trends in the size of outhreak areas

The exploratory analysis of country-specific trends in the
logarithms of areas defolisted in outbreak peuk years
showed greut differences among countries (Fig. 51 While
outhreak orea increased in o group of countries in the
northwest of the study region {ie. the Western Carpathian
countries Poland, Crech Republic, and Slovakia; Fg. Sa),
the outhreak area showed no trend or tended 1o decrease in
the southeasten countries (Ukraing, R ix, and Serbia:
Fig. 5b). Although the trend wis constant in Hungary, the
non-parsmetric trend function based on Sen's slope did not
reflect the last outbreak of unprecedented size in 2005,
which could be indicative of an increasing trend. The
Mann-Kendall test showed that the significant increasing
m i trend was p only in the SK time series
(p = 0.0K9) (Table 1),

Regarding detection of trends i the entire time senes.
(ie. not only in the peak years). the Mann-Kendall test
showed po significant tend in cither country (Table 1),
However, this calculation was af¥ected by the large number
of zero values m the mier-outbreak periods. The trend in
entire maodel region (all countnes summed) was also not
significant (p = 0.93) (Fig. 5b),

Outhreak forecasts

Based on the complete time series (not the validation set
only), the varability of residuals was higher for the
ARFIMA (RMSE® 88-169) than for the FFT (12-65 %)
(Fig. & Table 2): this difference was mainly due w0 the
lower varability of the log-trunslormed duga used in the
FFT-hased forecasting. Foe both forecasting methods, the
fit (in terms of rank) was better for Romans und Ukrame
thun for the Crech Republic, Hungary, amd Serbia. For
Slovakia and Poland. the guality of the ht dilfered between
the methods.

When the ARFIMA models were tested using the vali-
dation data (the last 10 observations), the RMSEs caleo-
Tted for the parameterization and validation data were
approximutely  of the same magmitude for Romania,
Ukraine, Serbia, and Poland, suggesting that the modely
have good lorecasting performance in these countries. Thas
was not the case lor the remaining countries, where the

Qs.
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RMSEs calculated for the parameterization and validation  reliability and applicability: such a conservative approach
data differed substantially. may lead, in some cases, to the reconsideration of the

The consistency of forecosts produced by the two  applicability of seemingly reliable Torecasts bosed on sin-
models can be considered n useful indicator of forecast  gle models,
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In the Czech Republic, the peaks forecasted by the two
methods were app ly asynclh even though the
models fit the recent two outheeaks very well. This finding

b shows countries in the southeassern regiom (the Y.mas o the leff),
Bary in pane b show defoliased areas (ha) d over the entre
maxdel rogion (he Y-unis 0 the wight)

Table 1 The 1 g of the g o
decreasing tread b authreak thme series evalumed wsing ihe Munn-
Kendall sest

should reduce the confidence in single-model lorecasts;
moreover, RMSE% of both models and RMSE of the
ARFIMA model had high values, indicating poor madel
performance.

In Poland oy in the Czech Republic, the poor makch of
the two forecasts suggested poor applicability: while no
upparent peak was forecast by the FFT for Poland. two
sharp peaks were forecast by the ARFIMA. Because the
RMSE produced using the validation dats suggesied that
the ARFIMA performed well; however, this forecast might
be preferred.

In Slovakia and Hungary, both forecasts were relatively
consistent. although the RMSE and RMSE% were not
optimal in cither dataset. However. an extreme difference
between the RMSE calculuted for the parameteisation and
validation data im Hungary is related to the extreme size of
the very recent peak used for the validution; it follows that
the forecast should not be discanded on the basis of this

Country Mann-Keodull tost values
Kl B

Crech Republic .31 0.2
Poland 073 012
Slovakia am HEN
Hungary .46 075
Romanin 100 0.9%
Serbia a.4as s
Ukraine an 016

The trends in both the omhreak peak years (A) and entire time senes
(8) are evalwatod

value. In the view of such an ambiguous evaluution, we
suggest consbdermg the good match of the two locecasting
mdels as the superior indicator of focecast relishality.

In Romania, two forecasted peaks occurred almost
simultuncoasly in both forecasts. In Ukmine, both forecasts

Qs.
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AFig 6 The forecasts of gypsy moth cutbeeals in the Carputhi
countites based om the Fast Founier Trandform method asd the
ARFIMA, The verrical fimer indicwe how the outbreak peaks

fi d by the two methods maich

indicated that an outhreak is Iikely o occur in 2020,
although the peaks are relatively indistinet. In both coun-
tries, this agreement between forecasts along with rela-
tively low values for RMSE und RMSES suggests that
these forecasts can be thought of as nelinbie.

The inter-model agreement in outhreak timimg was also
high in Serbin. uithough the RMSES of both models was
high. However, the RMSE based on the validation set was
almost equal to that based on the parumeterization data,
what suggests thot these forecasts can be thoaght of as
reliable,

In additon o forecasting ontbreak timing, the ARFIMA
models also predicted the size of outhreak areas, with
obviows limitations. The clearly increasing trend with rel-
atively narrow prediction intervals was forecasted for
Slovakin and Hungary (see abso Fig. 55 In Ukruine, the
outbreak areas are Jikely o mcrease os well and may
substantindly exceed the extent of defolistion observed in
the last 30 years. In the remaining countries, no trend was
apparent, and (he lorecasted areas did not exceed the aress
reparted in the past decades.

Discussion

Our study has provided fundamental information on gypsy
moth dynamics in those countries in central and south-
castern Europe whose borders extend into the Carpathian
Mountains. The investigated long-term time serics of gypsy
moth outhreaks showed a mxod level of synchrony and
diverging long-term trends in owtbresk areas. and strong
latitndingl und longitudinal control over the outhreak

periods, In the following puragraphs, we discuss how our
findings increave the understunding of gypsy moth ecology
and population dynamics. and the implications for pest
munagement and forecasting.

Observed synchrony und perfodicities

We Tound positive correlations between time series from
adjacent outbreak ureas and the srength of the correlation
declined with increasing distance between the outbreak
arcas. This s consistent with previous studies. Peltosen
et al. (2002), for example, reporied that gypsy moth pop-
ulations in the nonheastern USA are synchmonous op to
600 km. Johnson et al. (2005) found u significint syn-
chrony in the Nonhern Hemisphere populstions up 1o 2
distance of 1.200 km according to spatial covariance
analysis, but the synchrony was significant up to a distance
of 600 km according 10 wavelet phase analysis. Although
our study cannot be directly compared with these carlier
studhies becouse different methods were used, the measure
of synchrony used in our study had declined o zero at &
distance between 860 and 1260 km. The coefficient lin-
carly decreased us the distance separuting the paired oul-
break time series incressed. which is consistent with the
intra-continental evaluation by Johnson et al. (2005). Such
findings suggest that the lincar decrease of synchronization
with increasing distance between populations, and the
disappearance of the synchromy at a distance of up to
1300 km, may be a common reglonal-scale pattem; for
example, Johnson et al. (2005) found an asymptotic pattem
at an inter-continental scalke,

The outbreak period showed a strong geographical pat-
tem, with periods ranging from 13 years in the Crech
Republic (in the northwest of the study region) to 7.7 years
in Ukraine and 80 years in Romunia (both in the southeast
of the region): this range in period values agrees well with
the previous stodies of Johnson et al. (2005), Pernek et al.

Tuble 2 Root-mean square

esror (RMSE) caloulated using Cosmtry ) ATRIMA

the observent dod viwubaed dup RMSE* RMSEG* RMSE* RMSE%* RMSE(Py*  RMSE (V)**

for the size of areas infested Sy

the gypsy moh Crech Republic 00540 64.66 W0 16891 M5 34226
Polasd 02K 4Ras ey 13T 1282 1087
Slovakia 027 nn 3356 1680 839 53,541
Hungury 049 63.37 17458 14303 14.59% 52905
Ramasia L) 41.38 89,77 R 9LTIA 131,380
Ukrame as2 175 11129 8T 11543 K3R7
Sechia e 4033 1355589 1560 Anse 107,700

* The calcalations were based on the fall lengths of the used times semes and are expressed im tenns of the
RMSE normatized by the meun of observed values (RMSES)

** Foe ARFIMA, the RMSE was alsa
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(2008), and Cocco et al, (2010). Al the same time, longi-
tudinal gl latituding] grubents expluined cu 85 % of
virsability in the period of outbreak cycles, and outhreak
period declined linearly as the ktitude moved south wmd as
longitude moved east. Such a response of periodicity to a
latitodinal gradien has also been recognized for other
lepidopteran forest pests (e.g Klemola et al, 2002; Cooke
and Lovenzetti 2006),

In the view of the observed grudient in outbeeak period,
the exceptional  synchronization of the outbreak in
2003-2008 in all countries in the sty region seems sur-
prising. A closer Jook, however, suggests that this syn-
chrony can have a mathematical rather than an ecological
explanation. When the interval between outbreak cycles
identitied s this study was added to the peak year of the
previous observed outbreoks (1993- 1998, depending on
country ), the resulting years ranged from 2003 w 2005 in
all cases. Contrary to the suggestion of some authoss (..
Myers 1998; Hawkins and Holyoak [998), this indicates
that no environmental trigger was needed 1o induce the
synchromzation and that some instances of synchrony may
occur by chance. Such apparent synchromzation also
occurred in 1955, 1965, and 1974, although only three 1o
four peaks coincided. Johnson et al. (2005) suggested that
two outhreaks with cycle periods of & to 12 years have &
probability of ca. 18 % 1o coincide by chance during seven
outbreak ¢ycles, That prediction of chance of synchrony,
however, is extremely low in view of our data; we observed
one coincidence of seven outhreak peaks und several
coincidences of three to four peiks during u 60-year period.
This suggests that cither an effective but carremly unrec-
ognized synchronizing factor acts in our study region or
thit the probability of outbreaks co-occurring by chance
should he recomsidered. Although 36 S of the outbreak

processes that tagger outbreaks and that affect popalation
synchronization,

Owr study suggests that the predictability of outbeeak
mcidence  sgnificamly  differs among  the  countries.
Ambiguity in the interpretation of forecasted patterns
wis enhanced by our conscrvative approach, iec. we
combined two independent forecasts for each country.
That the patterns identificd by the two methods often
disagreed indicated that foeecasts besed on only one
forecast model should be accepted with When
the two forecast models agreed, however. our confidence
in the forecastss wis increased. Valle et al (2009) sug-
gested in this regard that multi-moedel inference circum-
venls the problem of overly confident predictions or
inferences by impeoving the represemtation of model
structure-related uncertaimty,

In the Czech Republic and Poland (the northwesterm
boundary of the Carpathians), where the gypsy moth has
yet to couse significant damage, the high values for
RMSE‘X» and RMSE and the lack of agreement between the

indicated that the [ lels have limited
npphc:bﬂny in these countries. That outbreaks m the
higher latitudes of Central Europe are likely to be foelled
by climate change (Logan et al. 2003; Vanhanen et al.
2007; Hidsny and Turdni 2009), however, may increase
the need for a reliable forecasting system in this region, For
example, the possibility for improving the country-specific
forecasts using the outbreak time series from neighbouring
countries, which were found to be synchronized, should be
explored. In Slovakia and Hungary, where the gypsy math
has been historically cousing significant damage, the
forecasts were relatively satisfoctory, including relatively
narow prediction intervals, Hence, the forecasted outbreak
timing could be cautiously used for assembling the

peaks (the average of all pairwise companisons) cotncided
in our study, the mumber of peaks in our series was relative
small. and 5o inferences must be cautious.

Implications for forest management

The ability w predict gypsy moth oubreaks is limited by
the complex relationships between the pest and its envi-
ronment (Johnson et al. 2005, 2006) and by the usclear
effects of maragement on pest population dynamics (All-
staddt et b, 2015), Anyway, forest management may bene fit
lmm forecasts that narrow the range of potentil forest

b Lty (Kunmins et al. 2010). The
cmpmcnl I'omcau based on the propagation of past fuc-
tuation potterns used in this study have significunt limits,
which are particalardy pronounced under changing envi-
ronmentul  conditions. Our ability 0 generate  more
sophisticated  forecasts is especially restricted by our
insufficient understanding of the fundamental ecological

2 Springer

es neaded foe control,

The forecasts in the southeastern part of the stody area
performed relstively well (especially in Romania and
Serbia), even thoagh the observed outhreak patterns were
highly irregular. Despite the statistically successful fitting
and Torecusting, the forecasts should be viewed with cau-
tion hcunuc speaﬁc patterns i observed data such a8 the
ir nci of outbreaks o the long
lutncy period In Serbia are currently not understood and
sufficiently captured by the forecasting models, We advise
that the forecasts could be used cuulmuslv for planning the

resoarces for outbreaks suppr hough limits related
10 forecasts” empircal nature are nppumu
The plexity of [ | patterns also suggested

that naive forecasting based on the propagation of identi-
fied outhreak periods (the method of analogy), which is
commonly used in forestry, can provide confusing outputs.
Although this approasch can seemingly provide useful
informagion, it oversimplifies reality and may lead 10
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incoerect forestry decisions or 1o ecologically mmplausible
inferences.

While forecasts of outbeeak timing can benefit from the
regularity in observed daty, forecasts of outbreak extent (L.e,
arca affected) are hampered by factors that are only poorly
captured by u statistical forecasting model. Still, the current
results indicate thut outbreaks in the centrul to northwestern
part of the study region, which includes some broadleaved
forests that huve not experienced outbreaks, will increase in
arei; this 1 miy p bly be accel § by an
increase i abr temperature (Vanhasen et al. 2007; Hlisny
and Turin 2000). Hidsny wnd Tuedin (2009) sug gested that
the current gypsy moth outheeak arcas in Slmnkm may
enlarge ssgnificantly in resp 1o the project

“dafficult to predict, extreme outbreaks™ can be expected o
perssst in the future.

Conclusions

Our findings reveal substantial sputial and temporal vari-
ahility in gypsy moth owtbreak patterns and o moderate
degree of outbreak synchromization in the region surround-
ing the Carpathiams, Our findings also show that outbreak
period in this region 15 strongly related 10 geographical
gradients. The long-term trend in the size of outbeeak areas
was found 1o differ among the countries and indicated the

il for i 2 damige to lorests i the central o

increase and that gypsy moth can culomze the enm: host
plant range in the country with i temperatuee increase of ca.
2°C. Although gypsy moth expansion might be limited by
the distributional runge of the main host plants (Quercuy
spp.) in the study region, the pest bos already been observed
10 feed extensively on broadleaved hosts other than those it
have frequently supported cuthbreaks (Csoka and  Hirka
2000). M er, drought-adapted tree sp such as onks
may benefit from chmate change in Central Europe and
cxpand their mnges. both naturally (Hidsny et ab. 2011
Hanewinkel et al. 2012} and through the supporet of adaptive
forest management (Lindner et al. 2010; Hldsny etal. 2014),
Such expansion can Jead to the formation of new outhreak
spots. Om the other hand, the possibility of climate change-
mediated collapse of the Jong-term Huctuation cycles, which
has been observed in some species (Ims et al. 2008, Johnson
et al. 2010y, shoald also be considered: 10 our knowledge,
however, there is currently no indiciation of u climate chan ge-
medinted collapse in gy psy moth outhreak eycles, The recent
emergence of the pathogen £, maimaige in the Curpathian
countries (Georgiey et al. 2012 Tabukovid-Todi¢ etal. 2012,
Zibak et al. 2014) is Likely 10 reduce the amplitude of out-
break cycles becanse the fungus seems able 10 constantly
chevate the mortality rates of the gypsy moeh (Allstadt et al.
2013). However, the pathogen should have a littke impact on
the oscillation cycles driven by the interaction of gypsy moth
populations with LdANPV (Liebbold et al. 2013).

In the southeastern part of the investigated region, where
the lomg-term trends are for outhreal areas W remain
stable or even o decrease in size, and where outbreaks with
exceptional size occur imegularly, the options for fore-
casting outbreak wize are limited, We do not expect the
current outbreak aress 10 enlarge substantiolly (or o exceed
the extent of the largest observed outhreaks) becanse most
of the current distnbution of hoss plants in the region is
nlready within the arca affected by outbreaks. In addition,
outbreak suppression by increasing temperatures is unli-
kely becuuse the gypsy moth can tolerate high temperatures
(Keena 1996 Vanhanen et al. 2007), Thus, the pattem of

nmhwmzm part of lhc Carpathians. In the southeastern
part of the reglon. the long-term trends in outbreak areas
were insignificant and iregular occumrence of outhreaks
with exceptional size is a pattern typical of this region.
Despite o remarkable vanability in the availuble outheeak
time series und differences in forecast applicability between
the countries, the used forecasting approaches allowed us (o
predict fulure outbreak peaks: such predictions cun help
managers anticipate the resources needed lor pest suppres-
sion. Although the presented forecasts should be useful, they
must be viewed with caution and penodically reconsidered
because future oatbreaks could be enhanced by climate

change or suppeessed by the emerging pathogens,
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SUPPLEMENTARY MATERIAL A: Country-specific gypsy moth dynamics

Tab. Al Description of the historical records on gypsy moth defoliation In the Carpathian countries
used in the current study

Country Period Source Reference

Forestry and Game Management oo o0 action Sérvice, Dutabass o

z 1964-2013 Research Institute, Strnady, Czech forait deaidge ngrts Bberval dital
Republic

o AN7a-antw. e e iAstie, Aok, :::;ﬂ forest damage reports (Internal

PL 1956-2013 ;‘";“:::z:‘h Institute, Sekocin 2:\:;3! forest damage reports (internal

HU  1961-2012 '.::mg&au'::mm:?fn?;;ﬁ” Annual forest damage reports and

Institute Matrafred, Hungary forecast {1961-2012) (internal data)

Ukrainian Research Institute of

UA  1947-2012 Forestry & Forest Melioration, Saintical data of State Forst Basouncns

Kharkoy, Ukraine Agency of Ukraine (internal data)
Forest Research and Management Tomescu and Netolu (2006); Simionescu
L ATH-2010 Institute, Brasov, Romanis et al. (2001, 2011)

Marovid et al. (1998); Tabakowid-Tolid
RS 1947-2013 Institute of Forestry, Belgrade, Serbla  and Jovanovic (2007); Tabakowic-Tosic
2013}

In the Czech Republic, the historical data were available for the period 1964-2013, covering four
outbreak cydes. The largest outhreaks were recorded in 1994-1996 and 2002~2006, when 5,600 and
3,400 ha of oak forests were Infested, respectively. Four cycles were recorded also in Poland during
period 1956-2013, with the most severe outbreak in 1991-1995, when approximately 9,000 hectares
were infested. In both countries, the gypsy moth has relatively minor role in forest disturbance
regime,

Gypsy moth importance is much higher in Hungary and Slovakia (2dbrik 2006; McManus and
Csoka 2007; Csoka and Hirka 2009). This is expected to be mainly due to a warmer climate and larger
proportion of host trees as compared with the earlier mentioned countries, Five cycles with
Increasing extent were reported In Slovakia during the period 1972-2013 (LeontovyE et al. 1980;
Zubrik et al. 2013), In the previous period, there are notes on outbreaks in 1948-1949 (Hendrych
1962) and 1955-1956 (Pfeffer 1961; Patocka et al. 1999), however, as only the descriptive
Information was available, these outbreaks were not included in the analysed time series. The most
recent outbreak occurred during period 2003~2006, peaking in 2004, Approximately 50,000 hectares
of mostly oak stands {Quercus cerris L, Quercus petroea (Matt.) Liebl,, Quercus robur L.} and poplar
(Populus sp.) were defoliated. In Hungary, 5 cycles were reported during the period 1961-2012. The
most recent outbreak (2003-2006) reached an unprecedented dimension of ca. 212,000 ha
(McManus and Csoka, 2007). Extensive defoliation of host plants other than the primary host (Q
cerris and Q. robur) occurred, and also sessile oak (Q. petroea), European beech (Fagus sylvatica L),
native and hybrid poplars {Populus sp.), alder (Alnus sp.), black locust (Robinia pseudoacacia L.) and
even some conifers (Picea obies (L) Karsten, Pinus sp.) were defoliated (Csoka and Hirka 2009),

2
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in Ukraine, 7 outbreak cycles were recorded during the period 1947-2012, The largest extent of
defoliated forests was observed during the outbreak In 1948~1951, which peaked in 1949 and spread
over 90,000 ha of forests dominated by Q. robur. Since 1960, extent of outbreak areas has remained
more or less stable (15,000-20,000 ha in each peak year).

Six large-scale outbreaks were observed in Romania during the period 1953-2010. The largest
outbreak occurred in 1987-1988, and reached 700,000 ha. More than 250,000 ha were reported as
strongly defoliated (Tomescu and Netolu 2006); the definition of strong defoliation is however not
avallable in the source material,

in Serbia, the historical data were available for the period 1946-2014, covering eight cycles
(Marovi¢ et al. 1998; Tabakovi-Tosi¢ and Jovanovic 2007; Tabakovic-Todié 2013), Three subsequent
outbreaks, which occurred during the period 1947-1966, were followed by the latency stage lasting
for three decades, when only minor defoliations were reported in 1970~1973 and 1984-1587
(Marovid et al. 1998}, An exceptional cutbreak spreading over 850,000 ha occurred in 1955 and
spread across most of the country.
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SUPPLEMENTARY MATERIAL B: Main outbreak areas of the gypsy moth

To facilitate the analysis of spatial patterns in gypsy moth fluctuation as well as to provide the
spatially explicit information on gypsy moth distribution, we identified the centre of the most distinct
outbreak area in each country, We used the data on defaliation distribution within administrative
districts, which were avallable during a limited number of recent outbreaks as well as using the
historical descriptive information available at national forest protection services (Fig. Al). In the
Czech Republic, the main outbreak area has relatively limited size with minor inter-outbreak
differences during the recent 4 outbreaks. It covers the lowland oak forests (Q. robur, Q. petraea) at
country's south-western border, in Poland, the main outbreak area lies in south-western part of the
country and covers lowland oak forests (Q. robur, Q. petroea). In Slovakia, main outbreak area covers
Turkey cak (Q. cerris) forests in lowland 1o foothill areas, mainly In the southern and south-eastern
border of the country. In Hungary, outbreaks regularly occur across most of the country. Main
outbreak area with highest intensity of defoliation lies in the central to western part of the country,
In the Veszprém county, north of the Lake Balaton, where the caterpillars feeds mostly on Turkey oak
and pedunculate oak (Q. robur). In Romania, the main outbreak area was defined by administrative
districts in which the most intensive outbreaks were occurring in the period 1990-2010 (Simionescu
et al, 2001, 2011), The area contains mostly oak forests of Q cerris and Quercus froinetto Ten. in
elevations ranging from ca 20-200 m a.s.l. In Ukraine, the Odesa district (southern part of the
country) was identified as region with the highest intensity of outbreaks (Meshkova 2002). The area
covers mainly Q. robur and other hardwood species in elevation 15-280 m as.l. In Serbia, most of
outbreaks occurred In the vicinity of the Serbian Carpathlans (Marovic et 3. 1998; Mihajlovic 2008) In
the forests of Q. cerris and Q. frainetto. An exception (s the outbreak which culminated in 1965 and
occurred, with minor intensity, across most of the country.

Flg. B1 Approximate centres of the most distinct gypsy moth outbreak areas in countries, which
extend Into the Carpathian Mountains. Outbreak area sizes are not comparable among the countries
as they Indicate just a rough position of the maost infested regions to be used as a spatial reference of

the outbreak time series to facilitate the spatially explicit analyses.
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SUPPLEMENTARY MATERIAL C: The Hurst exponent H {Hurst 1951; Weron 2002) for time senes of
gypsy moth populations in the Carpathians

Country H

Czech Republic 0.75
Poland 0.74
Slovakia 0.76
Hungary 0.72
Romania 0,66
Serbia 0.72
Ukraine 0.84

6
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SUPPLEMENTARY MATERIAL D: Measures of synchrony of gypsy moth populations in the
Carpathians

Tab. D1 Measures of synchrony of all pairs of defoliation time series used in the current study
Abbreviations: SP - Spearman correlation with the 95% confidence intervals constructed by the
block bootstrap procedure; N ~number of coincident peaks; C ~ proportion of coincident peaks out
of all time series available; Distance — distance between the centres of main outbreak areas
identified for each country. Bold - statistically significant values {p < 0.05)

Series s N C  Distance (km)
CZ-5K 0.48 (0.11; 1.32) 2 D50 112
SK-HU 0.71 [0.54; 1.00} 3 060 112
CZ-HU 0.29 {-0.07; 0.79) 2 040 220
RO-RS 0.44 [0.18; 0.78) 4 057 7
cz-pL 0.02 {-0.35; 0.33) 2 050 276
SK-PL -0.02[-0.37; 0.27) 3 075 388
UA-RO 0.46 (0.25; 0.70) 2 029 443
HU-RS 0.34 (0.14; 0.55] 2 029 476
PLHU  -0.10[-0.42; 0.17) 1 020 492
SK-RS 0.37 [0.06; 0.72) 2 029 558
CZ-RS  -0.11-0.450.21 1 014 665
HU-RO 0.52 (0.22; 0.95] 3 050 667
UA-RS 0.27 {0.10; 0.46) 4 057 696
SK-RO 0.23 [-0.28; 0.95) 1 047 718
CZ-RO 0.17 [-0.29; 0.63} 2 033 809
PLRS  -0.34 [-0.60; -0.12) 2 029 939
HU-UA 0.41[0,09; 0.74] 2 029 956
SK-UA 0.31[-0.09; 0.74) 2 029 960
CZ-UA 0.16 {-0.32; 0.79) 1 014 1,014
PL-RO 0.19 {-0.06; 0.46) 2 033 1,061
PLUA  -0.18]-0.49; 0.07) 1 014 1,201
Mean 0.22 2 036 -
7
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climate change and under two alternative management
systems: the currently applied management (CM), which
strives 1o sctively improve the forest's adaptive capacity,
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and no management (NM) as a reference, Becavse biodi-
versity is thought to have mosily positive effects on the
adaptive cupacity of forests amd on the quality of ecosy stem
services, we explored bow climate change and manage-
ment affect mdicatons of biodiversaty. We found a dilfer-
entinl response across the  elevation-climatic  gradient,
incloding o drought-induced decrease in bomass produc-
tion over lorge arcas, With CM. the support of non-spruce
spectes und the projected improvement of ther growth
incressed ree species diversity. The promotion of species
with higher survival rutes led 10 a decrease in forest dam-
age relative 1o both the present conditions and NM. NM
preserved the high density of over-matared spruce trees,
which caused forest damage 0 incrense. An abundance off
dead wood wnd large standing trees, which can increase
baxhiversity, increased with NM, Our results suggest that
¢ ial spruce { which are not actively adapted
W climate change. tend o peeserve twir monospecific
composition ul 4 cost ol increased forest damage, The
persisting high mees of dumage along with the adverse
effects of climate chunge make the prospects of such for-
ess uncertiin.

Keywords Ewropean temperate forest - Forest
disturbances « Forest management - Sibyla model « Climaute
change adaptation

Introduction

Future forest development has been increasingly consid-
ered during recent decades (¢.2., Matala et al. 2003; Hlasny
et ol 2001, 20140; Lindner et ul. 2014), and forest mod-
eling tools have been substantially improved (eg.,
Millington et al, 2011; Huber et ul, 2013 Wang et al.
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2014). Such interest has been fueled by changing envi-
ronmental conditions (Alessandri et al. 2014), by the
increasing societal demand Sor ble multifunctional
forestry (Gustafsson et al. 2012 Stmoncic et al. 2013), by
changes in the forestry instimtional framework (Mendes
etal. 2001), and by a growing body of evidence on changes
in long-term forest dysamics (Boisvenue and Running
2006; Klapwijk et al, 2013; Pretzsch et al. 2014; Seidl et al.
20141 Indeed, standard mamagement and plannimg tools,
which obviously assume that climate and other conditions

comstant (Guariguata et al. 2012), can (ail o pro-
vide relisble support to forest managers under such wan-
sient conditions. Instead, sophisticated forest models, often
comnected  with  decision suppoart systems, have been
adopied 10 support complex decisons under social and
environmental uncertainty (MaruSik end Kadpar 2015,
Uhde et al. 2015),

Ewopean mountain forests provide an  exceptional
diversity of ecosystem services (ESs), incloding the pro-
visioning of timbes, fuel wood, food, natural hozard pro-
tection, water and air quality regulation, biodivessity
maintemance, and 4 range of cultural services (Kimer and
Ohsawa 2005; Briner et al. 2012, 2013). Research has
increasingly demonstrated that ESs are genersted from
numerous interactions in forest ecosystems (Gumfeldt et of,
2013, Hormson et al, 2014) and that the quality of ESs is
closely reluted to biodiversity (e.g., Dinz etal. 2006). Truits
such as species richness, abundance, and diversity showed
predominantly positive relutionship 10 wood production
(Paquette and Messier 2011) or atmespheric, water, and
pest regulation (Harrison et al. 2014), Morcover, increased
spevies mixture mury increase the survivil of some tree
species (Griess et al. 2012), which can be particularly
mmportant in forests with elevated distuebunce rtes. A
support o forest diversity can also increase a forest's
inherent sdapeive capacity (Lindner et al, 2014) through
enhanced compensatory dynamics between species (Morin
ctul 2014,

Rescarchers have increasingly recognized the sensitivity
of European mountuin forests to climate change axd 10 the
concomitant changes in the sociil and economic environ-
ments (Elkin et al. 2013 Huber et al. 2013; Hldsny et ol
2011, 201 4a). Because climatic effects ore strongly driven
by latitudingd and altitdinal gradients (Jump ct al. 2009;
Matyis et al. 2010), mountains can exhibit a diversity of
pinitive and negative resp While m fores

mteructing with climate-sensitive pest dy has been
recognized as the most significant cimate change-related
threat 1o forests (Bolse et ol 2000, Lindner et al. 2010). The
importunce of this theeat s underscored by the recent
droaght-induced dieback of forests worldwide (Allen et al.
20000 including Central Earope (Mityis et al. 2010). At
the same time, an mcreased concestration of atmospheric
COy con have o fertilizing elfect that may incrense tree
productivity and water stress (olerance, although this effect
can differ depending on site, tree dimensions, and other
factors (Huang et al. 2007; Way 2011).

In recemt centurles, Norway sproce [Pieea ables (L)
Karsten] has been extensively planted in many regions of
Europe 1o meet the growing demands of regional industries
(Spiecker et al. 2004; Hlisny and Sukovi 2010). Such
secondary, Jow-diversity forests are peone to diverse Kinds
of damuge (Badea et al. 2004) and can be sensitive to the
direct effects of climate change (Hidsny et al, 2011, 2014h;
Toatarinov et al. 20111 and particulady to climase change-
mediated akterations of forest disturbance regimes (Seidl
etal, 2008; Hidsny and Turéani 2013), The transformations
of the even.aged single-species [orestry (o allermative sil-
viculture systems in many European countries (Puettmann
et al. 2015) are particularly lmpostant in such [odests
because such transformations can increase such focests'
resilience und inheremt adapeive capacity.

The current study was condocted in a mountainous
region containing forests that are representutive of sec-
ondury  spruce foresss in many  European  countrics
(Spiccker et al. 2004: Hlgsny and Sitkova 2010; Hldsny and
Turéani 2013), The forest monagement in the region has
been challenged by the lomg-term elevated uctivity of forest
pests, the adverse effects of increased climatic variahility
(inclding lurgescale wmndthrows), or the emerging need
to adapt 1o the ongoing climate change. We evaluated the
prospects of forest biomuss provisioning, which accounts
for ¢a 95 % of the regional forestry economy. Because
biodiversity is closely associated with the quality of most
ESs and with the inherent aduptive mechanisms of
ccosystems, we explored how biodiversity indicators will
develop along with the simulated biomass procuction, We
also pare forest develop driven by the current
management system (CM) with no munogement (NM) in
order to identily the potential assets and deficiencies of
CM. In support of these objectives, we tested the following

under climale chunge may benefit from o prolonged
growing season and a reduced peaod with frozen soil
(Bergh and Linder 1999: Jarvis and Linder 2000), forests in
foothills and drier mountain valleys may suffer from
drought (Rebetez and Dobbertin 2004; Jump et al. 2009),
Particularly in Central Enrope, an increqsed water scarcity

2 Springer
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o Most indicators will respond dilferently w0 climate
chunge in warm-dry and cool-wet species range limits
(e.g.. Hldsny et al. 2011, Elkin et al. 2013; Zlatanov
et al. 2015), indicating the need 1o consider such a
gradient in forest management plianning and adaptation:
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o The two management systems {CM and NM) will have
remuarkably different effects on mdicators of biodiver-
sity and biomass prodaction;

o The unticipated positive effect of CM on tree species
diversity and biomass provisioning will be significantly
countered by the pegative effects of climate change.

This study brings new mformation on the antcipated
effect of climate change on iotensively managed spruce
forest in relatively understudied environment of Central

Evwropean mountain ranges. The resulis obtuined arc

expected to increase our understanding of interactions

between climnte and munoged forests, which is a topic of
growing importunce for forestry os well as for climate
change matigation.

Data and methods

Stdy region

The Goat Backs Mis. model region i Jocated in northe
eastern Slovakia (Central Evrope) in the mountain range of
the Central Western Carpathisns (Supplementary material
A) The region covers an area ol 8226 ha with 624 %
forest cover and an altitudingl range of 630-1555 m ask
The forests in this region include even-aged stands of
Norway spruce (81.5 %), European larch (Larix decidua
Mill.) (10.9 %), pine (Pinus sylvestris L) (3.1 %), and
silver fir (Abies atba Mill) (1.7 %), with minor occur-
rences of European beech (Fogus sylvatica L), sycamore
{Acer pyewdoplatarmus 1), and bloe speace (Picen pungens
Engelm.), Forest management in the reglon is desenbed in
the Supplementary material A,

Forest dynamics model

The forest dynamics model Sibyls (Fabrikas and Dursky
2005) is an empirical. individual tree-based, distance-de-
penclent forest growth and yicld model basesd on the SILVA
model (Pretesch et al. 2002). To make it representative of
Centml Europe, the mode! was pmxmdawed using 1189
forest plots from the Slovak forest itoring K

The model simulates tree inherent mortality (ie., moe-
tality not induced by disturbances), which is controlled by
stand density, tree competition, and site index that is
responsive also 1o climate (Dursky e 1l 1996 Dursky
1997), The effect of disturbances is simulated using spe-
cies- und age-specific survival probabilities (Supplemen-
wry material D). The dead wood decomposition rates used
in the model are based on Hidsny et al. (2014a).

Tree‘mwlhmﬂlemodeln Hled by five temper-
ature- and precip mbles. soil mot
autrition, and atmospheric CO; and NO, conceatration
(Kahn 1994; Pretescl and Kahn 1995) Species-specific
functions define the optimum range for cach variable and
wre combined using the algonthm proposed by Kahn (1994)
1 modily a theoretical maximum tree growth al a given
site.

Stem dimension (helght and dinmeter) s the main stae
varigble simulated by the model. Specics-specific functions
are used 1o derive the crown dimensions, timber volume,
and biomiss content i oll pools, A suite of diversity
indices are calculated using the data on tree positions and
dimensions.

The model was validated in & number of stands vsing
measured tree beight and diameter dats (Hidsny et al. 2011,
20144; Bodel'a et al. 2013). While the model performed
well under optimal site conditions, it failed to simulate
forest dynumics under extreme conditions, particelarly at
xeric sites and at siles with extreme intra-anmual temper-
wture ranges. Such results are consistent with the 1esting of
the original model SILVA in Switzerland (Schmid et al.
2005), It follows that the model is likely to perform well in
Central Evropean mountain regions, including the region ol
the cument study, where the climate is moderate, That the
model has not been tested aguinst extreme chimite events
may Hmit its applicability in climate change research,
which s an obvious deficiency of most vegelation
dynamics models (e.g., Anderegg et al. 2015 While the
climate change soenarios used i the current study predict
only slight changes in the annwal lemperature amplitude
(Supplementury materinl F), the simulations driven by the
mot extreme climate change scenario, which & likely
mduce rather xeric conditions { Supplementary material C),

esmblished in 1994 (Nationud Forest Centre, internal data)
with spacing 4 x 4 km and plot size 300 m®. The natural
regencration module was parameterized using the data
from Nationol Forest Inventory conducted in 2005-2006 in
nregular gnid of 4 < 4 km, containing 1486 circular forest
plots with radius 12.62 m (Moraviik et al. 2010). The
natural regenemtion nute is driven by tree-specific seed
production and quality parameters, stand density, and site
parameters. It is only indirectly sensitive 1o climate through
the modified development of the main forest stand,

Brould be i | cautiously.
Forest development drivers
Five cli h rios and a staustically gpenerated

stable climage cm‘eapmdmg 10 the period 1961-1990 were
used to drive the forest devekopment simulations. The used
scenarios, which were selected from the 22 scenarios
developed in the ENSEMBLES project (van der Linden
and Mitchell 2009), cover the uncertwinty range of the
original duta set, Observed climate data collected from 19
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meteorological stations during the period 1961-2009 were
used for seenario downscaling and for the crestion of o
stable (baseline) climate. While the projected temperaiure
increase by the emd of the century (2071-2100) ranges
from 1.9 to 4.9 °C, the precipitation change ranges [rom
+10 o =35 % of the bascline climate (Supplementary
material C). More details on the climate data used cun be
found in Bugmann et ul. (2015),

The [PCC SRES AIB scenario (Nukicenovic and Swan
2000) was used to describe the future development of CO,
emissions, with a peak concentration of 717 ppm 1 2100,
We used increasing nitrogen deposition by Dentener
(2006). The content of soil nutrients was derived from the
foreat soil maps of the region snd was not subjected (o any

n luring the simulation period (Supplementary

S

material B).
Simulation design
Representative stand npes

The sanulations were rum in 25 so-called representative
stand types (RSTs), which are the stands selected using the
criteria specified in Supplementary material B w0 be rep-
resentative of main stand types and site conditions in the
study region, The information collected in a ficld survey
conducted in 2011 was used to define the mitial design of
all RSTs in the used model. Sample plots with size
0.045 ha were established in each of the 25 preselected
forest stands with three sampk plots per ha. Tree heights
and diameters, ratio of dead and living trees, regencrution
density, ond other stand choracteristics were meisured.
Then, dinmeter class distmibution, height curves, and other
datn collected in sample plots were used to designale the
RSTS with size X0 x 125 m (.25 ha) in the model. Such
4 shape was required 1 facilitate the stmulation of har-
vesting operations, which are applied in parallel strips.
Becanse information on tree positions was not availabke,
we generuted the initial design of eoch RST 15-times with
different tree distnibutions so as charucteristic species
mixture patlerns observed in the stands were preserved.

Simulation setup and evaluation

The management is implemented in the simulator in terms
of the prescribed ages, di 1 unl proportions of
stocking volume 10 be exiracted in individual years of the
simulation period. Both natural and anificial regencration
modules are activated during the simalation: the amificial
regencration rates are given in Supplementary material B,
To mimic the harvesting procedure used in the region (see
Supplemnentary material A), the harvesting is simulated in
32 arips 40-60 m wide (based on the mean stand beight),
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Fig. | Evaluition of simml g Maode
A P he forest develop il Betweon wo time shives
of the vimsulition period under the baseline climate. Mode # compaees
the farest development inclicatcrs drives by the baseline climate and
climate change scenarss within a single time slice. BC baseline
clienase, O climate chasge scemario, -2 time periods, ISV et -
scenanio varability

The edge effect is corrected using the linear expansion-
based approach (Martin et al. 1977), Both wee inherent
mortality and monality related to forest disturbances are
activated during the simulations. To cope with & limied
knowledge of future disturbance regimes, we assumed that
the future rate of forest damage remains equal 1o the cal-
ihrution period 1998-2009 (Supplementary material D),

Two evaluation modes of simulation output were ased
(Fig. ). Maode A compared the forest development indi-
catoes between (wo tmme slices of the simulation period
under the baseline chimate and described the cumulative
effect of management, dssurbances, and stund develop-
ment. Mode B compared the forest development indicators
simolated under the baseline climote and climate change
sconarios within o single time slice: mode B therefore
described the effect of climate change free of any other
effects. The results of the simulations, which were run in
25 RSTs (Supplementary material B), were averaged and
recalculuted to per hectare umts and were weighted
secording to the basal area of ench species. We evaluated
the response of Norway spruce, silver fir, and Evropean
beech, which are ol particular interest in the CM because
they form oagingl forest communities occurring in the
Carpathians.

Evalunted indicutors

The used forest dynamics model transforms the driving
envi tal varables into suitability scores. in the
runge of (-1 using a set of sp pecific functi We
evaluated the response of isdividual drivers 1o climate
change using evaluation mode B (Fig 1) 1o assess the
climate change-mediated alteration of species-specific
growing condition 1 the model region {Supplementary
material F).
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We addressed biomass production (BP) per species
eviluated cumulutively during the investigated period. The
total harvested volume, harvested timber volume. and
harvested fuel wnd pulp wood volume are evalusted as
indicators of commercial importance: these indicators are
evifuated for CM-based simulations only (Supplementary
material E)

Species und stand structure diversity are evaluated using
the true diversity index (D) (Jost 2006), which s an indi-
cator of wee species diversity, and the tree size diversity
index (H), which aggrepates the diversity of tree heights
and diameters (Standhammer and LeMay 2001). Also
evaluated were the development of dead wood abundance
(DWV, m" ha™") and number of lange standing dead and
living trees per hectare (LSTN). All of these are recogmzed
as indicators of habitt diversity for numerous [orest-
dwelling species and may respond differently to climase
chunge and management (Lassauce et al. 201 1: Larvieu and
Cabanettes 2012). Additionol details on the indicators are
provided in Supplementary material E.

The wotal cumulative volume of dead trees wis used to
evaluate the elfect of the two management systems (CM
vi. NM) on focest valnerability o disturbances. In addati
the ratho of cumulative volumes of salvage mnd total isal-
vage ples planned) cutting was evaloated for CM-based
simulations.

Results
Tree growth conditions

The speciesspecific suitability scores of climatic driving
varuibles used in the model Sibyla showed a specific pat-
tern of chunge between the baseline climate and the mean
climate projection (i.e., the average of five climate change
seenanios) in the period 207 1-2100 (Supplementary mite-
rial C). The evaluution based on mode B (Fig. 1) showed
that the growth comdition of all species worsened at lower
ckvations, while the mespoase ot high clevations was
varable: in the latter cuse, however, the scores remained
Closer to the optimum range, The scores of water avail-
ability-reluted variables (precipitation, soil moi and
andity index) decreased across the region for all species,
and the decrease was the most propounced i spruce, For
spruce, beech, und fir ot Jower elevations, the water
availability indicatoss reached low values even under the
baseline climate and decressed funber under climate
change. Moreover, the projected abr emperature exceeded
fir- and spruce-specific limits, and the réspective scores
approached zero. Hence, both wates scarcity and high
temperature can be expected to limit tree growth st lower
and mediom elevations of the region.

In contrast, @ slight improvement i growing comditions
related 1o the lemperatuse increase wis projected ko occur
at the highest ekevations. although this improvement was
accompanied by u shight decresse in water avialability-re-
lated indicators,

No change was projected in the case of the non-climatic
variables, and they are all near the optimum range of all
species. A difference in soll nutnent content between the
elevation zomes (EZs) refates 1o the occurrence of cal

bedrock at the highest elevations of the region,
while the remuinder of the region contains nutnent-poorer
and shallower solls (Supplementary material A).

Biomuass production and harvested biomass

The combined effect of management, disturbances, and stand
development (evaluation mode A, Fig. 2) showed that sproce
BP declined under both management systems, Whik the
difference was not significant in the lowest EZ, CM induced a
substantial decrease i spruce BP in the rest of the region.
Climate change adversely affected spruce BP (evakution
mude B) neross the region under both management systems.
The decline was the most pronownced with CM in the lowest
and medivm EZ. whese BF dropped 1o 50 and 35 % of te
baseline climate simulations, respectively. The decline with
NM reached 25and 10 %. respectively. Inthe highest EZ, NM
and CM induced i decline of 15 and 5 %, respectively.
Beech BP constamly increased in time under both
management systems and the increase was greatest in the
lowest EZ with NM (evalaation mode A). The change in
beech BP in the highest EZ, which is naumily dominated
by conifers, was negligible. Beech BP was significantly
less sensitive to cli hange than sprsce BP (evaluati
mode B), The difference in beech BP response between the
management systems was negligible except in the highest
EZ, where BP increased by ca 10% with NM and
decreased by ca 5 % with CM. In the lowest EZ, BP
decreased by up to 15 % vnder both management systems.
Fir BP imcreased under both management systems (eval-
uation mode A}, and the increase with NM was severalfold
higher than with CM. This was not the case in the lowest EZ,
where the difference between the management sysiems wis
not significant. The effect of climate change was neutrad-to-
positive (evaluation mode B) and was generully greater with
CM than with NM. In the lowest EZ, BP increased by 10 %
(NM) ta 25 % (CM), and i the rest of the region remmned
unchanged with NM and increased by up to 20 % with CM.
The total harvested volume over the entire simulation
period (e, 2010-2100) declined by ca. 7 % (from 402 w
375 m ha ') in response to climate change {evaluation
mode B), The harvested timber volume decreased by ca.
9 % (from 292 to 266 m" ha™'), and the harvested fuel
wood decreased by ca. 1% (from 110 10 109 m" ha™"),
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Fig 2 Development of Evaivation mode A Evaluation mode B

bioemass production in three
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Biodiversity indicators

Tree species diversity in terms of the true diversity index
D increased during stand development across the region
in response to CM and the high monality rates of sprxce
{evaluation mode A), The increase wis more pronounced
ut lower than st higher elevations, which reflects the
aificl regeneration rites applied for particalar sites
(Supplementary  material  B).  Sinulati with NM
showed an incresse in D in the lowest EZ only, while it
remained unchanged in the rest of the region. The ree
size diversity index H imcreased equally in the course of
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stand development with both CM and NM, except in the
Towest elevation zowe, where NM  induced greater
mcrease than CM,

The response of D and H (evaluation mode B, Fig. 1) w0
climate change was dilferent: While both Indices remuined
unchanged in the highest EZ under both management
systems, H was projected to decrease under both systems in
the rest of the region. The most remarkable ellect of chi-
mate chunge was an increase in D with CM in the lowest
EZ. The response of [ 1o elimate change with NM was not
significant except i the lowest EZ. where D showed a
minor decrease,
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Fig. 3 Development of four
biodiversity indicatoes in three
clevatmm zanes of the Goat
Backs Mts, Index vabnes
simmlieed withoor the effect of
climate change tthe shrev loft
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between simulations with
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right paves) s presented. [ tree '8
diversity index, H tree size

& y index, £STN mum " .
of large standing troes per L

hectare, DWV dead wond
sandance i m* ha " periody:
O XD, 1200 12050, 2
2031-2070, 320712100

The evaluation under the mode A showed thut LSTN was
significantly higher with NM than with CM, except in the
lowest EZ, where the difference was not significant, The
index was responsive 1o chimate change (evaluation mode
B), and LSTN decreasad by the end of the simulstion
period by up to 80 % at the lowest ¢ kevation with NM. In the
rest of the region and with CM, the response was lesser.
DWV abundance was significantly higher m the medium
and higher EZ with NM than with CM because CM removes
dead wood instantly for samitary reasons. Climate change
reduced DWYV at the lowest elevation by the end of the
century by 30-40 % with insignificunt difference between
MANagement systerms.
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Forest damage

The simufations run under the CM scenario were charac-
tenzed by u highrate of salvage cutting that was almost 70 %
of the total barvested volume at the beginning of the simu-
lntion period. The share of salvage cutting began to decling
mstantly after the simulation began and reached o steady
state of ci. 56 % in 2070 (Fig 4, evaluation mode A).

The cumulative volumes of dead trees simulated under
the baseline chimate significantly differed with CM versus
NM (17500 ys. 24500 ¢ ha ' cumulated during the entire
simulation period). Becouse mortality rates during the
simulation period were assumed to be constant, the effect
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of climate change both on the salvage logging mte and on
the amount of dexd trees was negligible (not presented).

Discussion

This swdy has investigated how forest masagement and
climate change might aflect future biomass production and
forest biodivessity indicators in spruce-dominated fogests in
the Central Western Carpathians, In the following chapters,
we discuss, in the view of our research, the prospects of such
forests and the sustainahility of applied forest management.

Inter-species dynamics and biomass production

The change in bi peoduction induced by climate
change sh | am obvious g of growth decline at low
clevations refated 10 a0 increasing water shortage, and o
minor gowth acceleration st high elevations that was
mainly induced by an increase in air temperature and o
prolonged growing season (Walther et al. 2002; Peiuelas
et al. 2007; Hidsny et al. 2011).

For spruce and beech, these responses were obvious
under both management sysiems, although the response 10
CM wus more pronounced for spruce than for beech, The
difference between munagement systems might result from
NM having a larger share of old trees, whise production
Titte may be less sensitive w climate than the younger trees
thit appear afler management intervention ind that have
Iigher growth rates. However. findings on the nge-related
climatic sensitivity of trees differ among stodies (eg.,
Linderholm snd Linderbolm 2004; Mamet and Kershaw
2013). Moreover, the upplied thinning from below removes
trees, which growth dymamics are predominantly driven by
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available fight resources, It follows that the aggregated
stand-wise climatic sensitivity could have increased, This
also suggests that the predictability of sp forest
development under climate change might be greater in
unmanaged than in managed lorests. These infe are
supported by the inter-climate change scenario variability
of all of the evaluated indicators, i.e.. the variability of
these indicators was much higher with managensent than
withoul management {Supplementary matenal G).

The climate change scenarios used in this study showed
an average merease in air temperature by 3 °C and
decrease in annual precipitation by 13 % by the end of the
century, These changes resalted in suboptimal values of ull
drivers related o0 water availability and in o decline in
simulated biomass production at lower to middle elevations
m the region. This suggests un increasing importance of
drought a5 a driver of regional forest dynamics (Lindner
et al. 2010 Mdétyids et al. 2010; Hi&say et al. 20040, b,
2015,

Foe spruce, which is particularly sensitive 10 changes in
soil water regime, climate change is likely to induce a
decrease in species productivity and competitive capacity
(Schlyter et al. 2006). Simulased sprace blomass produc-
tion decreased along the elevation-climatic gradient from
5010 10 % under the curent management, but the decrease
wiis less without manngement. This differential response of
spruce hiomitss. production & management can be related
to the mumagement support 10 noospruce species, which
perloem better than spruce In o drier environment and
therefore increasingly compete with spruce; without man-
agement, spruce faoed less inter-species competition, and
its production therefore declined less,

The effect of climate change was smaller on beech than
on spruce; beech production declimed from 5 10 15 %
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scross the region under the current mamagement, while
unmunaged development led 10 un increase by ¢ 8 % o
the highest cle The Euwrop beech has been
broadly promoted us a suitable surrogate species in the
conversion of secondary Norway spruce forests (Spiecker
et ul. 2004), and our results supported this. However, o
growing body of evidenve suggests that beech con be
particularly sensitive 1o chimate change snd that a drought-
induced dieback of beech may even occur (Pefinelus ot ol
2007; Mityds et al. 2010). Hence, species vitality under
climate change should be cautiously evaluated.

The production of fir steadily ncreased during the
simulation peried (evaluation mode A), and this merease
was lurther supported by climale change (evaluation mode
B). Fir resp differed b mansgement Syslems;
positive response o climte change was observed with CM
but not with NM. In contrast, fir productivity simuolated
without the effect of climate change (evaluation mode A)
was significantly higher withoat management than with
management, This is likely due to the shade toferunce of
the species (Paluch and Jastrzebski 2013), Fir regenerates
and grows belter in the closed-canopy stands typical of
vomunaged forests than i mansged lorests with strip-
based harvesting applied in the study region.

At higher elevations, the temperature-related deivers
approached the optimal range by the end of the century for
some species, which therefore benefited from climate
change. Beech in unmanaged stands and fir in managed
stands showed ws increase in baomass production by up to
10 %: however, fir production increased at all elevations,
Although an increase in production at higher elevitions does
not compensate for the reduced production in the rest of the
region, improved production of some species may suppoet
forest profective and regulation functions, which are partic-
ularly important m high elevation forests (Bigot et al. 2008),
Spruce at high elevations did not benefit from the increased
air semperature, and thus, the temperatures closer 10 the
optimal runge did not compensate for the suboptimal mnge
of water availability -related drivers, However, a comparable
simulation from the adjacent region (Hiisay et ul. 20140)
predicted that an wnmanaged spruce stand at 1222 m a8,
would the total of accumulated carbon by
13 % and net ecosystem exchange by 28 % by the end of the
contury, This difference between stdies may be attributed to
the reference climate being drier in the region of the cument
study with annual precipitation totals ca 20 % Jower than i
the region of the earher stixly.

Effects on biodiversity indicators

Our findings indicute o positive combined effect of forest
munagement and climate chunge on tree species diversity;
this effect was amplified by a high mortality rate of

dominating sprace that supported the emergence of other
spectes, The positive response of tree species diversity (o
climate change was refated to the effects of climate change
on species competitiveness (Cavin et al, 2013, Mette et al.
201 1), which showed a specific pattern along the altitudinal
gradient. This suggests that co-occurring species in the
future are likely to reach the so-called climatic taning
point (Mette et al. 2013), which refers 10 the conditions
under which the competitive capacity of concurrent species
ranks reversal

An increase in diversity can help stabulize regional
forests by ephancing compensutory dynamics between
species (Morin et al. 2014), by mitigating disturbance
impacts (Pedro et al. 2014), and by increasing the inherent
adaptive capacity of foresss (Lindner et gl 2010). Moee-
over, enhanced species mixtures in spruce monocultures
may increase the survival of spruce (Griess et al. 2012
Neaner et al. 2014), which is particularly important in the
model region. In general, an increase in climato change-
induced diversity should be considered specific to com-
mercipl, low-diversity forests, because the overall effect of
climate change on buxliversity is expected 1o be negative
(Thuller et al. 2008, 2007),

In NM simalations, species diversity showed a minor
increase only at the lowest elevations (evaluation mode A)
and was almost unafiected by climate change (evaluation
mode B), This suggests that commercial spruce forests,
which sre not actively adapeed 1o climate change, tend to
preserve their monospecific composition ut & cost of sub-
stantially increased forest damage.

The abundance of dead wood and farge standing trees
was significantly affected by munagement system, and the
divergence between managemen| systems was greatest al
mwedium and high elevations, Although such processes can
enhince biodaversity (Lassauce et ul. 2011}, the accumis-
lation of dead wood and over-mature trees in speuce forests
with high densitics of bark beetles may increase spruce
mortality and harm forest functioning (Wichmann and
Ravn 2001). Such 1 feedback, however, was not considered
in the corrent modeling exercise.

Disturbance-related mortality

Although forest disturbance regimes are likely to be
mixfified by climate change, we kept the rate of forest
damage equul to the parameterization period 19952009
because of the theoretical dilliculties ol lorecasting forest
damage under climate change. Seidl et al. (2014) showed
that forest damage in Europe & likely to increase in the
period 2021-2030 relative to the peniod 1971-1980 by
229 % in the case of wind und by 764 % in the case of bark
beetles, We, however, did not find the Europe-wide pro-
Jection applicable in the mode! region, where the rate of
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forest disturbances has already been greatly ekevited, The
use of the projection by Seidl et al. (2014) would probably
cause our model to peedict the rapid extinction of spruce
across the study reghon (as was suggested for some regions
in Europe, for example, by Temperli et ab. 201 3). We argue
thut with regard to curvent management objectives, o
decreasing trend m forest damage, increasing  forest
diversity, and i substuntial investment in forest pritection
could result in spruce continuing 1o be un important com-
ponent of regional forests,

Implications for management

The current management system mainly atfespts o mini-
muze forest domage while maximizing timber production
and does not directly consider climate change adaptation,
Current management. for exampde, fails o emphasize the
need for increased drought resistonce, which our findings
indicate to be important. The importance of forest drought
resistance is also indicoted by the projecied expansion of
Mediterrunean climites (Alessandri et al. 2013) and ¢hi-
matic lopes of Mediter oaks (Hunewinkel et al.
2012) into Central Evrope. Bolte et al (200V) suggested
that the establishment of so-called neonative lorests.
including the intermixing of native and non-native tree
species and provenances, may be an option for climatically
expased sites, Such a concept, however, goes beyond the
current efforts of forest conversion in Central Europe as
well as the camre legislution of most Central European
countries.

Our finding that management und disturbances have a
greater effect on regional forest dymamics than have the
climate change (in terms of direct effects on tree growth,
Supplementary material H) suggests that available resour-
ces should be prmarily | L into disturbence min-
agement  and  optimized silvicolture  systems.  The
importance of disturbance management is underscored by
the slow decrease in the salvage logging rate, which in oar
simulations continues 10 sccount for more than half of the
totul harvests by the end of the century (even without the
amplifying effect of climate change). This agrees with
Thom el al, (2013), who suggested that drivers of forest
disturbance regime can be influenced by forest manage-
ment but that the response times are ikely to be slow,

Conclusions

Our modeling study shows how the future development of
forests in Central Earopean mountain regions may be
affected by climate change, forest disturbances and man-
agement. We suggest that the presented chinges in forest
dymumics aml competition between species should be

2 Springer

considered by forest managers in their attempts 0 increase
forest aduptive capacity and support the sustainability of
ecosystem services provisioning.

At the same time, we show that forest management has a
remarkable capacity to moderate forest damage and the
adverse effects of climate change and that supporting forest
diversity is of parnmount importance, The projected rute of
forest udaptation, however, seems insufficient o secure the
sustaimable  provisoning of desired  ecosystem  services
under climate change, and a broader mnge und grester
miensity of adaptation actions 18 obviowsly needed. We
emphasize the threat of Increasing drought 1o regional
forests, which has not been receiving adequate attention in
Central Europe so far, even though climatic projections
have consistently indicated that drought i likely 10 sig-
nificantly increase under climate change.
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Supplementary material A Study region and applied forest management

The Goat Backs Mts. model region is located in northeastern Slovakia (Central Europe) in the
mountain range of the Central Western Carpathians (Fig. Al). The region covers an area of 8,226
hectares with 62.4% forest cover and an altitudinal range of 650-1,555 m as.l. Air temperature
during growing season (April=September) ranges from 12-15°C, and growing-season precipitation
ranges from 380-510 mm. Cambisols and Podsols prevall, while Rendzinas occur in the calcareous
bedrock at the highest elevations.

Fig. Al Location of the Goat Backs, Mts. model region in Europe (A, 8), and reglonal forests, main soll
types, and elevation zones (C). Such parameters were used to identify forest stands representative of
the study region to be used for forest development simulations.

Since 2003, the incidental felling related 1o wind and snow damage followed by bark beetle
outbreaks has been annually approaching 100% of the total volume of harvested timber. Even-aged
management with a rotation length of 95-140 years (depending on species composition and site) is
applied. Tending is applied at a thicket stage to reduce stand density to the 90% of the full stocking
{the full stocking for a given site is specified using growth and yieid tables). Between 2 to 4 thinning
aperations of variable intensity are applied, depending on stand density and site index. Regeneration
system is uniform shelterwood in stands with fir and/or beech admixtures, In such stands, two-phase
shelterwood cut at @ maximum area of 3.0 ha with 4 - 6§ harvest cycles is applied. In spruce
monocultures, a small-scale clearcutting system with 3 harvest cycles is applied, with a maximum
clear-cut area of 3.0 ha.

Because of high amounts of sanitary felling induced by the wind and bark beetles, the forest
stands are stabilized by increases in the proportion of species other than Norway spruce by means of
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artifical regeneration (see Supplementary material 8 for used specles rates In the artificial
regeneration). The proportions of each species in the artificlal regeneration are site-specific. Spruce
trees are harvested preferentially, while non-spruce spedes {e.g. larch or pine) are preserved to
support thelr regeneration for a variable period of time, and are cut thereafter, Protection from
ungulates during regeneration is required to ensure the survival of non-spruce spedes. Because dead
or damaged trees support the growth of bark beetle populations (e.g. Hlasny and Turéani 2013), such
trees are rapadly removed, and almost no dead wood accumulates in the forest.
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Supplementary material B Criteria on the selection of representative stand types to be used for
forest development simulations

Tab. B Criteria used to select the representative stand types (RSTs) for forest development
simulations. Each combination of site and stand criteria is represented by a single RST, and each RST
is representative of a certain part of the study region (Fig. Al). Species proportions used in the
artifickal regeneration in each RST are also indicated, Specles codes: 5 —spruce, F—fir, L - larch, B -
beech, M - maple
Species composition  Elevation (ma.sl)  Solltype RSTIO  Area (%) Regeneration (%)
$50, F 10, P 10, L10,

600-800 Combisols 1 038 s
_ $30, F 20, L 10, B 30,

8011100 Curihucts.. 12 0 M 10

Spruce Podsols 3 087  S40,F 20,120,820
Cambisols 4 442 S40,F 20,020,820

w5 An Simieds

Rendzinas 6 4.19 1 v 2

830

S50, F 10, P 10, L10,

600-800 Cambisols 7 186 Aty

o 1sga  S50.F10.P10LI0,

Spruce with larch 801-1100 810, M 10
Podsols 9 253 S40,F 20,120,820

Cambisols 10 732 S60,F 20,110,810

11011500  Podsoks 1 195 560, 20,110,810

Rendzinas 12 386  $20,F 20,830, M 30

600-800 Cambisols 13 1n S30.F20,L10, :ﬂ’&

Spruce with larch 550, F 10, P 10, L10,
v Cambisols 14 7.20 Ml
S0 $50, F 10, P 10, L10,

Podsols 15 0.20 A

550, F 10, P 10, L10,

600-800 Cambisols 16 0.38 810, M 10

Spruce with arch, s011100 Cambisols 17 569  S40,F 20,120,820
beech and fir Podsols 18 121 $60,F20,010,810
Cambisols 19 112 $60,F 20,110,810

1m-1300 Rendiias 20 019 $20,F20,830,M30

600800 Cambisols 21 ray S0F,L0, :131%

Mixture of spruce, Cambisols 22 1552 $50,F30,P10,L10,
501-1100 810, M 10

tasch, plng, fi, 530, F 20, L 10, 8 30,
beech and maple Cambisols 23 318 . NPT, M 16
11011500 Podsols 2 220 $60,F20,L10,810

Rendtines 25 111 $20,F20,830,M 30

“per cont of the study region
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Supplementary material C Description of climate change scenarios and of the baseline dimate used
to drive the forest development simulations

Tab. C1 Future climate statistics refer to the period 2071-2100. Although the data refer to elevation
1,000 m a.s.l, the projected change in air temperature and precipitation is almost uniform across the
region. Model coding (¢1-<5) follows the magnitude of A(*C) in the period 2071-2100. Abbreviations:
MAT = Mean annual air temperature; PVS - Precipitation during vegetation season; A -~ Change
between a scenario and the baseline climate

Scenario 1D RCM Driving GCM  MAT(°C) MATA{'C) PVS(mm) PVSA (%)

baseline - - 7.0 0.0 4510 00
DMEHIRHAMS BCM 9.0 18 4955 9.9

c2 DMI-HIRHAMS ARPEGE 9.2 22 294.2 348

c3 ICTP-RegtM ECHAMS 13 9.8 23 432.0 4.2

cd SMHI-RCA ECHAMS3 103 32 3810 -155

5 HC-HadRM3 HadCM3Q16 119 49 351.2 221

- Average c1<5 - 95 30 400.8 <134

- St. dev. c1-¢5 - 15 10 66.7 153
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Supplementary material D Implementation of tree species-specific mortality rates in the forest
dynamics model Sihyla

The records on forest damages in Slovakia (Source: National Forest Centre, internal data) in terms
of volume of salvage harvests were used to calculate the mortality rates specific to a tree species and
age dass. The parameterisation data cover the period 1998-2009, and are based on randomly
selected forest management units representing 59% of the forested area (1.14 mil. ha} and 60% of
the growing stocks {273.8 mil. m?) in Slovakia. Although particular damage agents are specified in the
source data, we used the aggregated mortality rates. The total harvested volume of dead or
damaged trees relative to the total volume of a given species and age class represents the mortality
rate used in the simulations. Hence, the presented mortzlity rates include both natural tree mortality
and mortality induced by disturbances.

Although the source data relate to a stand scale, we implemented the mortality rates in the Sibyla
mode! so as each tree and age class in a stand receives a specific mortality rate. Although such a use
violates the natural stand dynamics, it provides a realistic output when the data are spatially
aggregated or simulation plots are representative of larger areas, as is the case of the current study.

As can be seen in Fig. D1, the mortaiity rates of spruce, larch, beech and oak are Increasing with
age, while pine and fir show the highest mortality rates at early ages. The latter fact is related to the
frequent damages by snow and ice to pine, and by game to fir; the competition also increases the
mortality rates for young developmental stages. The decrease in mortality rates at ages above ¢a 120
years is due to the fact that oldest stands in the parameterisation data are located in protected and
protective forests with lower rate of damage as compared with commercial forests, However, trees
older than 120 years occur in the study region only marginally.

o L=
W AN W WM OE W 0N 00NN W

ol o e T
MO0 W0 O D O W L0 U0 10 10 W 1w
e tywan| Age tyean)

Fig. D1 Mortality rates of main tree species used In forest development simulations in the Goat Backs
Mts. model region. The values represent the probability a stand is destroyed in a certain age (pane a)
or up to a certain age {pane b), In the pane a, the left y-axis relates to spruce mortality rates, while
the right y-axis relates to the remaining specles
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Supplementary material E Definition of forest development Indicators addressed in the current
study

Biomass production per species (BP) {m* ha™ yr*) includes roots, trunk, stem, branches, and leaves
in both dead and living trees, harvested or not,

Total harvested biomass volume (TVH) {m' ha® yr') contains all blomass extracted during
siviculture and harvesting operations

Harvested timber volume (HTV) (m”ha” yr*) contains part of TVH classified on the basis of Slovak
assortment tables as timber wood assortments {Petras et al. 1996)

fuel and pulp wood volume (HFV) contains part of TVH classified on the basis of Slovak
assortment tables as fuel and pulp wood assortments

Tree specles diversity was evaluated using the true diversity index D (Jost 2006}, which is the
exponential form of Shannon's diversity index S:

N
== ZP: In(p)

=1
d,
P = E
where N is the number of species, d; the basal area of species [ {m’; in this study calculated using the
basal area of tree specles with diameter = 5cm) and
5
6= Zﬂt(“‘z)
=t
Hence the true diversity index D is defined as:
D = exp(lt)

Tree size diversity index H was evaluated based on post-hoc index presented by Staudhammer
and LleMay 2001:

Hppy +H,
o =R e
Nown

it = Z %In (%)

i=3
Ny
. i (9
==, (3)
=1
where Ny, and N, Is the number of DBH and height classes present in stand, g; the basal area (m?)

of DBH or height class { and G the basal area of stand (m’). For DBH, we use 5 cm classes, and for
height 2 m classes (Cordonnier et al. 2013).

Dead wood volume (DWV) (m” ha ') includes standing dead trees with DBH >5 em-and lying dead
wood originating from trees with DBH >5 ¢m at any decomposition stage,

Number of large standing dead and living trees (n ha') (LSTN) contains all large dead and living
trees with a DBH above 70 c¢m for conifers and above 50 ¢cm for broadieaves. Annual probability of
dead tree downing was specified in Cordonnier et al. (2013}, and LSTN was modified accordingly.
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Supplementary material F Climate change effect on driving variables in the Sibyla model In the Goat
Backs Mts. model region

<650 m a.s.l. 650-1,250 m a.s.l. 1,250 mas.L

~— baseline climate climate change scenarios [l positive change [l negative change

Fig. F1 Climate change induced changes in the suitability scores of environmental variables driving
the forest development in the used forest dynamics model Sibyla. The scores are calculated by
transformation of original variables using the tree-specles specific functions. The difference in

suitabllity score between the period 2071-2100 and the baseline dimate corresponding with the
period 1961-1990 are presented. The future dimate is represented by the average of 5 climate
change scenarios described In the Supplementary material C. Red zones represent the decrease of
respective suitability score and deterioration of growing conditions, while green zones represent an
improvement in growing conditions

124



Supplementary material G Inter-climate change scenarlo variabllity of evaluated forest development
Indicators

0 UNMANAGED MANAGED
8p
10
£
K
; 40
£ -2
}«
40
0 1 2 3 0 1 2 3
Pariod

Fig. G1 Inter-climate change scenario variability of simulated total biomass production (BP), The per
cent change between five dimate change scenarios and the baseline climate are presented for the
current management regime (right pane) and the no management regime (left pane). Description of
used climate change scenarios is given in Supplementary material C. Periods: 0 - 2010, 1 ~ 2011~
2030, 2 - 2031-2070, 3 - 2071-2100
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UNMANAGED MANAGED

a)D

Fig. G2 Inter-climate change scenarlo variabllity of true diversity index (D) and tree size diversity
index {H). The difference between five dimate change scenarios and the baseline climate is
presented for the current management regime (right panej and the no management regime (left
pane). Periods: 0 - 2010, 1~ 2011-2030, 2 - 2031~2070, 3 - 2071-2100
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Fig. G3 Inter-climate change scenario variability of simulated of number of large standing trees per
hectare (LSTN) and dead wood abundance in m® ha* {DWV). The per cent change between five
climate change scenarios and the baseline climate is presented for the current management regime
(right pane) and no management regime (left pane). Periods: 0 - 2010, 1 - 2011-2030, 2 - 2031~
2070, 3~ 2071~-2100

The Inter-climate change scenario varlability of the total BP ([.e. that of all species in the region)
under the CM scenario ranged from 0 to -35% of the baseline-climate simulations; the greatest
decrease was with ¢5, the warmest scenario (Tab. C1). The variability with NM ranged from 0 to -20%
of the baseline-climate simulations; the greatest decrease was with scenario ¢5 and with c2, the
driest scenario (Tab, C1).

The inter-climate change scenario variability of differences between the climate change- and
baseline chimate-driven simulations of both D and H was much higher with CM than with NM (Fig.
G2). The changes ranged from a minor decrease to a significant increase in D, and from a minor
increase to significant decrease in H. LSTN showed larger variability with NM than with OM, and
range from O to -80% of the baseline climate simulations, The Inter-climate change scenario
variability of DWV was higher with CM (ca. -20 - 30 %) than with NM (ca, £20 %),
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Supplementary material H Relative importance of main forest development drivers

Because forest development in the region is predominantly driven by forest disturbances and
management, and potentially by climate change, we determined the proportion of varlability In
simulated values accounted for by these drivers. We used a factorial analysis of variance with higher-
arder interactions based on the generalized linear model (GLM) to evaluate the refative effect of
these factors {for more detalls, see Hldsny et al, 2014), To facilitate such evaluation, the simulations
were run not only with CM and NM but also under a disturbance-free scenario (results of these
simulations are not presented in this study). Hence, the statistical design had the following structure:
the Management factor contained the levels “no management” and “current management”, and the
Disturbances factor contained the levels “disturbances-yes” and “disturbances-no”. The Climate
factor contained levels "no-cdlimate change” and "climate change”; the latter leve! contained the
simulations run under the five climate change scenarios (Tab, C1). The analysis was conducted in
Statistica v. 12 {StatSoft Inc.).

The quality of GLM fit to the evaluated indicators as indicated by R* values was variable, which
limits some of cur interpretations (Tab, H1). The results show that D is mainly driven by forest
management (39% of the total variability), and this agrees with the significant difference in D
simulated under the two management systems (Fig. 3 in the article); the remaining portion of the
total variability was not captured by the GLM, The relative effects on H and DW cannot be evaluated
because of low R values (0.01 and 0,18, respectively). DWV, however, was significantly affected (p <
0.001) by management and disturbances. LSTN was well fit by the model (R® = 0.75), and
management, disturbances, and their interaction accounted for 39, 22, and 14% of the total
variability, respectively,

The model fit for TBP was also very good (R? = 0.72), and management, disturbances, and their
interaction accounted for 30, 26, and 15% of the total variability, respectively. For TVH (R* = 0.36),
management, disturbances, and their Interaction accounted for 22, 7, and 8% of the total variability.

The relative effect of climate change was insignificant for all variables, even though the results are
based on the period 2070-2100, when the divergence among the five climate-change scenarios used
was high {Supplementary material C},

Tab. H1 The percentages of the total variability In stand development Indicators attributed to the
main forest development drivers. The data refer to the period 2071-2100. The underscored values
are statistically significant at p<0.001. Abbreviations: Clim - climate change, Man — management,
Dist ~ disturbances, x — interactions, M — tree size diversity index, D — true diversity Index, DWV -
dead wood volume, LSTV —farge standing tree volume, BP — tatal biomass production, TVH ~total

harvested volume
deve

" Forest lopment drivers i
development | z . Climx Chmx Manx
indicators ® Om; Men 008 Man Dist Dist MDai:tx
D 04 Q 039 0 Q 0 Q 0
H 001 001 0 001 a 0 0 0
bpwv 0.18 0 013 005 0 1] 0 0
LsTvV 0.75 0 039 022 0 0 014 0
Tep 072 001 03 026 0 0 015 0
TVH 036 0 022 007 0 0 008 0
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5.6 Effect of different tree mortality patterns on stand development in the
forest model SIBYLA.
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Effect of different tree mortality patterns on stand
development in the forest model SIBYLA

Lesnicky Sasopis -

Forestry Journal
bty Awwawnlesk sk

Jiri Trombik!, Ivan Barka™?, Tomas Hlasny*

\Caech Dutwersaty of Life Saenas Prague, Faculty of Rerestry aed Wood Seiences, Kamgiotit 129, CZ - 165 21 Prague 6, C2ech Republic
Natwsal Forest Centrw - Forest Resentrohs Insrirte 2ol T, G- Masaryba 2175/22. SK < 960 92 Zwlen, Slowek Reprabilic

Al straet
Forest mertality critically affects stund strie ture and the quality of ecosy stem services provided by forests. Spruce bark beetle (Jps
v grpiug) gencrates ratber complex infestation ad mortality patéems, and implementation of such patterny in forest models is clsal-
lenging. We present bere the procedune, whsch sllosws to similate the bark boetke-rebated tree mortalin in the ferest dynamdes model
Siba ke We ex plored how seositive Cantouy production and stand stroctioe iodicatons are to tree mortality parteras, whicl can be gener-
ated by bark beetles, Wee ned the simulati pats for thiee ged forest stands with 40, 70 and 100% proportion of sprnuce
s affecied by the d@snubance- relused mortabity that occurmed ina mndom pattern and i o patchy patsem. The psed tree specics and nge
elass-ypecitic mormalin rates were deived from the distarbonce-relatod mwo raliny records from Shvakia, The proposed algorithim was
derrloped in the SOUIe usiog the Python Boguage, and die aqzoritiun allowed us i define the dogroe of sporial chastenng of dewd trovs
@ing from a andom distribution ta a completely clustered distribution; » number of troes that deed in cither mode is set to reman
equal, We found signaticant differences between the long term develo pments of the theee imvestigated forest stands, but we found vesy
Rithe effect of the sested mertality modes on stand increment, toe speckes compositien and diversity, and tree sioe dversiy, Henee, our
Ty pothaewis that the different patiern of dead trees emerpence sheuld alfect the competirive Infersetions betwoen frees and regenenttion,

apd thus affect selected productivity sod stand stroctue milicators was not confirmed
Key words: fps typographis; dispersal pattern; empineal fo rest modelling; tree mortalit

Editnr Bohdan Kondpka

L lntroduction

Modeds of forest dynamics have become important tools thar
supported forest mansgement and mereased our under-
statding of forest development under diverse management
anl natural conditions, Becauwe forest domage Is amo ng e
most important diivers of forest des elopment witheffect on
the quality ofecosystems services provided by forests (Thom
& Seldl 2015; Thomet al. 2016), a great deal of attention
has been pasd to the implementation of forest martality pro-
cessesinto modely (Pietsch & Hasenaver 2006, Meganidovi
& Merganic 20 14; Seidl & Ranuner 2016). Atthe same tine,
models werefound bighly sensitive 1o the mortality assump-
tions adopted (Bureheretal. 2015; Hlisay etal, 2014), which
highlights the importance of proper Implementation of
algonthms drving the mortality-related processes. Despite
these efforty and increasing complexity of models, Keane
etal. (2001) sod Bucher et al. (2015) argoe that mortality
algorithms implemented in moedels are genemlly based on
simple assumptions and insufficient data

Burkbeetles of thegenus ps, and particulacy the spruce
bark beetle fps typographuy (1., 1758) (Curcublo nidae: Sco-
Ivtinae), ore the most damaging biotic agents in central
Fusopean forest (e-g. Berecetal. 2013). Bark beetle-related
tree mortality is @ aghly complex process that is driven by
both the host susceptdbility, bark beetle populationsee and
diverye envirommental perturbations (Wermelinger 2004
Hldsmy & Turéani 2013). Interactions between the hast

*Correxponding author, Jifi Trowmivk, e-mail: trominkgdid. czucx

tree distribution, tree susceptibility and density-dependent
bark beetke dispersal capacity, generate specifie patterns of
infes tedd trees. Suchpatterms might tange [romthe scatiered
occumrence of infested trees, which s typical of small beetle
densities, to pateln and even o Birge scale Infestations that
typically occur when the populations are in the outbreak
phase (HEisny & Turdinl 2013). Because tree mortality
patterns might affect stand stractureand the quality of eco-
system senvices in the perod following the infestation, it i
desived to b Inde sue luinfornms ton nto forest o dels, which
operate 3t a scale of trees,

Among such models, the forest model Stbali (Fabrtka &
Dursky 2005 ) s received anincreased recognitio n in meeent
years {eg. Vaccketal 2013; HEsny etal 2011,2014, 2016;
Ambrodetal, 2015; Hartletal. 2016). Tle modet shmulistes
mortality ata scale of troes and considers both the inberent
tree moality (Durskyetal 1996, 1997) and mortality relared
to disturbances (Fabnka & Vaculéiak2009), Particularly the
disturbance-related mortality shows significant differences
between Lrees pecies, depending on tree species suloembility
o vanous distubances. Hldsoy 1 al. (2016) developed an
application that simulkites the disturbance-related mortality
in the model Sibyla based on the species and age-specific
mortlity vates derived from the 10-year vecords on forest
dumage in Slovakia; this is the algorithm we use and evaln
atein this study .
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Because the used mortality rates contaln the cumulative
effect ofall damage agenty (brotic and abiotic), each ofthem
genernting a specitic patternof troe mortality, the prefesence
of any specific tree mortality pattern might be irrelevant.
However, suchan approach might generate biased outputs
forregions  where mortality with patchy pattern,suchas that
telated to bark beethe nfestation, prevals. 1tis, however, not
clearwhetherand how the consideration of such o mortality
patteramightaftect stand development in the pedod fellow-
ing the nlestation,

To shed a light on this issue, we present o modelling exer-
cise thatevaluates in several virtual Norway spice-domi-
naated s tanls how Idomass produsction, e s peckes and stand
structure diversity can develop under the andom and clos-
teved morality modes, We lypo thesize thsat the appesiunee
of clearings in response to the clustered emengence of dead
trees could Induce regeneration processes different from
these induced by the madom emengence of dead troes, and
thus, 1o the long-run, affect ee species composition of the
stands, Further, we hypothesize that the diffevent pattems

ity settings. The disturbance mortality rates used beve were
specific lo tree species snd age class, and were parameterized
based onthe forest distinbanee records for the perod 1995-
2009 using the data trom the whoke of Slovakia (Hlasnoy et
al. 2016) (Table 3).

Table L. Stand and site condition of the thuee simulated forest
stunds,

il i parmien Vakae
Hovwon [masl] W
Sull type Catibiand
Stand deeady "
Iuital age [reses] "
Meanair ey fonug gy rcl 125

[ o m

Table 2. Types of troe species compositon in the three simulated
fomst stands,

7 ()

st 1 0 0
570 70 15 15 0
S 40 » 3 o

of dead tree emergence will affect the competition b
trees and tree Increment, and that such o difference will be
transkated from the tee seale to the stand scale. Finally, we
Iy pothesize that mainky stand structure diversity will be
allected by the tested mortality modes, whike effect on bio-
mmass production will e less pronounced. Sucha researchis
ntended o contribute to mortality parameterization in tree-
bused forest mwodeds and to improve the eliability of forest
development simulations.

2. Data and methods

2.1. Used model and simulation design

We vsed bete the forest model Sibyla developed by Fabitka
& Dursky (2005) (available at http://sibyla,tuzvo sk) nod
repeatedly used for vesearclhy, for example, by Hldsny et al.
(2011,2014,2016), Hitrtlet al. (2016) and others. Sibyba is
emplrical single-tree o ented clinmte sensative forest model
with » ope-year simulstion step, and the core components
of the model are based on the Silva model (Pretzsch et al.
2002), A detailed description of the moded can be found in
the studies we referred to carbler.

We nsed three virtual forest stands with identical site
conditions to secure the comparability of sumulation out-
puts (Table 1), The used stand parnmeters represent the
conditlons ln which spruce typlcally grows in Slovake, The
thiee stands were with a different shore of Norway spruce
(Proen abjes L. Karst.), (Stand code: S100 - 100%; §70 —
70%; und S30-40%) and with a different admiy tuee of other
species (Tabile 2). Theadmmed species were European beeeh
(Fagus sylbeation 1), silver fir (Adves aiba MIIL), andd Scots
pine (Pmus syhestris L),

Theinherent tree portality (e, mortality related to com-
petition) is implemented according to Dursky etal, (1996)
and Dursky (1997), The distucbance module it is inbes-
ently implemented in the model (Fabrika & Vaculéak2000)
was not ised b this study | and we wsed an extemal modiude
developed by Hlasny etal, (2016) instead. The latter module
was developed o the Python and SOL languages, and the
module allows flexible adjustments of a number of mortal-
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Such il ates were modified 1o consider the reduced
suseepribility to ifestation for stands with the admevture of
non-sprxce speckes based on Griess etal, (2012), The cor-
rection sceounted for 3% for stande with speuce up to 80%
and 15% with spruce below 60'%.

Development of each stand was evaluated during a
200 year pertod, because the divergence of the tested stond
development indicator ts likely to oceur in longer nus only.
The simmlations were run with the patural regeneration
modude activated (Mergankt & Fabrlka 2017), No nanage-
ment operations except for the removal of dead trees were
applied. Each simubstio n was run ten-times 1o consider the
vanability related to the differences i the initsal tree posi-
thons and stoclasticity related to tree mortality and other
mode] parameters.

Table 3. Tree species- und age class-specific mortality rates used
%0 drive the forest mortality in the cormnt study .

Tiee speres anl agr s speodic intadly nkes

Spauce propanion o s stsad|%)] Beeth A e
- m_‘:»_&n_ MR /T L\
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340 [ LS T B ¥ T Y R X L S Y
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8170 016 BI6 A BBl 4R 0
71-80 019 I als bbl 43 0w
8190 [ TS U N S N T 2N ¥ TS T
91-100 [ TP T N P AT S 1 T S Y )
181-110 [ TS N B N T VI T ST
111120 0 19 Al ez o om
12-10 0x 1% Al epl e om
131-140 021 K a1 el A am
141-150 0 81 a1 bbl M o0l
219 (AT Ble At eoL A LL
2.2, Tested mortality patterns

Two mortality set-ups were tested - rndom occrrence of
dead trees dinen by species- and age class-specific nortal-
ity onh {Table 3, mode RAN) and o clustered occurmence of
dead nees (mode CLUST), where mortulity is also deven by
the proximity of anevaluated tree to the trees that died In the
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previous pertod. Hence, the CLUST mode generates the dead
trees ina patchy pattem typical of bark beethe infestation in
the epidemic plase.

In cave for the RAN mode, a specific mortality rate from
Table 3sassigned to cach tree ina stand based on the species
and age class. Then, o real number n the 0 — 1 lntervid with
the uniform distribution is generted foreach tree to specify
s threshold to whicha mortality mte ls compared. lncase the
threshold is excoeded a tree sunives, otherwise a tree dies,
Stcha procedure s applied with a 10-vearstep.

In case for the CLUST mode, the procedure described
above is modified based on the proximity of each tree o the
trees wideh had died ln the fonmer shmulation step. The lit-
erturereyiew indicated thatunder highbeetle densities (epi-
demic plzase) most of beetley disperse over short distances
(up to 100 m), and the dispersal (or the appearance of pew
infestation spots) disappears within 500 — 1000 m from
old Infestations (Wichman & Ravn 2001 Kauezetal, 201 1;
Hiasny & Turéani 2013; Stadelmann ¢t i, 2014), There-
fore, we modified the RUN algorithms so as we define the
affinity of the newly infested trees to the trees infested inthe
previows period. The affinity with magnitude 1 couses that
all new infestations might occur in trees adjacent to the old
infestanons, aod the age effect does not apply in this case;
Iowever, theage tueshold of S0vears is applied o v okl te
infestation of trees, which are very unlikely to be infested.
The SO-yearage hnutwas applied though spruce bark beethe
iy thought to infest trees older than 70 yeans (Wermelinger
2004), but much vounger stands have been recently found
1o beinfested, torexample, in the Czech Republic (1. Holuga,
pery, comm. ),

Theattiniry with the magnitudeof O lndicates no clustes-
ingeffectsand CLUST isequal to RUN. The transient affinity
values can be spplied to model vartous baik beethe dispersal
patterns. The algorithmwas developed in the SQLite using
the Python language.

2.3 Evaluated stand development indicators

We evaluated effect of the two mortality setting on several
production and stand diversity indicators, We evaluated
the effect on volume Increment of o stand (' ba ' year ');
species-specific relative standingy o hume (% of the totalstand
volume), which is indicative of tree species co mposttio n; vol-
e of dead wood (m'); tree species and Lree size diversiey .
The truediversity index (Jost 2006), which s the exponential
formof the Shannon s diversity index, is need as the indicator
of tree species diversity; specles-specific basal area is used
a0 welght. Tree stae diversity index (H), which aggregntes
the diversity of tree heights and diameters (Staudbammer
& LeMay 2001), is used as the indicator of stand structure
diversity.

3. Results

2. L. Volume increment

Daffevent specles compositons and ielated mortality mtes
catwed the mesn stand volume increment (' - year ) to
differ sigmificantly between the stmulated stands. While in

5S40 the Increment culmisated at ca 90 year of the slumla-
thon (stand age 130) 1 27 m' ba ' year ', the increment was
steadily declining during the whole simuolation period in the
two remaining stunds (S70 and S100). Such o decline was
primarily related to the progressnoe mortaliny of the dominat-
ng spruce trees, while such an effect was less pronounced
in S40 and S70,

Although we assumed that the two tested mortality
modes willaffect the stand density diffevently, and this effect
will result i & differential response of stand increment, our
stmukations showed aloost no ditference between the RUN
and CLUST mortality modes duning the wholke simulation
period; minor deviatio ns of the two curves in Fig. 1 were ln
he range of the respective ermor bars.

» 540 s70 s100
17 M,
Ho
§|: - RAN ’}:‘:\A
— CLUsT
"o a0 w-«m”o P

Fig. 1. Development of moean stand volume increrment stmwilated
with the padom (RAN) and clostered (CLUST) ocomrence of
dead trees in three forests stands. Stand codey areex plained inTa-
e 2. The evror burs show the 95% intenal cake ulated based on 10
repeated simukatio n nans.

3.2, Relatlve standing volume

Relative standing volume was imvestigated as an Indicator
of the change in tree species composition, The simulations
shows that fir was performing best and Its volume was
steadily growing duning the simalation period (Fig. 2), The
decrease of spruce was related to bigh mortality rates, while
the decrease of beech was elated to the ungavorable condr-
tion forbeechgrowth inthe cdvationof 1,000 ma.s.L, whene
beech production and ability to compese with other speches
were pot suificient to persist,

As inthe case of mean stand volume increment, the two
tested mortality modes did not affect the per-species volume
significantly dunng the whole simmilation perod.

3.3, Dead wood volume

Dead wood volume generated for each vear of the simula-
tion period directly ieflocts the species- and age-class specific
mortality rates indicated in Table 3, Developrment of dead
wood volume tn all three stands shows the presence of dam-
ageculmination phase, where the proportion of spruceand/
or ather overmatured trees reached mas fmuam (Fig. 3). In
S40 the danmge culmination occuved ¢a In year 70 of the
simulation pevod, and then the damape decrease because
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AN cuusT

Vewr of e doten e

Fig. 2. Species specific standing vehame calculited as the per cent
of the total standing volume stonubsted with the raodom (RAN)
and clusiered (CLUST) occurrence of dead trees, Stand codes ate
explined in Table 2. Stand S 100 was pot peesented becanse of the
persisting daminance of sprace,

o ol md

of the increase abundance of younger and less vulnemble
spruce trees. In S40 and S70 the damage peaked in ca year
170of thesimulstion period, thougly the peak in S40was not
as sharp as in the previous stands.

Because of the stochasticity in the algorithm, which is
applied o evaluate whether or not a tree dies, the inter-slm-
wlationy aciability s lrgestof the all iy estigated indicators.
As inthe previons indicatory, thesewas no difference between
the RAN and CLUST mwodes, In case of this indicator, how-
ever, suchan output could lave been expecied, because the
used algorithm was designated so as it affects the distnbo-
thon of dead trees i stind, while the total mumber of dead

trees iematns equal,
oy 840 s70 $100
. — CLUBT

£

§ Al Y

‘m éﬂ AB( l';ﬂr.‘.

i “ N "“‘:j:\
[ |

Fig. 3. Dead wood vo ke siimlated with the mandom (RAN ) and
chistered (CLUST) ecommence of dead trees. Stand coddes are ex-
plained i Tabke 2.

3.4. Tree species and tree size diversity

Tree speces diversity was evaluated forstands S40 and S70
but not for S100, where anly spruce conkd egenerate amd
thus the stand remained nonospecific during the wholke of
the simulation pertod. Tn S40 the initial value of the vsed
diversity index way significant Iy igher than o S70becanse

176

ol moreequal proportions of tree species (Frg. 4 ). The dner-
sity, however, sharply decreayed as fir become to dominate
i the stand.

Treesizediversity was increasing in all sinmbated stands,
though the increase was rather erratic in $40. The ucrease
was related o the acetrence of lige overmatured trees,
whichhave not died despite their high mortality rates (Table
1), as well s to the occurtence of simlier ees appearing in
the pew generation of the forest,

Tree species diversity shows minor differences between
the development ditven by CLUST and RAN mortality
modes, the differences are, however, in the range of the
vartability redated to the tens stmlotion runs. The difference
between the mortality modes as well as the inter-mun var-
ability of the tree size diversity significantly tncreased after
ca 150 year of simulation in S40, such a pattern, however,
acks interpretation.

sS40 M

5
:ll 7%
Ezs \ / \k‘
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Fig. 4, Teee species (D) and tree stac diversity tndex (H) stamlated
with the random (RAN) and ¢l d (CLUST) oce of
dead tves. Stand codes ase explamed in Tablke 2.

4. Discussion

The model Siby la represents o well-established forestmodel,
which has been repeated iy used in the research of forest deved

opment deiven by vartous mamagement types, disturbances
orby climate change (Hiasmy etal, 2011,2014, 2016; Vacek
etal 2013; Ambrog etal. 2015; Hiirtl etal. 2016). That the
model operatesat o scale of trees facilitated anahses that uti-
lize tree positions, lneluding the assessment of stand strue-
e indicators or change in tree species composition. Still,
there ave limits in the understanding of moded’s behavior,
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which should be explored 1o use the nwdel more efficiently
and suppa it the properinterpretations of simulation outputs,
We explored here how the spatally clustesed occurrence
of dead trees, which generates mortality patterns simmbar to
those generated by spruce bark beetle, nught atfect sedected
stand structure and productivity indicatory. Sucha research
might inform whether it is worth to consider the spatial dis-
tribution of dead trees o tee-based forest models, and bow
the selected indicatory are sensitive to differences in the pat-
tern of dead trees emergence.

We focused on three forest stands with diffevent per-
centage of Norway spruce, which typically oceur in central
Fuvope, We found significant diflevences between the long-
term developments of the three investigated forest stands,
but we found very Uttde effect of the tested mortality modey
on stand increment, tree species composition and diver-
stty, and tree size diversity. This was despite the pattern of
dead trees distobution and the overall stand structure was
rather different between the simulations drvea by the two
moitality modes (Appendix A). Hence, our Iy pothests that
the different pattern of dead trees emergence should affect
the competitive Interactions between trees and thus affect
sefected productivity and stand structure indico tors was not
conflimed.

Therefore, we suggest that different patterns of deand
tree emergence might not be considered in tree-based forest
model, when busic growth, yleld and stand strscture Indi-
catorsare to be evaluated, Still, effect on specific indices of
Iortzo ntal stands stroctvee (e.g. Clark & Evans 1954, Stoyan
& Stoyan 1992), which might be moresensitive to e modi-
fhed distributson of trees, need to be explored.

There are some lmits of the mterpretstion of our fid-
ings related to the used expenimental design. We assumed
that the prescribed degree ofs patial clustering of dead trees
remains constant during the whele simulation perod, This
15, however, nota realistic assumptionbecauseyarions tran-
sttiony between andom and patcly tree martaliny patterns
are typical of bark beetle population dynamics, Typically,
stall popukations generute a scattered patiem becanse the
beeties search for suitable bosts, whilebeetles in large popu-
lations tend 1o lnfest the trees ina closerviclnity (Kavsnud et
al. 201 1; Higsmy & Turani 2013). Lorge populations maght
tend to collapse after a several-year pertod of the outbreak
culminntionbecause of the effect of diverse density depend-
ent regulation mechanisms (Raffa et al. 2008), Therefore,
the coetficlent ofatfinty we nsed i the cuvent stdy shoukd
change o time depending ona numberof factors (e.g, stand
age structure) to mimie the real bark beetle dynamics more
reliably, We, however, argue thatsuch a compley processes
can be better addiessed by models that specifically explore
bark beetle dynamies (e.g. Netherer & Nopp-Mayr 2005;
Jonsson et al, 2012) or process based forest models (e.g.
Setdletal. 2012), whide empirical growthund ytleld-o nented
models, such as that vwed in the curment study, might prefer
asimplified design such as that we described bere,

Another limitation relates to the technical impkmentation
of our moduke in the model Sibyla. Because the sounce code
of the moded is not publich aviilable, the distusbance mos-
tality module (including tree speckes- and age class-specific
mortality probabilities described i the text, and the dead
tree clustering module) were developed as an Independent

application (n the Python binguage. The application inter-
nupts the forest devefopment simulation, identifies the trees
10 die, amd vetrieves tle output set-up o the nwdel. Such
an implementation is not that optimal, and it remarkably
Increases the computational tme.

5. Conclusions

We presented here the testing of algonithm, which allowed
to simulate varous distributions of dead trees, which emerge
during the development of spruce stands in the forest model
Sibyla, Our study showed that the tested indicators of forest
development wete notsensitive 1o the altered distrbution of
dend trees m the stand and that the by potheses on the effect
of such un olteration on reg fon and ine were
not confirmed.

Although the presented fndings (ndlcated thiat tree-
based forest models might not conswder specific patterns of
dead trees eergence In forest stands, there are several Uimirs
related to the ex perimental design used in the current study,
which tequire turther innvestigation. These limits include, for
example, the unknownsensitivity of the natucal regeneration
nthe model to the moditied stand density induced by the nwo
tested moctality modes. Moreover, there are specific stand
structure indicators, which canbe more seasitive to tree dis
tribution in @ stand than the Indicators evaluated bere; the
sensitivity of such indicators needs 1o be explored, SHll, our
study provided & pew insight on the development of spruce
forest standsin the forests model Sy laand thus can support
the optimized use of the model,
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Appendix A: Differences in the deselopment of Norway sproce stand in the fovest model Siby b with the randomand chustered
occurence of dead trees
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Fig. AL Exomple of the development of sproce vtand with the random occurvence of dead trees.
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Abstract Steadily increasing damage o Norwny sprace
forests in Europe has cavsed researchess and managers 1o
consider whether these forests can be converted to more
stable ecosystems. In a centrul Egropean mountam region,
we investigated whether munagement systems (MSs)
specified by regional stakeholders peovide sound alterma-
tives to the currently applied management. We used the
forest model Sibyla 1o explore whether the tested MSs
differ in their sensitivity 1o climate chunge in terms of
altered biomass production, stand strscture, forest damage,
and financial outcome. The tested MSs were no-munage-
ment (NM), cumently applied management (BAU), and
munagement based on the preferences of forest munagess
(FM) or on the preferences of other stukebolders (OSH),
With NM, spruce remained dominant during the simulition
pernod 20010-2100, and the rate of damage significantly
increased. Spruce also remained dominant with FM, while
the abundance of pon-spruce species significantly increased
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with BAU and OSH. The rate of salvage logging converged
at 50% of the wil harvess for all MSs up to 2050, Climate
change reduced biomass production (—15%) with all MSx
but had o neghgible effect on biodiversity indicatoss. The
average initial value of the simulated slands  was
20,000 € hia~ " and the nominal value in 2100 was between
1900 and 10,900 € ha ™" The Net Present Value calcalated
with the 2% interest rate was negative during the whole
simolation period (5600 to ~18.500 € ha™' in 2100}
Effect of climate change on all finuncial indicators was
negative, Our findings indicate that secondary spruce foe-
ests are highly vulperable and that the systems proposed by
both forest managers und other regional stakeholders failed
1o significontly redoce forest damage muxl stabilize forest
production,

Keywords Biomass production - Forest diversity - Net
peesent value - Forest modelling - Alternative forest
management

Introduction

Man-made Norway spruce (Picea ables L Karst) forests
occupy o substuntial part of the forest land in Centrul
Europe (Spiecker et al. 2004) Although these forests are
comsidered indisp ble because they generate soltwood
tmber, maintain biodiversty, moderate gravitation haz-
ards. and support recreation, damage o these forests has
been steaddy mereasing in recent decades (Hldsny and
Sitkové 2010; Briner et al. 2013), and thewr Jong-term
sustainability has been repeatedly questioned (¢.g. Grodzki
2010; Hiasny ond TurGini 2013; Hlisny et al. 20150).
Conversion of spruce stands growing on unsuitable sites to
broadicoved or mixed stands has been one of the central
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issues of Evropean silvi in recent G {Spiecker
et al. 2004; LOF et wd, 2010), The alternative munagement
srategics wsually include avoidance of clearcutting and of
Intense site-preparation techniques, fostering Stamd stru-
ture and tree specics diversity, or peomotion of natural
regenerntion (Puettmann et al. 2015) Soch practices might
reduwce staml susceptibility 1o damuge snd increase tree
survival (Griess et al. 2012; Kinsson et al. 2012; Neuner
etal. 2014), which is particulurly important in regions with
intensifying dasturh regimes., | in these al
tives has increased also because of the growing recognition
of forest wudtifunctionality (Gustadsson et ul, 2012: Briver
ctal 201 3; Gamfeldt et al. 2013) and the increasing desire
of diverse stkeholder groups 1o participate in forest
management decisions (Phalen 2009: O'Brien et al, 2013,
Shackelford et uwl. 2013 Sarvadovd et al, 2014, Marzano
et ol 2015), Stkeholder partxcipation (e.g. via munici-
pality or nature conservation representatives) in forestey
decision-making, which has been uncommon i traditional
forestry, might be particularly beneficial because it would
provide regional expertise and would increase the public
acceptance of the final outcome (Beckley et al. 2005).
Alernative mansgement strategies that would address
the ccological and  environmental  limits of  forest
cxploitation as well s related financial risks have been
increasingly scrutinized (e.g. Seidl et ol 2007, 2004
Lindner et al. 2010; Jactel et al, 2012; Ray et al. 2014;
Schelhaps ¢ al. 2015), The transition from traditional
production-onented  forest  management 1o altemative
practices has received substantial attention in developed
countries (Puettmann et ul. 2015) but less uttention in
countries with sransitionul economies in Central and East-
em Horope, Particularly challenging is the transition from
“even-aged. single-species-oriented management” lowards
“close-to-mature management™; the ime required for such
4 transition is likely to exceed the time span of o rotation
penod (Roessiger et al. 20110 In the case of Norway
spruce forests. which are the focus of this stody, the current
high market demand for softwood and the uncenain
options [or marketing the surrogate, mostly hundwood
species are additional constriuints to such forest conversion,
The moditication of long-lerm management proctices is
particularly challenging in the face of climate change,
which might both support and counteract the comversion
efforts (Hidsny et al, 2014; Zistanov et al. 201 5). In Central
Europe, the complex inteructions between climatic stres-
sors and the cli isitive dy of diverse pests
represent the main climate change-related threat 1o regional
forests (Thomsas et ab. 2002: Lakatos and Molndr 2009;
Hldgsny and Turédni 2013; Klapwijk et al. 2013), und such
interactions are likely 1o be amplified by climate change
1Seidt and Rammer 2016), Climate change is expected to
indoce significant fmancial losses refuted 10 changes in
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species distribution, u deterioration of growing condstions,
] an increase in damage (Kirilenko and Segjo 2007). For
example, a shit Is less profitable species could
reduce the economic videe of curvent forest lund by 28% by
the year 2100 (Hanewinkel et al. 2012). Such effects can,
however, differ ulong environmental grmdients and man-
agement types. For example, Hiintl et al, (2016) found that
climate change slightly increased the economic returm in an
Ausirion mountain region but shghtly decreased the eco-
nomee return moa Slovak mountain regaon.

In the current study., we wsed o modelling approach o
analyse alternatives 1 traditional forest mamagement in a
central European moontain region. This region is part of a
set of study areas in Ewvropean mountains that are being
imvestigated i o2 umified design in the 7th EU Framework
Programme Project “Advanced Multifunctional Manage-
ment in European Mountain Ranges” {ARANGE). The
objectives of the current study were to determine whether
monngement systems (MSs) specified by the regional
stakeholders provide sound altematives to the cumently
applied munugement. The reasons for searching for such

| ives are mainly related to (1) the increasing domage
to the regional & the moderation of which apparently
exceeds the capacity of current mansgement; (2) the
interest in increasing the financial profits generated by the
forests; and (3) the interest in strengthening forest multi-
functionality. The latter reason mainly concems suppoet of
biodiversity, which has not been adequately supparted by
the current timber-onemed management even though bio-
diversity is positively associated with the quality of many
ecosystem services und reduces susceptibility 10 domage
(e.g. Dinz et al, 2006; Griess et al. 2012). We used a
regionally adopted forest model 1o test whether the tested
MSs differ m their senstivity to climate change in tenms of
aliered bi production, forest damage rate, and stand
structure. A particularly imponant objective was to eval-
uite the financial ontcome generuted by the MSs and how
such financial outcomes will be affected by climate change.
The rescarch strives to extend our understanding of the
development of secondary Norway sproce forests in Cen-
tral Europe under climate change and 1o evaluute the risks
and opportunities relaed (o management strufegies pre-
ferred by the regional stakeholders,

In support of these objectives, we tested the following
hypotheses: (1) in spite of o high damage rate of sproce and
noapite of climate change-mediated  improvement  of
growing condils for P pecies, sp will
remain dominant in the regional species composition; (2)
climate change will reduce regional biomass production:
(3) MSs that reduce the rotation period and increase species
diversity will experience reduced damage because of the
reduced stand susceptibility o most damaging hazards
(Juctel et al, 2012 Griess et al. 2012 Morin et al, 2014)
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and (4) the financial outcome generuted by all MSs will
decrease in the future because of ongomg damage umd the
adverse effects of climate change on farest productivity.

Data and methods
Study region wnd experimental design

The research was conducted in the Goat Backs mountain
regron of Slovakia, which bas an area of 8226 ha and an
clevation range of 650-1554 m as.l. The region has 62%
forest cover dominated by Noeway spruce (84%) (Fig |
Air tempernture duning  the  growing sesson  (Aprl-
September) ranges from 12 10 15 °C. and growing scason
precipitation ranges from 380 to 510 nun. Cambisols and
Podsols prevail, while Rendzinas occur on the calcareous
bedrock ot the highest clevations. Tunber production

constittes ¢o. 95% of the regional forestry economy.
Game honting and recreation are other ecosysiem services,
which are actively wiilized by the regionsd communities.
Maore information sbouat the region can be found in Hlisny
et al. (2015a).

Forest development simulations for the period 2010 o
2100 were run for 25 forest stands, which were represen-
tutive of stand and site conditions in the study urea based
on elevation, sl type, and tree species  composation
(Table I; Fig. 1), The stands were selected based on forest
management plans, forest soil maps. and a digital elevation
model archived i the National Forest Ceatre, Slovakia,

In the forest dynamics model that was used (see the next
section), the mitiel state of all stands was defined using
dumeter distnbution functions and height curves for exch
tree species. Helght and dizmeter datn were collected in a
field survey conducted in 2011 in each of the preselected
foress stunds. Specifically, three 0.045-ha plots per ha were

Elevation
(mast)

Fig. | Goat Backs Mts. mode! region. Tree species composition.
elevatim, nd kcution of the 25 stands ued foe the ssmmlation are
Indscated (stund codes ure as in Table 1) () The initisl state of fose

selected roprosentitive stamds artamped on e elevational grafiont is
lecdicated as wall (b)

Qs.
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Table b Criteria wedd 10 select

ihio 28 repressmative stnds for Species composition Elevagon (m as.l.) Soul type Stand 10
ooy e o G|
stand criterss bs represented by o 80i-1100 Cumbisal 2
single stund Podsol 3
11011500 Cambisod 4
Podsol s
Renkeima "
Spruce with lareh HOG-EO0 Cumbinvd 7
BiH=1 100 Cambisod L]
Podsol 9
11500 Cambisol W
Podwol 1"
Rendzisa n
Spruce with Lrch and pine GH00-K00 Cambiscl i
K-1100 Cumbissd "
Podwot is
Spruce with larch, beech, nd fir HO0-E0 Cumbised 6
BOL- 1100 Cambisod v
Podwol 1]
11500 Cambisod "9
Rendzisa 0
Muxture of speuce, larch, pine, HO-H00 Cambisod 2
fir, beech. and maple $O1-1 100 Cumbisol 2
1 =1500 Cumbissd n
Podsol N
Rendzima 25

established in cach stund 10 facilitate the calculation of the
above parnmeters, Finally, the collected data were used (o
designate the vimual plots with size 200 = 125 m
(0.25 ha), This rectangular shape wis required (o facilitate
the simulation of harvesting operations, which are per
formed i parsllel strips. Becauwse inlormuton on lree
positions was not available, the initial state of each plot
was generated 15 times with different tree distributions
while preserving the characteristic specics mixture patiems
observed m the stunds. The results of the simulations were
averaged and recakeulated w per hectare wnits. To obtain
regional estimtes, the evaluated forest development indi-
cators were weighted by the area of each of the 25 stand—
site combinations occurring in the region (Table 1 Fig 1),

The muodel

The simulations of forest development under four MSs and
five climate scenarios were performed using the empirical
forest dynamics model Sibylu (Fabrika and Dursky 2005),
the core components of which are based on the Silva model
(Pretzsch of al. 2002), Sibyla is a tree-bosed moded with o
L-yearsimulation step. The model has been repeatedly used
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in climate chonge impact studies in central Ewropean
temperate forests by Hlasny et al. (207 1, 2014, 20150) and
Hirtl et al, 2010),

The model is suitable [oe studying the effects of climate
change b e several p in the model are sensitive
o clmate. Tree growth is controlled by several ecological
parameters, incloding six climate variables, which affect
height and diameter increment through the modified site
index (Table 2, Kahn 1994), Because species differ in their
sensitivity to climate, climate change might modily com-
petitive interactions between species and thus  induce
change in tree species composition [as was demonstrated
by Hlgsny ct al. (20150)].

Inherent tree maortality is indirectly sensitive 1o climate,
e, changing the site index alters tree increment, which
along with stand density and tree height (Dursky 1997)
determmes the probability of ree death. If site conditions
substantially worsen. isherent tree mortality might signif-
scantly affect the stand development. Contrary to inherent
tree mortality, disturbance-reluted montality was assumed
to be insensitive to climate in the model. The mortality
setting used was specific (o tree species and age class, and
wits parametenized bused on the forest disturbance records
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Table 2 Projected ch in forest de

lop deivers weed in the forest dymamics model Sshyla

Driver 19802010 Q071210011 1980-2010) Mean and range of climme
scenarion (207 121000

Atmospheric NO, (ppb) e ~I8% 3268

Atmopberic OO, (ppm) RELLR +62.7 248

Soil nimnients (O-1)* 038 - -

Sail water coment (m’ m )" 0.29 0.285-0,32) ~Qus 021 = 008

Number of cayy > 1* C (dayx) 138.0 +340 1720 = 560

Annual temperarare splitumde (°C) 07 -O8 W9 £29

Meaa remperature denng veger penod IV-IX ¢°C) 122 +23 152 2 3N

Procapatation totals during vepet. porsxd IV-IX (mm) 5180 ~Ta MTO L I60

de Marane andity odex (mm ¢ 'y 113 ~449 154 & 104

Mean and range of five climae change scenancos are given for each climate vanable. The daza ane for 95 m ax | efeyanco, bu the vanability of

projected changes alony the elevatioa gradient is low
* Sod were & d from sl ¢l

N devedoy wins
ISSOP (Hlasny et al. 2015h)

* Range of the soll water content for the sunslated dands

atks il were not subject s any chang:
dared individually for each stand using daily damune data and soil progerth

arsng (he simulation period

using the hydnsoy

4 (Precipitaion totals during i X g

tor the period 19982009 using the dats from the whole of
Slovakia (Hifsny et al. 2005). The wsed disturbance
mortality mses consider an aggregate effect of all distur-
bances in the region, The model uses the mortality mies
derived from the national statistics (o determine the mor-
tality rute for each single tree in o stand based on species
and age, ond evalustes stechastically whether oe not o tree
dies. This approach can indoce bias in mortality estimates,
because damage rates derived from reconds on stand
damage (whole or partial) are applied at the scale of a tree
This bias, however, shoald be reduced by averaging the

daning veg

seasca + LB

period. A number of thmning and harvesting techmgues,
which we commonly spplied in Central Ewope, can be
activated.

Forest development drivers

Outputs of five regional climate models (which were driven
by the emission scenario Al B) and o statistically generated
stable climate (corresporsding to the period 1980-2010 and
referred 1o as the buseline climate) wese used 10 drive the
forest development simulations. For details of the down-

s puts over u ber of stands and ssmul,
tions, is was done here.

Regeneration is another process indirectly sensitive 1w
climate. Regenertion density Is deiven by several constant
tree species-specific parameters {soed production. genmi-
nation rate, etc.) and by other parameters that change
during stand development (stand density and site condi-
tions, which also include climate). Climate effects on
specics-specific regeneration density were calenlated based
on the Slovak National Forest Inventory data (Merganic
und Fubrika 2011), Climate chapge might also affect
regeneration based on chmate-mediated changes i the
growth and inherent mortality of the mother stamd, Both
matural and artificial (Le planting) regenermtion modules
were activaled during the simulation; MS-specific amificial
regencration rates e indicated in Supplementary Material
C

Munagement is implkemented in the model in terms of
stand age, dinmeter classes, and peoportions of stocking
volume 10 be extracted in individual years of the simulation

ling approach, see Bug: et ul. (2017) und Supple-
mentary Material A, The scenarios are referred o ascl¢$
and are ordered acconding to the magnitude of the projected
wir tempemture increase. The IPCC SRES ALB scenario
(Nakicenovic and Swart 2000) was used to describe the
fuwre development of CO: emissions. The evolution of
nitrogen deposition was based on Dentener (2000). The
changes in forest development drivens wsed in the model
between the period 2071-2100 and 1980-2010 are indi-
cated in Tuble 2.

Evalunted management systems

Four MSs were investigated. Two of the MSs (FM and
OSH) represent alternatives o the currently applied MS
(BAU) and were designed based oo communication with
the Regional Stakeholder Punel (RSP), which was estab-
lished in the 7FP EU Project ARANGE. The RSP consisted
of eight persons representing public authorities, pon-gov-
ernmental organizations, and community members, and six

Qs.
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Table 3 Basic ch ws of the mvestigmed forest g y

Munag M Targe! nge Rotation peiod Final cut Fizal cot aren  Plamting Turget tree

syshem type structure Iyears) tha) secies

NM - Uneven - - - - -

|3 Rotation Even %0 Stelerwood <34 No Sproce

BAU Rosation Even 10 Stelterwood <30 Nonsprece Sproce, larch, fir.
pecies beech

OsH Costinucws  Uneven >1x Stelterwood o <02 Nonapruce  Sprwce, fir, beech

cover selectian species
v ly appliad 2! FM mang system based o the pred of farest gers, OSH s system haed on
the prefe of otber stakebolden, NV sysom

persons representing forest owners and managers (see
Supplementary Material B for details). The MSs were
designed based on o guestionnaire that identifiod stuke-
holder opinions on the forces driving management deci-
sions in the region and on the prospects of the regional
forests (Supplementary Material C). Researchers then
trnsformed the questionmaire responses into MS deserip-
tions, which were then implemented in the forest dynamics
model,

BAL is on evensaged, uniform, shelierwood system that
emphasizes tmber production and an ongoing reduction in
the share of spruce. The FM system s based on the pref-
erences of regional forest managers and has o strong focus
on financial indicators and on the maivenance of a high
shure of spruce. The OSH system is based on the preferences
of other stakeholders, such as the municipality representa-
tives and nature conservation organizations, and promotes
close-to-natuse management with emphasis on forest diver-
sity, exended rocation and regenerition periods, und small-
scale interventions that do not substantially open the cunopy.
In addition, unmanaged forest development (NM) was
evalusted (Table 3), Detailed mfonnution abowt the Tour
MSs amd the stakeholders purticipating i MS definition is
prowided in Supplementary Matedal B and C.

Evaluated indicators

The ubility of the tested MSs to modify the current tree
species composition wis evaluated based on the chunna in
species-specific aboveground b | m

trees (V). The total production of aboveground Mwms
(TVP) was eviluated as cumulative volume of above-
ground biomass (stem, beanches, trunk, foliage) regandless
of whether it was harvested or not. The volume of tree
compartments was calculated based on the equations pro-
posed by Petris et al. (1985) and Petris o Pajiik (1991),
The cumulative volume of dead wood generated by both
disturbance and inherent tree mortality (e the dex! wood
component of the TVP, which s referred 1o as TVP-D) was
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evaluated & an indicator of MS capacity 1o moderate forest
damage. The ratto of salvage and total (salvage plus
planned) harvested volume was used as an additional
variable indicative of the effect of MS on damage rate.

Tree species diversity was evalusted using the true
diversity index D (Jost 2006), which is the exponentinl
form of Shannon’s diversity index S

~
§= 'gl"h(ﬂt)
d;

I’I=E

where N is the number of species, o, is the basal area of
species | (m’: In this study calculated using the basal arca
of tree species with diameter =5 cm), and

s
G= 2;8‘('"1)

Hence, the true diversity index [ 15 defined os:
D = explS)

Tree size diversity index H was evaluated based on the
post hoe index presented by Staudhammer and LeMay
2001);

Huwe = ”mn + Hu

Homi = - 'f & |u("‘)
%m ln(m)

c»l

where Ny and Ny are the number of DBH and beight
classes present in the stand, g is the basal area (m®) of
DBH or height class (, und G is the basal area of the stand
(m°). We used 5-cm classes for DBH and 2-m classes for
height {Cordonnier et al. 2013),

The dead wood volume, which is commonly used as an
mdicator of biodiversity (e.g. Lassavnce et al. 201 1), was
not eviduated because all monaged systems sirive 10
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remove the dead wood mstantly in onder (o avoid sup-
porting bark beetle populations,

The fBnancial viability of the MSs was evalusted using the
net presenl vilue (NPV) generwsed during the simulation
period, which is defined & the sam of all discounted net
revenue flows, We used a modified NPV definition by
Klemperer (1996), which allowsd us to compare NPV gen-
eruted by the MSs during the simulation period, which differs
from the rotution cycle (Table 1) (e.g. Roessiger ¢f ol. 2016),
Instead of calculating only a single NPV foc the entire sim-
ulution pegiod (2010-2100), we caleulsted NPV as a seq

Even though the uxleriying management principles
were different, the BAU and OSH systems showed sur-
prisingly similar development of species percentages. The
percentage of spruce decressed from an initkal value of cx
87 10 47% with BAU and to 41% with OSH. The per-
centages of beech (Fagwy sylvatica L), silver fir, and
maple (Acer prendoplatanus L) increased with both BAU
und OSH.

Climate change accel d the & in the per-
centuge of spruce with all MSs and generally accelerated
the change in tree speckes composition (Fig. 2b), Climate

ol periods starting from year O ol the simulstion period (2010}
and incrementally increasing in S-year steps 0 2100 (ie. the
periods 2010-2010, 2010-2015, 2010-2020. .., 2010-2100),
Each NPV calculation included the discounted met revenue
Nows incurred during the respective period and the discounted
difference between the financial stand valoe gt the ead of each
period (e, years 2010, 2015, 2020, etc.) and the initial stand
vilve in year 2010,

For the sake of simplicity, we also use the term NPV for
the finoncial oucome generated by NM, where only the
diff b the di { financial stand value s
the end of the semulation penod and the mnital stand value
was considered (Le. without any revenue fBows). The
applicd interest mte was 2%,

To facilitate this analysis, we collected timber pnices and
harvesting costs, silviculture costs, and affocestation costs
for all management operations for each MS (Supplementary
Material D). To cubeulute the NPV, we summed the dis-
counted net cash fows of cach silvicultural and harvest
operntion  comducted  during  the  simulation  period
(2010-2100) wixd weighted them by stand area.

Results

Change In tree species composition

Simulations driven by the haseline climate data (Le. not
affected by climate change) showed that the proportion of
non-sprace species, in tenms of species-specific hiomiss

I shightly i I with NM (Fig. 2u4), While most
species preserved their mitial percentage of repeesentation
during the simulation, silver fir (Abies alba Mill.) increased
substantiafly (from cu. 2 10 8% ). At the end of the simu-
lation period, the sprxe proportion decreased from the
inatial 87 o T8%.

The FM system abo preserved a high percenstage of
spruce: the diference between the imtial and final per-
centage was only —35%. The share of fir increased in the
FM system. and the increase was greater (from 2 1o 13%)
than in the NM system,

change caused an additional decrease in the percentage of
spruce by up to 3% with NM and by up to ca 105 with
BALL FM, and OSH.

Total volume production

The TVP umalsted under the baselie climate differed
only slightly among the MSs by the end of simubation
period (Fig. 1), The TVP was smallest with FM
(638 m” ha ') and was highcst with NM (685 m’ ha ')
The per-species TVP comesponded to the changes in spe-
cies composition described earier: by the end of simulation
period, the non-sproce species & d for 1% of the
TVP with FM but lor 15-24% of the TVP with the other
MSs.

The response of TVP o climate change differed greatly
among climate change scenarios with all MSs. While the
moderate scenarios, ¢l-¢3, induced TVP changes mnging
from +2 to =7% relatve to the baseline climale simula-
thons, the two severe seenanos, ¢ and ¢S, caused decreases
in the TVP from —12 10 —18%. The decrease was greatest
with FM.

Tree species und size diversity

The evaluated diversity indices responded differently to the
four MSs (Frg. 4). With NM, tree species diversity D re-
mained unchanged, bul tree size divessity H increased
steadily throaghoat the simudation period. FM caused valy
a minor increase in D, while OSH and BAU coused a
substuntial increase i 0. OSH and FM cansed a minor
mcresse in H, while BAU caused a substantinl increase in
H. Thus, the most positive effect on both indices was
obtained with BAU management.

Climate change affected D and M only marginally.
While the divergence in simufations driven by the five
climate change scenarios was low with NM, both positive
and negative responses were simulited with the other MSs.
The most distinct resp was the chi change-induced
increase in £ with FM.

Qs.
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Forest damage

Becuuse we assumed that the parameters of species- and
age classspecific disturbunce rates were stable during the
simulation  period, and because the relative effect of
inherent mortality on the total amount of damaged wood
was margingl under all climate change scenarios. only
simulations driven by the baseline climate are presemted
(Fig. 5).

TVP-D was almost two times higher with NM than with
the managed systems (871 vs. 454-500 m’ ha ' during the
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described in Fig. 1)

sumulation period), differences among the managed sys-
tems were negligible (£5%), In addition, TVP-D accoun-
ted for 72% of the TVP with NM but only for 38-43% of
TVP with managed systems (Fig. 3a). TVP-D began to
diverge between the NM uixd the managed systems after ca
2020,

Despite differences in the underlying prmciples of the
MSs, the ratio of salvage and total hurvested volume
generoted by the managed systems converged at 5046 in
2070 and remained stable during the rest of the simulation
period (Fig. 5b). The differences between MSs were
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greasest mainly during the perrod 2015-2060; with BAU,
for example, the ratio hal already reached ca. 43% by
2020,

Net present vuloe

The menn il valve of all smulaled stands  was
20,000 € Ia” " The simulstions show that NPV was negative
during the entare simalation period with all MSs (Fig. 6), which
indicates that the discounted costs of masagement operations
exceeded the revenues: the NPV nnged from —5600 to
—18500 € b~ in year 2100, depending on MS. The Lergest
drop in value was with NM. where dead wood

without generating revenoe. Hence, the value — 18,500 € ha '
reflects a high rate of damage typical of NM (Fig. 3) and
indicates that the stands were rither disintograted in 2100,

0
2100 Year

To better compare NM with the managed systems, we
proposed o modified NM (NM .00 thiat considered the
dead wood generated during the simulation as the revenue:
NPVs5 for both NM and NM ., ., are displayed i Fig. 6
The analysis showed that the NPV in 2100 was
—B400 € ha~" with NM.i..p., but the NPV had converged
o —S860 € ha™' 4 2% with all of the managed systems.

A detailed analysis of processes behind the negative
NPV showed that most harvests occurred at the beginming
of the simulation period, because 43% of the forest stands
were mitially 100-110 years old. Specifically, the average
planned harvest rate was 4.9 m' ha =" year ™' up 1o 2050,
andd then decreased to 1.5 m”’ ha~' year ™', Obviously. the
hasrvest of mature trees contained o high share of salvage
logging. For the managed systems the mean annual volamse
of salvage logging was 5.6 m' ha™' w 2050 and then
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1.6 m* ha " in the remaining period, ie. it exceeded the
planned harvests.

A theoretical exercise showed that if the salvage logging
is assumed 1o have the parameters of regular harvests, the
NPV in 2100 would have been —400 € ha ™' with BAU;
200€ha ' with FPM: 0 €ha ' with  OSH;
~18,500 € ha " with NM; and 8800 € ha~' with NM,;, o

With the three managed systems and NM, ... NPV
was reduced by climate change by up 0 5% (avemge of
five ¢h change ) (Fig, 6). The decrease was
greatest with OSH and NM,_, . (—5F) and was ca—1.5%
with FM and BAU. While the decrease in NPV was anly
slightly greater with NM_,. . than with the managed
nlternatives, the decrease with NM was larger (on averige
13%), This, however, can be considered un anefuct becase
the NPV calculation for NM ases only the final stand value
in year 2100, which is greatly miluenced by climate
chunge, In contrast, NPV for the remaining MSs consists of
o number of single cash fows that occurred during the
whole simulaton period.

As the complementary information, we caculated the
nominal value of the remaiming stand in 2100, which had
an initial average value of 20,000 € ha™" in 2010. 1 2100,
the age of baseline climate ssimulations produced the
value of 10864 € ha' for NM, while it was only
2062 €ha " for FM. 2019€ha’ for BAU and
1908 € ha™' for OSH. Exwemely low values for the

2 Springer

of NPV & d wih aped  and iged systems, W
hypothetical example is also presested for the NM im which the dead
wood penermies revenies (NM, )

mannged systems were mainly related to the decline of
overmature stands during the first half of the simulation
peviod, continwous removal of dead trees, which resulted in
a low standing volume and an increased share of less
productive species, Effect of climute change on the valie
of the remuining stand wis more thun the
effect on NPV. The reduction was 13% for NM, 32% for
FM, 22% for BAU and 20% for OSH.

Discussion

In this stixly. we investigated the development of a centrul
European mountain forest as affected by seveml manage-
ment alternatives and climate change, The research was
motivated by the growing concern about the future of
commercial forests dominated by Norway speuce amnd by
the growing desire 1o coavert such forests 10 ones that are
better adupled 0 environmenial chunge (Spiecker et al.
2004 Lol et ol 2010, Hld&say et al. 20150). Although
management cbviously plays a key role in mitigating the
effects of chimate change on such forests (Bravo el al.
2008), the possible development irgjectorics remuin largely
uneaplored (Bugmann 2014). We investigated forest
development indicators of ecological and  commercial
importance and the responses of such indicators W man-
agement und climate change. In this section, we discuss the
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ability of the investigated MSs 1o help Forests adaplt 1o
climate chunge, and we ilso discuss the limitations of our
approach.

Unmanaged forest development

Most forest stands investigated in the current study were
secondary, ie. they were established by foresters and in
many cases were not well suited © site conditions, The
poor prospects for this Kind of forest raises the question as
to whether ged development might enabl |
processes Lo restoce the orfginal species compesition of the
forests as was suggested, for example, by Drever et al.
(2006). Our simulations indicated that this was not the case
tor the study region. st least net in the time span ol the
simulation period. With NM. sproce remained dominant,
and damage remained high. Our simulations showed that
the frequent disturbances. which open the canopy, sup-
ported the regeneration of spruce and that deciducus spe-
cies appearcd only slowly, which was consistent with
observations of Drobyshev (2001), The slow rate of change
agrees with Schelhaas et al. (2015), who suggested that
Eucopean forests are very med and that altening ther
species composition requires a long time. In the study area,
this inertia is apparently related to the regenenition success
of spruce, even though climate change increasingly favours
the non-sprce species (Hanewinkel et al. 2012; Hlasny
etal 2011, 20154 Schellaas et al, 2015), The simulated
regenceation success of spruce agrees with observations in
the study region and in other regions (¢.g. Ulbrichovd et al,
2006,

Tree species diversity remained low during the whole
simulation period, while the diversity of tree size signifi-
cantly mcreased, providing potential berefits to baxhiver-
sity  through  the increased  diversity ol hahits
(Staodhammer and LeMay 2001). Diversity indices were
only marginally affected by climate change. Interestingly,
the inter-climate model variability of £ and H was sig-
nificantly lower with NM than with the managed systems,
which implies that the predictability of stand structure
indicators is better with unmanaged development thin with
managed development

The increase in the abundance of dead wood in NM,
which is periodically removed in the munaged systems, con
support biodiversity {(Lassaoce et al. 2011), In spruce for-
ests, however, increased abundance of dyving and newly
dend trees supports bark beetle populations (Oklund and
Berryman 2004; Hldsoy and Turdini 2013), which have
been severely damaging the regional forests in recemt
decades (Hldsny and Sitkovi 2010: Kunca et al. 2015),
Thercfore, the conpled effect of dead wood accumulation
and climate chinge-induced acceleration of bark beetle
development Jonsson et ol, 2007; Berec et al. 2013) might

be devastating for the regiomal forests. In fact, substantial
forest deteriorution, which was manifested by the simulated
drop in the valoe of the remaining stand i 2100, occured
even though the applied disturbance monality rales were
derived from the period 1998-2009 and therefore withoat
the umplifying effect of future climate change (e.g. Seidl
and Rammer 2016),

For the above reasoms, we argue that one cannot expect
that upplication of o no-management regime will stubilize
secondary forests or significantly increase conservation
values within the penod of ca. 100 years; instead, tsx
unmanaged development is likely to accelerate the ongoing
forest decline.

Managed forest development

The cumently used management system, BAU, does o
some degree support forest conversion by including the
plunting and protecting of non-spruce species. BAU per-
formed very well in our simulations with regard 1o tree
pecies comy (e, op propoction o | from
87 to 47%) and stand diversity as mdicated by D and
H indices. Sull, the rate of salvage felling remained grester
than S0% of the total harvests, which represents a signifi-
cant obstacle o forest management and highlights the need
for more radical interventions.

FM reflected the desire of forest managers to produce
softwood timber and 10 redoce planting costs. FM also
reflecied the expectation of forest managers that a reduc-
tion in the rotation period might help sustain speoce-ori-
ented munngement (Schelhoas et al. 2010; Lagergren and
Jonsson 20105 Sedjo 20100 It is interesting that in spite of
the good performance of BAU in our simulations, forest
munagers tended 10 favour an increased emphisis on
spruce and 4 redoced effort 1o introduce pon-spruce spe-
cles, be. the forest managers tended to favour practices that
promised o mamtsin short-term profitability. However, our
analyses. of the financial outcome fuiled to indicate thut
NPV would be greater with FM than with the other MSs
The reduction from a 100-year rotation period for BAU 1o a
90-yeur rotation period for FM is unlikely &y subsgantially
merease forest stubilization, particularly given the agede-
pendent disturbance-reluted mortality rates used in owr
study (Hldsny et ol. 20150). These rates indicate that there
is about 70% probability for o speuce stund (0 be destroyed
up to the age of 9 years, Gaven that bark beetles have been
responsible for cu 40% ol the total forest damage during
the recent decade (Kunca et al. 201 5) and that bark beetles
typically attack wees older than 70 years (Wermelinger
2004y, a 70-year rotation penod could be considered. Such
u rotation is applied, for example, in Croatio (Mati€ et al.
2000y and in some Baltic and Noedic countoes (Rytter
et al. 2013), This reduction 1o the Jength of the otation
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period, although well justified, might nol be accepe
able becuuse of 4 srong persi of traditionul practs
as well as a temporary surplus of harvested timber
could exceed the wood-processing  cupacities (Lindner
et al. 2008).

OSH was muinly drven by the interest in recovering
natural processes. OSH atempts 1o support biodiversity (by
planting udmixed tree species), forest aesthetic value and
promotes long rotation periods and small-scale interven-
tions, This approsch was elfective in changing the forest
species composition by f percentage decressed
1o only 415 in the List year of the simulation. On the other
hand, the longer rotation periods, which increased the
abundance of vulnerable overmature trees, caused o high
rute of salvage logging 10 persist loager than with BAU and
FM (Schelhuas etal. 2010). Such developenent might imply
a positive effect of disturbances on changes in species
composition and biodiversity (Maller et al. 2008; Thom
and Seidl 2015), ie. the disturbances might provide
opportunities for moce climatically adapted  species 10
establish (Buma and Wessman 20113), In the long nm, the

Ibscale interventions of OSH might better support
asynch forest dynamics than the other systems and
thus support the forest's inherent adaptive mwechanisms
(Moxin et al. 2014),

In all MSs, climate change- and disirbance-mediated
support 1o biodiversity should be considered as an oppor-
lunity in forest adaptation efforts in sproce dominated
stands. Indeed. udverse effects such as the peesented
decrcase in productivity by up to 13% or support 1o bark
beetle outhreaks (Jonsson et al, 2007; Fleischer et al. 2016)
must not be marginalized.

Forest linancial value

The complesity of our approach was mereased by con-
sidering the effect of management and climate change on
the financial otcome. Stodies on the anticipated effect
climate change on forest NPV are scarce (e.g. Hunewinkel
etal 2012; Borys et al, 2015), and this limits our ability o
compare our findings with those of other studies. However,
iformation on financial losses and gains can be particu-
larly supportive of munsgement decisions under ¢limste
change (Bravo et al. 2008; Eliasch 2008) and can be
effective in convincing forest managens (o invest in forest
adoptation,

Minor differences in NPV development between the
tested MSs showed that NPV was not very semsitive to the
intensity and timing of the management operations. It Is
noteworthy that while future forest production was pre-
dicted to be greatly affected by climate change, this did not
directly translate to changes in NPV becouse of a strong
discounting effect m the distant future: for ¢4 and ¢S

2 Springer

climale change s¢ the TVP d by up to 18%
while NPV decreased by O-8% for all MSs. This implies
that NPV was mainly affected by a high mte of salvage
operations rather than by differences in MSs o by climate
change-induced decrease in forest productivity,

A substantiol part of NPV in all MSs was derived from
the income generated from damaged spruce wood. We
found that the NPV could have been ca. M-40% higher if
timber prices had not decreased becunse of the damage and
if the harvesting costs had not increased due o sulvage
operations. This suggests that redocing the damage by both
decreasing inherent forest vulnerubility and increasing the
efficiency of forest protection &s important in the region and
might even compensate for loses i biomass prodection
mduced by climate change. As Thom et al. (2015) sug-
gested, however, the response of the forest disturbance
regime o management can be rather delayed, which
underscores the difficulties in stabilizing the regional
forests.

The adopted discount rate of 2% should be considered as
an assumption; such o value was used, for example, by
Roessiger el al (2011, 2015), while both lower und higher
values were used by other authors (e.g. Brunette et al
2004). The discount rate signiticantly affected the estimates
of NPV in the current study: for example. a discount rste of
0% caused NPV (0 increase monotonously during the
simulation period for all MSs except for NM (data not
shown), which is opposite 1o the presented results, There-
fore, the presented decrease i NPY should be considered
as strictly specific to the applied discount rate,

Methodological advances and limitations

The complexity of the employed modelling approach
generates conceens about the reliability of the estimates for
use in foeestry decision-making (Youwsefpour et ol 2012:
Lindner e b, 20141 Among the whole “cascade of
uncertainty™ (Lindner et al. 2014), the only uncertaintics
we considered mvolved climate change scenarios and
stochasticity in stand initinlization (i.e. 15 replicates); stand
mitialization, however, only marginally affects the uncer-
tainty of finel estimates (Hldsny et al. 20141 It is possible
that we signiicantly underestimated uncertainty of fnal
estimates by adopting only one sssumption regarding dis-
rhince-related modtality and by using only one forest
model; these factors were foomd 1o substantiolly aifect the
variability ol modelling output (Hldsny et al. 2014 Hoee-
mans et al, 2016). Soch an underestimation of uncenaingy
might indoce overconfidence in the presented results and
potentially lead to poor decistons. such as an inndequate
consideration  of reversible and  flexible  management
options (Hallegatie 2009; Seppald et al, 2009), On the other
hand, the credibility of our resulis is supported by our use
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of highly realistic definitions of applied silvicolsure and
harvesting operations and by previous findings that man-
agement greatly affected the varability of modelling out-
puts (e.g. Hidsny et al. 2014; Horemans et al. 2016)

The model that we used has been repeatedly tested
against ohserved duta (¢.g. Schmid etul. 2005; Hldsny et ol
20011, 2014; Bodel'a o al. 201 3; Horemans et al. 2016), and
tree growth performed well in most of the distribation of
investiguted (ree species. However, the model has not been
tested al extreme sites, and ils performance under poor
growing condations (e.g. those induced by the ¢8 scenario
at water-lmited sites) ks unknown. This is, however, a
limitation of most models { Anderegg et al. 2015) and must
be eredd in the mterpretation.

We sssumed that parameters of species- and age class-
specific disturbance-reluted mortality were stable during
the entire simulation peried (Le. specific 10 the period
1998-2009) despite the proven increase in climate-induced
tree mortality (van Mantgem and Stephenson 2007), which
is expected to be further amplified by climate change (Seidl
etal. 2015; Seidl amd Rammer 2016}, This assumption was
adopted because the empirical spproach (o forest modeling
that we used is unable 1o simulate the complexaty of future
disturbance regimes and thus cand provide refiable esti-
mates of the futore damage 1o forests. The damage mtes
that were used characterize the disturbance regime during
daomage colmination phase of 1998-2009 (Hlasny et ol
20150), and were thus considered &0 represent o reasonable
and plausible estimate of future developament. Sull, the
uiderestimation of variability in simulation cutpat related
1o this assumption, and the respective consequences for
forestry decisions, needs 0 be considered o8 discussed
above,

The p 4 changes in forest develop
induced by chi hunge represent @ mixwre of positive
and negative responses, which usually occur along an
elevation-climutic gradient and which bave been reporied
from diverse eavironments (¢.g. growth and productivity
decline in the dry-wanm pant of the gradient and increase in
the cool-moist part of the gradient) (Hlasoy ot ol
2001, 20050; Minn et al, 2015; Zhatamov et al, 2015; Pardos
etal 2016). We, however, presented an aggregate response
that cun be relevant for regional management planning,
particularly for assessing future biomaoss production and
financial oukcome on & scale of a larger management unit.
Because the applicd management operations were dif-
ferentiated based on stand and site conditions (including
elevation), and b stmulation outputs were weighted
by the total area associased with each of the 25 simuolation
stands (i.e. area of cach combination of stand and site,
Fig. 1: Table 1), the presented aggregate information pro-
vides a reliable regional estimate of the evaluated indica-
toes and their resp 10 climate change, However, thut we

presented the Torest development ol the entire study area
by simuliting 25 stands unrealistically synchronized forest
development. This, however, shoald not derict from our
inferences, which mostly relicd on comparison between
managements and/or climate change soenarios.

Conclusions

Our study evalusted the combined effect of climate chunge
and four forest manugement systems on various sspects of
forest developmsent in o mountunous region in Central
Europe. Although two munagement systems were proposed
by the | stakeholders ax al ives to the nly
applied manugenent, our simulations indicate that forest
management based on the stakeholder views will fail w
substantially improve future forest production, damage, or
financial value relative 1o the current management. At the
sime time, it is obvious that o redection in the current high
doamage re and adaptation to climate change will require
substantial modifications of the current system. Our find-
mgs indicate that the transition from the current even-aged
spruce-ociented el 1o nt thal pr

more diverse stnds, shoeter rotations. and smaller-scale
interventions might be a viable altermative that would
support sustainable, multipurpose forests, und their adap-
tation to climate change.
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SUPPLEMENTARY MATERIAL A: USED CLIMATIC DRIVERS

We used five climate change scenarios, which were selected from the 22 scenarios developed in
the ENSEMBLES project {van der Linden and Mitchell 2009) to cover the uncertainty range of the
original data set. Observed climate data collected from 19 meteorological stations during the period
1961-2009 were used for scenarios downscaling and for the creation of a stable {baseline) climate,
Here, we present the development of climate variables that drive forest development In the model
Sibyla according to the five climate change scenarios. The couples of General Circulation Models and
Regional Climate Models specific 10 the five climate change scenarios are: ¢1: DMI-HIRHAMS ~ BCM,
c2: DMI-HIRHAMS — ARPEGE, c3: ICTP-RegCM — ECHAMS-r3, c4: SMHI-RCA ~ ECHAMS-r3, and c5: HC-
HadRM3 — HadCM3Q16.

Mean tamperature during
wegetation period IV-IX [°C)

Fig. Al Climatic drivers of forest development in the forest dynamics model Sibyla and their
development to the year 2100 according to five climate change scenarios. Changes between the
projections based on 5 GCM-RCM couplings and stable climate referring to the period 1981-2010.
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SUPPLEMENTARY MATERIAL B: MEMBERS OF THE REGIONAL STAKEHOLDER PANEL

Tab. Bl Members of the Regional Stakeholder Panel

Sector Stakeholder type | Stakeholder detail
Forestry local Forest owner
local Head of forest enterprise
local Forest manager (responsible for silviculture)
local Forest manager (responsible for harvesting)
local Uicensed forester
reglonal Reglonal Forest Office in the Predow city
Other local Slovak Fishing Association - Local organization Poprad
local Cycling Sport Club HORAL"
local Hunting Association ,Bor Spitska Teplica™
local Tourism Club "Spigské Bystré”
International Forest Stewardship Council
national Administration of the National Park  Slovak Paradise”
local Village Mayor of the Spisské Bystré municipality
local Village Mayor of Spidska Teplica municipality
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SUPPLEMENTARY MATERIAL C: DETAILED DESCRIPTION OF THE INVESTIGATED MANAGEMENT

SYSTEMS

Management system NM M BAU OSH

Management type — Rotation Rotation Continuous cover

Sitvicultural system - Shelterwood Shelterwood Shelterwood to

selective

Target age structure All-aged Even-aged Even-aged Albaged

Rotation period - 90 years 100 years >120

Final cutting area - <300 ha <3.00 ha <0.02 ha

No. of harvest operations ina | — 1-2 2~3 >3

cutting area within a stand”

No. of harvest operations in - 3-4 4-6 >6

the whole stand”™”

Regeneration period of the - 20 - 30 years 30 - 40 years from 50 years to

whole stand steady

Natural regeneration -+ e + +

Artificial regeneration - . I +

(planting)

Planted tree species’ — Spruce 70% Beech 10-30% Beech 20-40%

; s Fir 0-15% Larch 0-20% Fir 20-40%

juaget bmtwagn 3 Larch 0-15% Fir 10-20% Spruce 0-30%

ot b Maple 030% | Pine 0-20% Maple 0-30%
Beech 0-15%

Thinning method - from bellow neutral from above

Frequency of thinning 34/10-20year | 3-4/15-20year | 3/15 year step
step step

Stakeholder preference - high income, wood no visible cuts,
low costs, production continuous cover,
reduced risk of | balanced with naturainess
damage other

ecosystem
services

Importance of wood - -+ + .

praduction

Importance of biodiversity ++ - + +

Importance of socal values . - % P

“Harvest oparations are applied In several parailal strips in each stand. We refer to a single strip as & “cut area”

*Number of harvest op

in the whole stand roughly equaks to the number of operation in a cut area x the number of
strips; the difference might arise when two strips are harvested at the same time

""Planting is applied after the final harvest operation in each cut acea. Tree species percentage in the planting is indicated.

Importance level: ++ very important, « important, - less important, - - unimpartant, — irelevant for given management

system

Management systams: NM = no-management, BAY - business-as-usual, 1o, the currently spplied management; FM ~

management based on the preferences of forest

akeholders

O5H - manag
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NM - no management

No management operations are applied. In case for the Net Present Value calculation, a variant of
NM, which contains the removal of dead trees, Is also tested (NM.p).

FM - management system preferred by the regional forest managers

System of intensive spruce oriented silviculture. FM reflected the desire of forest managers to
produce softwood timber and to reduce planting costs. Regular thinning from bellow with intensities
according to the decennial thinning percentage {Halaj et al. 1986) dependent on tree species, site
index, stand age and stocking is applied, Natural regeneration of spruce is supported by the two-
phase shelter cuts. Planting is applied when the natural regeneration fails. Rotation period is shorter
that in BAU to reduce the risk of stand fallure. Artificlal regeneration {planting) is protected by
regular weeding and against game browsing (these operations affect management costs).

BAU - currently applied management system

System based on the current Slovak forestry legislation that supports the multifunctional use of
forests. Regular neutral thinning with intensities specified by the decennial thinning percentage
(Hala et al. 1986) and support to the admixed tree specles are applied. Rotation and regeneration
periods are applied according to the national forestry regulations (Forest Management Models).
Natural regeneration of spruce is combined with planting of other target tree spedes in proportions
specified in Table C1.

For planting (i.e. artificial regeneration), regular weeding and protection against game browsing is
applied. Tending operations are applied for all established young stands, differentiated by site units,
tree species and silvicultural system.

OSH - management system preferred by forest managers

System oriented on the transformation of even-aged forest to close-to-nature uneven aged
(selection) forest. OSH attempts to support biodiversity (Including by planting), forest aesthetic value
and promotes long rotation periods and small-scale interventions. Intensive thinning from above
with intensities twice higher as compared to the decennial thinning percentage (Halaj et al, 1986) is
applied to support admixed tree species, diversity and vertical differentiation of the stands.

Rotation and regeneration periods are significantly prolonged as compared with the BAU. More
frequent and less intensive final cuts are applied. Natural regeneration of spruce is combined with
planting of desired tree species (Table C1). Density of natural regeneration for each tree species Is
evaluated in the year of the prescribed planting, If the density Is lower than expected, planting is
applied. Protection of planted trees as well as newly established young stands were implemented as
in the case of the BAU management.
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SUPPLEMENTARY MATERIAL D: DETAILED INFORMATION ON THE CALCULATION OF NET PRESENT
VALUE

The NPV calculation

The net present value (NPV) was calculated as sum of discounted net cash flows. The interest rate
was 2%. The NPV was cakulated for each simulated stand separately, The € ha' units welghted by
stand area of each stand were used for the final evaluation. A net cash flow for each year of the
simulation period was calkculated as the timber price from sold timber minus harvest costs, both in
m'? and weighted with timber volume. In case of stands that were newly established after harvests or
calamities or of young stands, net cash flows were reduced by silvicultural costs in € ha'’, The net
cash flows were calculated in a time step of 5 years. Each net cash flow was discounted to the
starting year of simulation in 2010. While the model Sibyla allows to calculate the thinning and final
cut related costs and revenues only, the silvicultural costs that incurred up to the last tending had to
be evaluated separately.

To compare the tested management alternatives, the value of the remaining stand at the
beginning and at the end of the simulation period was considered.

Timber prices

Timber prices were evaluated using a simplified approach that uses three price classes for each
tree species only: sawlog (assortment classes |, Il and |1l according to Petras et al. 1996), pulpwood
(assortment class V) and fuelwood (assortment class V) (Tab. D1), The prices were coliected from the
investigated forest enterprise to be specific for the regional conditions.

Tab. D1 Prices of tree species and assortments used in the calculation of the net present value
generated by the tested management systems

Species Assortment Avg. price [€m?)

Spruce Pulpwood

5
|
SR

Fir Pulpwood

Beech Pulpwood

Oak Pulpwood

PRI R- R 1R -8 B
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Harvesting costs

Working cost per hour, material consumption for cutting and yarding, taxes and compensation
were considered (Tab, D2). The harvest costs are differentiated by method of harvesting (tree, stem,
log), tree dass (structure of stem and branches in degrees from 1 to 3) and volume of the
intermediate stem specific for each stand. Additional harvest costs can be induced by unfavourable
working conditions and yarding distances. To consider such effects, data from Stovak technical norms
were used to define the respective coefficlents. While Tab. D2 shows rather detail breakdown of
harvest costs used in the Sibyla model, an aggregate harvest costs per m* are given in Tab. D3.

Tab. D2 Detail costs of the evaluated management operations

“WH Warking Mour

Material consumption

Forest tractor €m' ! 215
Chai €WH 12
Wage it

Cutting chi s
Yording Ch? 5
Conversion £ 5
Other indices

Comp lons"* % 130
Wage Y * 38

“coefficient of compensation for the chain-saw [cutting, wood conversion), multiplied by material costs par man-hour and

volume

*“wage cost |s calculated from wage taxation multiplied with final man tene and volume

Tab. D3 Costs of harvesting operations used to calculate the net present value for the tested

management systems
Stand age Standi Regular cutting Salvage cutting
NM BAU | FM O5H | NM BAU M Q5H M BAL | FM OSH
20| 3064 3064| 3054 30.64
30| 3235 3233| 3234 3083 3181 31.51| 2160| 2254 | 21.60| 2197
40| 2872 2873| 2848 254 3264| 35.10| 3927| 4008 | 37.20| 35.86
50| 1752 1712| 1670 1504 1958 | 29.78| 2970 | 97| 2419
60| 1373, 1376| 13.20 118 3259 28.13| 23.05| 2223 | 22.87| 1B.15
M| 1224 1243] 1200 1124 1848| 1993 | 1845| 1638
80| 1099 1109| 1067 1053 892| S588| 1207| 1663| 1658 | 1641| 1489
90| 1022 1043| 1001 986 948 | 988 9.43| 1505 1477 | 1492 | 1423
100| 987 1008| 962 10.00 969| 935 BB2) 1419| 14.21]| 13.98] 13.69
110| 953] 1000| 896 960 9.25| 488 877| 1356| 1376 | 13.33| 139
1201 921 1010| 565! 9.87 876| 8713 8.42| 1281| 1295] 13.20| 1287
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Tab. D4 Mean harvest costs in € m” specific to forest management type and stand age category.
Average of all model stands is presented.

Marvest cost of the remaining
Stand age | stand in year 2010 and 2100 Regular cutting Sahvage cutting
NM | BAU | FM | OSH | MM | BAL | PM | OSH | NM | BAU | FM | OSH

20 3550 | 35.50 | 35.50 | 35.50 s - et — | 3627 | 3638 | 3627 | 36538
30 38.05 | 3805 | 38.07 | 3825 = — | 3540 | 3671 | 3470 | 344 | 3491 | M9
40 41.25 | 4125 | 4141 2.2 — -~ | 3904 | 3871 | 3577 | 3590 | 3572 | 35.71
50 5539 | 5546 | 5586 | 5653 | - = | = |a9.77 | 3998 | 39.47 | 39.84 | 40.59 |
& S8.56 | S8.63 | 59.15 | 59.73 - — 4124 | 2193 | 4185 | 41.84 | 4174 | 42.67
70 60.24 | 6030 | 60.82 | 60.89 — - - — | 4327 | 4308 | 4327 | 43.98
80 6142 6140 | 6183 | 61.73 — | 6263 64.25 | 58.30 | 4380 | 4357 | 4381 | 44.09
%0 6201 | 6189 | 6239 | 62.18 | -~ |52.81| 62.98 | 62.66 | 4385 | 44.20 | 43.10 | 44.20
100 6231 | 6204 | 62.5 | 62.33 — |62.70] 63.10 | 63.31 | 4425 | 44.11 | 4432 | 44,46
110 62.60 | 6235 | 62.69 | 62.58 — |6255| 63.42 | 62,39 | A455 | 44.67 | 4494 | 4422
120 6292 | 6209 | 62.31 | 62.50 — |6294| 63.26 | 63.40 | 4442 | 4477 | 4438 | MM

Silvicultural costs

Silvicultural costs include area cleaning, soil preparation, afforestation, fencing (in case of
dearcut), tree protection, weed and sprout removal (in case of clearcut) and tending, Silvicultural
costs are specific for site and management type (clearcut, sheiterwood).

Number, timing and intensity of tending, thinning and final cut were dependent on tested
management system and site index, For the “no management” alternative, no silvicultural costs were
considered.

Tab. D5 Mean silvicultural costs (planting, tending) € ha™* specific to forest management and stand

age category
| Age dass BAU ™ osH
0 1203 1057 689
s 131 550 494
0 865 m 310
15 364 239 3
20 337 8 484
25 3 6 174
30 0 0 18
 Undiscounted Sum 2935 2641 2540
Discounted Sum |2 %} 2550 bE1r] 2108
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Effect of forest damages on NPV

Additionally to tree Inherent mortality, the effect of disturbances was considered in forest
development simulations, Parameterization of the disturbance module was described in Hidsny et al,
(2015). Disturbances can affect the timber price directly through the compromised timber quality
and indirectly through the incressed harvesting costs and premature felling of trees. While biotic
damage [mainly infestation by bark beetle Ips typogrephus in the study region} can have an adverse
effect mainly through the premature felling of trees, abiotic damage, such as wind and snow, can
compromise the timber quality substantially. We used the national statistics on forest damage
(National Forest Centre Slovakia, Internal data) to assess the long-term ratio of biotic and ablotic
damage in the study region as well as to assess the approximate coefficients that could be applicable
for reducing the price of sanitary harvested wood and increasing the harvesting costs (Tab. D6),
Because 94 % of trees damaged by disturbances in the model regions are spruces, we applied such a
correction for spruce only. Effect of damage on timber price of the remaining specles was considered
as negligible.

Tab. D6 Coefficients used to modify the net present value calculation due to damage to spruce

Damagy Share of sanitary felling Timber price reducth Harvesting cost |
Abiatic A% 15 € per cubk meter of 15

saw-wood
Rotic 60 % 15 € per cubic meter of 13

saw-wood

“Mubpleatinnol the harwding cost of undamaged woed
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Abstruct

The paperpresents lifommtion on the projected diought exposure of Central Enrope, describes the saticipared dynamics of the reglonal
forests, snd identthes measures facilitang the adapeation of forests to chmste chunge-tndoced dropgle sk, On die basks of an etseny-
ble of chimmte change seennnios we expeet substansial dry ing tn sonthern Slovakia and Hoogary, wihsile vuch trends wese found to be kess
pronounced for the Czech Republic and Austria, lnesponse to these climate trajectories, a ¢ hange in species compasition towainds a
ligher stae of dronght tolevant spocies as well as the vse of droaght resistant provenances are [dentitiod as garamount actlons kn forest
adaptation o the reglon. Adaptation fo aggras nting clioste chiapge owg oced © use artficial regencmtion o earich local gene pook and
increave the drogrht tolevance of stands. Increaving nsks from pests, pathogens and other disturt s are expected as 3 et of more
frequent and sevese droughts, uulrmmm the peed t0 put a stroager focus on risk nmpagement principles rather than on mdicators of

productivity in siivieulnge sad forest p . At Hdatlon of dstudbance mo 1 systenss and o binader use of pest dyonamics
and hazanl rating models are p\u-nomt toels to facilitate this adaptation process in luml nmnagement. The effectiyeness of all the
sugepested] mensiees needs W be controlled by efficknt forest 1 systens, the ¢ bl of which seers 10 be o thioed, task,

Systematic and long-term implementation of the presented measupes should increase forest seabikty and resilicoce, and fuither secone
the sustotuabke prosision of ecosystenmn servioes under ehinsace change
Key words: droughie strevs; temipernie foresty; udaptation messioes; s pecies shift; forest distarbunces

Abstrnkt

V 2lhnku s0 prezenmovand info nmkoke o ucukmnnmn \)wjl wicha ~ obkst] stred nef Enrdpy, oo piand oo dynamika desen v podonien:
kach zioeny kliamy, @ jevy pracovany systémop aeic hadapticin ksov mazmenuking . Nazakhde kolekeie Ao znemy
klio bol sdentifikovany vy mzy nicast inteozey vucha v ol Iasti h jutného S} £ 1 Madarsh zatial éo v oblawti Ceskej republiky a

Raksks bola zmena refativoe nevy vazod, S obifadom na tento vive) prodstayuge prma deesinového glofenta sterom K vy $Siein zasto-
pcmu st toherujoeteh deevinn !lmcmu \)uﬂnmu pm\mkmll pezsstentis ch vedt suc b jedno 20 idaden chadapaaden'ch o patient
pripadesyrazmchzmien ko Ay baovy, ktora peedstavige nastm | na Zepsosanie druhove) a geneticke) diverzry
;mnmm A mysovanse ich tolerancie vodi suchu Nnnmj\m vphv kodooy stnisiac « ravtacim yphyvom sucha a daliich abiotickych
Cnirelor paznaduje ponebio oskentovat pestovace a lospodarsku Opem u ks viac v mana2iment rezik ko ta madnmlizacn prodikoe
Konsoldacks s stémay monitoctgu skodin Seb dmitedon a Sirdie vy ulh anke modeloy dy mamiky Skadeoy @ bodnotents ik patris maadz
dalie dolegité o patrenia podporujiice adaptacio lesov na zmenu Kinn. Vietky uvedene opatrenm nusia byt podperene info micians
ziskamn oo zhkinde dihedobébo nwniteringn lesa, krory viak vygaduje unychileon konseldacie Syswemanicki o dihodold realzicia
prezentenonych opatrend podpord stabilitu w vezilienciu leson o vyt ol predpoklady pre udeatefne posty tovante cliosy stémoy s ch dudieh
2 funkelly podmbenkach zeny ko,
Klstave slovie styes sichom; besy ouermcho pasme; adaptadne opatronta; pasun druhos; rozvame émitek: lesa

L Introduction perate continental bioclinmtic zones (Rives-Martinezet al,

2000 ), where drought, storms and related changes inblote
Climate change s expected to lavea profoundeffectonCen- gicehanee tegimes are expected to be the main climate
tral European forests (Tatarinoy & Cienciala 2009 HEstyet — chanpe mlated impacts (Bréda et al. 2006; Lindoer et al,
al.2011a,b), althoughthis region has not ieeehved sdequate  2010), Resenrch of drought effects on temperate foresteca
attentioninclimatechange researchand adaptation thus far.  systes identified a rangeof possible responses, including a
Central Europe belongs o the temperate ocennle and e changeinforest productionand carbon accurmdation (Clals

*Correspond sng cuthor. Tiumas Hldsmy, - Inkasny @dalot org, ploee: (421 45 5314175
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etal. 2005; Tatsrnoy & Clenciala 2009), o shiftinspecies
competitivecapacity with potential risks to specsesand gene-
e diverstty (Arvclay & Wolters 2006; Borovies & Maryis
2013; Cavinetal. 2013; Metteetal. 2013), drought induced
forest dieback (Jump etal. 2009), as wellay an Inciease in
susceptibaliny ta biotic distinbance agents (Desprez-Loustau
etal. 2006; Rovault et al, 2006). In addition to increasing
the susceptibility of trees, growing vinlence of antagonists
and anescalating number of pewly invading pests liase been
observed {Csdka & Hirka 2011), Forest thes inregiony where
s mpent has been of mnor lmportance historically repre-
sent another porental theear to Central European lorests
(e.g Reinhardetul. 2005}, Although obsenations of critical
drought effect In Central Europe have been telatively mre
until now, etfects such as drought-induced decline of tree
species (Stweeks & Ulmalbski 1998; Mityas et ol. 20108) or
clanges in populaton dynamics of climate sensitne pests
(HEsmy & Turdini 2009; Lakates & Molndr 2000) has e alie-
ady been peported. Furthermore, obserations amand the
globe, such as clinmtically induced decline of diverse Abies
and Pinus species in the temperate forests of North America
(vanMauntgem & Stepheson 2007) are akso deemed possible
for the tutire in Central Enrope,

In addition to ecological impacts, the subs tantia] econo-
e fosses expected in refation o climuate change (Haoew-
inkel etal. 2012) may adversely sftect regional economes,
inclding impacts on ruml communities, Apart from direct
Impact on dmber production, the quality of non-produc-
tive Torest services might also be compromised by a chan-
ging climate (Briner el al. 2013). Therefore, development
of appropriate forest adaptation measures, their inclusion
into national kegistation, and implementation to practical
forest msanagement are urgently needed. A growing body of
literanae on forest adaptation points 1o possible actions ay
wellas banders o the implementation of adaptation mea-
sures ln forestry (Spittlehose & Swewart 2003; Bolte etal,

2009; Lindoer et al. 20 10; Kolstromet al 2011). Such nyen-

sures peed to be reglonally adopled fo address 1l regional

climatic exposure and sensitivity of ecosystems, as well as

o account for the current ecologieal and soclo-economie

canditions (Lindneret al. 2010). In this paper, we strive to

provide essential information on the anti ipated drought

risks in Central Evcopean forests, and recommend forest

adaptation measures specific to this reglon. [n particular,

our obyjectives ave:

- to evaluate the projected climatic exposure of Central
Europe with regard to drought;

— to review anticipated drought-related risks to Central
European forests; and

~ to compile possible adaptation measures to deal with
droughr-refated climate change tmpacts in Central Euro-
pran forests.

2. Data and methods
2.1. Region of interest

We selected srectangubar area cosertng the entire Slovakia,
Caech Republic and Hongary, as well as parts of Austrin,
Germany, Poland, Ukraine, Croata, Slovenda, laly, Ser-
Din, wnd Rommania as our study region, covering a total of
491,000 kny' (Fig. 1), Forests cover 32% of the study region
(Corlne LandCover 2000, EEA 2006). The reglon encom-
passes a substantial climatlc gradient, with diverse forest
communities and kand uses from the senarid platos of Hun-
gary 1o e higbest peaks of the Carpathians and the Eastern
Alps. Climatic continentality is increasing acioss the region
from the West towards the East, The Southwest is under
a sub-Meditermnean influence, A specific feature of the
vegion s that most dondoant, zonal tree species reach thelr
low-¢levittion (xeric) distributional Himits here. Therefore,
increasing drought is important lindting factor and future
threat 1o forests in this reglon.

Fig. 1. Forests of the study regiion classified by clevation zones.

6
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The projected climaticexposure will be evaluated for the
entire swidy region, while forest adaptation messures will
primarihy address the northern part, Le. northern Hungasy,
the Caech Republic, Skovakia and Anetrta. This sub-reglon
containg s gradient of zonsl forests dominated by Cuercus
sp., Rigus sylvarica, Abdes alba and Picen abées, with azonal
occurvenicey of Pinus sylestris

2.2.Climate data — The FORES EE database

The FORE SEE climatk database was deselo ped to support
climate change related research in Central Europe, and to
ease the access to clmate data (Dobor et al 2013; http://
nimbus elte. i/ FORESEE). Thedatabase containsgridded
daily observational data (1951-2009) based on the E-OBS
and CRU TS datasets (Mitchell et al. 2004; Haslock et al.
2008),and nnensemble of climate projections { 2010-2100).
The futire clioate s represented by blas corected meteoro-
logical data from 10 megional climate models (RCMs), dimen
by the A1B emission scesario (Source: the ENSEMBLES
datubase, van der Linden et al. 2009), The database con-
tains daily sir temperatore and precipitation data as well as
munerons climate indlces. The ovginal ENSEMBLES and
E-OBS data were interpolated to a ymiform 1/6% 1/6 degree
Iorizontal resolutson grd.

2.3, Assessment of the regional elimatic exposure
with respect to drought

To evaluate the clinsatic exposure of the study rgien, we
produced ligh tesolution (250250 m) climstic maps for
two time periods ~ 196 11990 (reference period ) and 2071~
2100 (tutwe peniod); the tuture elimate data were caleulated
as the svernge of the 10 ROMy Included in the FORESEE
database, Kriging with External Drift, a spatialinterpoiation
method whichwis presiousty found sultable for the lnderpo-
lation of climate data, was used to derive the climatic maps
(Hudson & Wackemagel 1994; Viztet o). 2011). A digital
ekvation model with s spatial resolution of 250 metres was
used to support the interpolation. The climatic exposure
was calenkated as the diffesence (o climate between petiods
19611990 and 207 12100, As dronght is of prime interest
in the cwrrent study, we evahmted the change in precipita:
tiontotals during growing season { Apeil-September) as well
asinthe Ellenberg climatie quotient. The Ellenberg climate
quotient (EQ) exprresses the coupled effect of temperatume
and precipitation. [t ks defined as the mtio of the nyean ake
temperatue of the long-termwarnmest month (MTWM) o
the annual precipitation sum (AP):

EQ =MTWM /AP ~ 1000

This quaticnt fas been repeatedly used, forexample to sepa-
rate the areas dominated by beech from areas of boreal or
thermoplulic species (e.g, Jensen etal. 2004; Fang & Lecho-
viez 2006), a5 well as to evaluate anticipated changes inthe
beech distibutional range (Manyhs eral. 2010a).

2.4, Proposed adaptation measures

We reviewed a body of litemature to compile a list of possible
adaptation measures and, where necessary, adopied meas-
ures reported n the llerature t the specific conditions of
Central Europe, The proposed measures address all aspects
of forest npragement, and focus mmainly on commerctaland
protective forests, Protected forests, with the main aim of
conserving blodivessity, were not in the tocus of this study.
Aswe mainhy address drought-related processes, some ben-
cficialefiocts of climate change, which might be pronounced
ln emonntiln reglons (e.g. Bergh & Linder 1999; Sejdleral.
2011a), and which thus present opportunities for forest
mamagement, have not been addressed here either. Hence,
the suggested measures primarily concern lowland forests
(except for Moodplains ), and zonal forests in the foothills wnd
medium altitudes. except where stated o therwise.

3. Results and discussion
2. 1. Future droughtexposure of Central Europe

The pattesnemerging tor the study reglon isa decreasinggm-
dlentof growing season precipitation from the North-West
to the South-East (Annex 1), Whik projected precipitation
remains more ot less stable in the Czech Republic and Aus-
tria (Le. compantablewlth the perod 196 1-1990), 3 decrease
is projected for the entive area of Slovakia and Hungan.
Though the decsease 1s moderate [nabsolute terms, rang-
ing from ~50 to 100 mrum, it indicates a substantial drying
of climate in southern Skvakia and throughout Hungary,
Whenexpressed inrelative terms, these clanges amount to
reductions of up to 25% for southem Hungary, with most
of Slovakis ex peclenclog reductions by 10%. [n the Czech
Repoblic and Avstria changes mostly remmin within 5% of
the reterence peelod. For Hungary and southern Slovakia,
projections also indicatean increase in the frequency of con-
secutive drought ex tremes; which may be especially threat-
enlng to kess deought tolernnt species (Galos e al. 2007),

The deseribed prectpliation elange occurs concurrently
with the fncrease ln alr ternperatine, which strengthens the
atmospheric evaporative demand and thus amplifies the
potential water detielt of plante. A multimodel projection
of the mean annual air temperature indicates an increase
ranging from ca. L4 °C in the North-West 1o 2.0 °C In the
South-East of the vegion in the fiest half of the century, amd
unincreasefromea 3.1°C to 3.8 °Cby theend of the century
(not presented in the Annexes ).

The amplifying interaction between temperatine and
precipitation is captured by the Ellenberg clinate guotient
(Annex 2). While the main forested areas of Slovakin and
the Czech Republic were in the mnge of Ellenberg quotient
between 5 and 30 under the seference elimate, future projec-
tions imply » potential decresse inwateravailability to plants
over lange areas by theend of the century {Annex 2). Critical
drytog of clisnmte was projecied o ocour In Hungary, where
valves of up to 50 were projected across most of the conntry,
It b nowsvorthy that salue of 29 tepresents the approx imate
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linde of distribution for Enropean beech-dominated for-
est types, while values above 40 have beenassociated with
beech decline (Fang & Lechoviez 2006; Matytsetal 2010a).
The difference map shows geadient of ellmanic deying from
the North West to the Soutly East of our study region. An
Inewease inthe Ellenberg quotient by up to 4 unts Is projecied
to occi b most of the uplands aod mowstain areas of the
Czech Republic and Austria, while large areas of southem
andeastern Slovakia ave projected to face anincreaseby 410
units, The increase i karge parts of Hungarny was projected
to be (n the range 10-16 units. Thus the projected future
conditions conkd represent critical conditions for the per-
ststence of drought-sensitive species: For example, Manas
etal. (2010a) suggested that beech forests may expetience
lnrge-scale mortality if the Ellenberg quotient increases by
move than 13 units compared to the ong-tenm average.

3.2. Anticipated forest dynamics under climate
change as a starting point for adaptation

We bere address the anticipated response of thiee main
Centiul Evropean zonal tree species or species groups, e,
oaks (Quercux sp. ), Enropean beech ( Rgus syhvarioa), and
Norwuy spruce (Picea alnes), These species constiule 71%
of forest in Slovakia, 6% inthe Caech Republic, 72% in Aus-
tria, and 42% in Hungary.

3.2.1. Succession, colonisation and retreat

Craks are known to be able to matntaln thelr physsological
performmnee under beatand dronght (Dickson & Tomlmson
1996; Gallé et al. 2007), although inter-species ditterences
ore large (e.g. Acherar & Rambar 1992), Their drought
resistancealong with their low biotic and mechanieal vildoer-
ability lmplies thatoak s pecies mig hibe inceeasinghy success-
ful imder climate chiange in Centml Enrope. Clinmtic eme-
lopes suitabde for cakswere projected to expand substantially
1o higher elevations nid latitudes (Pefiuelas & Bouda 2003;
Hanewinkel et al, 2012). Hanewinked et al, (2012) sug-
gested that climates sultable for Mediterranenn-1ype oaks
may cover substantial proportions of Slovakia, Austria, the
Coech Republic and all of Hungary by the end of the Cen-
tury . In contrast, the area with climate conditions sultable
for the present cak species iy projected to shrink. Hlasoy et
al. (2011a) found, on the basts of growth shimukations, that
production of oaks conld remmain s table under climate change
In the cwrrent distrbutional range of oaks In Slovakia, and
clinmtes sultable for oaks mmy extend to ebevations up o
L1000 ma.st Also in Austria, 0aks are expected to substan-
tally Increase nthelr competitive s trengthund expand thel ¢
range into the mountainous rarts of the country (Lexeretal,
2002), Such facts support the potential importance of oak
species vider dderand warnmer climates io Central Evro pe,
Despite numerousesidence on the positiveetfects of climarte
clange on onks, amd the proven cupactty of oaks 1o sistain
prolonged droughts, cak mortality following severe drought
eplsodes was repeatedly observed In many Evopean coun-

tries (Delatour 1983; Archaux & Waolters 2006; Massantto
etal, 2013), Such procesyes iy result in loss of competithe
stiength and retreat of distribution in some oak species, as
has been predicted, forinstance, for sessibe oak (Q. perraan)
in Hungary {Caziczetal, 2011),

As ¢limate change may foree o natural replacement of
European beech by oaky in certain reglong, the difference In
climatic sensitivity between these two species can substan-
tally shape the tuture of some European forests (Cznezet
al. 2011; Scharmweber et al. 2011). The climate sensitvity
of Euro pean beech has recently been investigated by various
authors (Levzinger ef al. 2005; GeBleretal. 2007; Matyis
etal, 2010s; Czicz et al, 2011), suggesting the potential
tor decline of lasge proportions of current beech forests In
the future, For example, extreme drought between 2000
and 2003 indueed a decline of beech vitality accompanied
by blotie dammage, [ollowed by large scitke beech mortality
in Hungasy and Essteyn Slovenia (Lakatos & Molnar 2009;
Maryis et al., 2010a). Growth simulations performed In
Slovakia imph' that beech production may decline in Cen
tral Evrope up to ekvations of ca. 500 ma.s , by the end of
the centiny . Specifically, mortaliey sy occur inup to 5% of
current beech stands in the conntry, and 70% of stands lie
I the aves of declining production (Hlisny etal. 2011a). 1n
areas of better water supph as well as in mid - to highelva
tlon areas of the Bastern Alps beeeh bas been reported to
primanly respond positively to climatie changes (Seddletal,
2008a; Seidletal, 2011a). Yet, in lowelevation arcas poten-
Halincresses lnbeecli defolintionby gypsy moth (Lysmentra
dispar) (Csdka & Hirka 2006; Hlasny & Turéani 2009) as
wellas potentialdanmage by beech bark beetk ( Tapdioryclns
ticotor) (Lakatos & Molnie 2009) may further reduce the
vitality of trees and support theexpansion of oaks and other
drought 1lerant specles,

Norway spruce has wideh been planted in Centia] Evrope
at lower elesations for centuries, resulting o nsch higher
shases of the species than its narural propodtion (Elenberg
1963; Spieckeretal, 2004; Hlasoy & Sitkovi 2010). The cur-
rent spruce shares are 26% o Stovakia, 52% 1o the Czech
Republic, 60% mAvstria snd 15% in Himgary . Most of these
forests are man-nade and distributed lasgely outside the
mnge of spruce matur ] distribution; these fopests are prone
to anamay of pests snif diseases, and ontbreaks can be trig-
gered by refatively mdnoer cllmatic or other stessors (Seld!
et al. 2008b; Wermelinger 2004). Progressive droughit may
advessely affect the species both directh as well as through
an Increase inblothe dammges especially ot low to mid edaa-
tions, which may cavse substantial forest decline over large
areas (Hidsny & Turdinl 2013). Extensive decline of spruce
forests may accekerate theex pansion of broadlemed species,
nuinly ot beech and ploncertiee species. The decline of sec-
ondary spruce forests moy be aceelerated n many reglons
by an increase in the number of bark beetle generations
devedoped per vear (Seldieral, 2008b; HEasuy et al. 2011¢)
s well as by the influx of new pests, such as Ips dupliartus
(Holugaetal 2013). Therely, sproce forests may be the most
dynamically clanging forest 1y pe in Central Europe under
climate change.
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3,2.2. Within-species genetic adaptation
processes and their potential for adaptive forestry

Climate change forces the ecosystem to adapl at different
levels — in species composition as well as at genetic level
through selective pressure, Adaptation in the steict sense
can be defined as the genetic adjustment of a popudation to
actual ablotlc and biotic emvi tal factors, keading o
shifts in frequencies of gene varants {(allcles) (Borovies &
Mityds 2013). Selective forces in different e lsonmenty
kead to diverse adaptive o ptina. Thas implies that differently
adapted populations exist in all forest tree species of wide
distibution, depending on local site and climaie conditions.

Aduptive genetic variation created by naturad selection
provides an important o ption supporting the adaptation of
tiees to changing climates. 1tis assumed that populations
growing in conditions analogous with expected future cli-
miates may better Ml the expectations with regard o sta-
bility and growth performance. Provenance tests provide
suifictent informrationabout the response of progenkes rased
from feproductive matertal of non-local ongin transtersed
Inte pew ent o nments, differing from their origina nbitat
(Matyds 199) Acommonex perienceof these tests is the sta-
bility of performanceacross consklerably changing clinwtes.
11 the ensironmental change exceeds the level of genetically
determined wlerance and stability, vitality starts o dechine
exponentially, fially leading to deathand extinetion (Mdny iy
etal 20100), The degree of stability ' 1e. the ability of popula-
o to psdntln productivity across changlog conditions s
inherited and may vary within species. Forinstance, Norway
spruce popula tions from the Eastem Carpsthians were found
1o performbetter under clmnging o tronments than o thery,
These stable (plastic) populations should be identithed and
predesved forartificial regeneration, as they are more toler
antand resilient to pew environments (Matyas & Borovies
2014).

3.3, Proposed adaptation measures
3.3.1. Change of tree species composition

Claanging the prevailing tee s peckes composition in responye:
to inceeasing drovghitis & paramount measure in adapting
forestecosystens to clinate clmnge. The measuse is prima-
rilyaimed atincreasing the share ofdrovght tolerant species,
redoctson of water demanding and dronght valnerable spe-
cies, Increasing stand diversity (whichsupports the Inhierent
adaptive capacity of forests), and rediscdng the share of host
trees within the outbreak range o fbio tic disturbance agents.
The iportanceofsuch measires Licrease towards the lower
range {(xenc) limits ofs pecies, where adverse effects of drou-
ghtmight be more pronounced (Jumpetal 2009) 1thasto be
noted, however, thatsuch measures are associased with con
stderable bead times and will only gradually become effecine
(seeeg., Setdletal 2009), whichunderlines the importanoe
for thmedy and anticipaton adaptationactions in forestiy,

Adaptation potental of oak species

A continnous increase of the share of oak species to the
detriment of beech and some conlferons species tn lower
to medium elevations is a measure of high importance, [n
droughtex posed sites, onks thataye carrently at thelr north-
em distributional Hendt In Central Evro pe, such as ., cerris
—oreven mre specles suchay Q. prebescensund Q. fruinetio -
appearto be sovund options to adjust curient speckes compo-
sidon. Anendchmentof the cunent beeel-dondnsted forests
by vaks should also be considered inthe mid elevation range
“400-800 m as.1). The share of . petraea and Q. robur
conld be increased (n some intra-mountatnvalleys. €, robur,
widchwas found senstiive 1o ground water depletion (Fried-
richsetal. 2009), should be used castiously, Horvbeam-oak
communities with contfers, containing Carpous betulus,
2. robur, Abies alba, and Proad alries, which are considered
aative b sorme tntr-mountakn valley s in Slovakia (Michatko
1980), conld in the future be used alse on the adjacent slopes
and higher elevations as well ay nother reglons in Central
Europe. On some slopes, Q. petraea may rephace Q. robur,
and form mixed stands with beech and dronght tokevant
conifers such as Pmus syivestris and Lanx decidua. In the
Easterm Alps of Austrla, for instance, increasing the share
of oak on selected sites was found to considerably lower the
rixkofbark beetle damage and reduce overall clinmte clange
vulnembility of forests (Seidletal. 2008b; Seidletal, 2011b),

Risky and opportunities of wsing Enropean beecl

It fovest adaptaton

Although the prapartions of European beech in Central
Europesn lovests vary among conntnes (Slovakia 31%,
Czech Republic 7%, Austria 9.5%, Hungary 7%), the role of
this species (n forest adaptation seerns ixdls pensable (Tarp
etal, 2000; Spieckeretal, 2004) . In the future, cument beech
torests are expected to persist mainly in higher elevations
(e, wbove 800 mas L), and expand wespectively. Insome
wegions, beech s ex pected to be used as Important surogate
species inthe reconstruction of v ulperable sproce- do mina ted
torests {e.g. Spieckeretal, 2004; Seldietal. 2008b). The pro-
Jected shift of the beech praduction optinmm to elevations
around 1,200 ma.s], (Hlasuy etal 201 1a) by the end of the
century implies that beech will be 3 key species for future
forest mamagement In mountainons reglons. However, the
climatic senvithity of beech suggests the need of reducing
theestentof present lower-clevation beech forests in Central
Europe, and increase their diversity to lower climate vulner-
ability wod sk, As the Elleaberg clunatic quotientwas fowsd
to be a powerful predictor of the distribution and vigour of
beech (Fang & Lechovicz 2006; Matyis ef al. 2010a), the
clinwte projections presented in the cument stidy (Annex 2)
can be nsed (o tdentify the areas where beech is expecied o
suffer from droughit in the future, and where more drought
tolerant species should be introduced. While the need of
such intertentions seems marginal in the Czech Republic
and Austria, It will be tncivasingly necessary (n southern
Slovakia and Hongsry.

ke tsenve, ke by ) desoribed as *phenorypie plasticity ™. Stabilin or * plasticry " desertbes the extent tawhich

{stablley of pests s qutte o then (1
growrhaed vitality of 2 popud ! dned ncro sy @ vaige ol
ibetervied (radt,

lathe o other, e 0. local papulitions, Stabiliny iteellis ale a geoctically
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Adjustment of specles composition in secondary Norway
sprice forests

Amcasure of paramount importance is the reduction ofsec-
ondary spruce forests atedevaions bedow ca. 800 ma vl and
their conversion to mived and broadleaved forest types. This
measue supports climate change adaptation, although the
main detver of the currenth ongoing conversion efforts we
alrcady observed extensive dicbacks of s prouce forests (Untyal
& Uniyal 2000; Hlasny & Sitkova 2010; HEsny & Turddnt
2013}). The sssessment of the urgency of comversion should
stricely follow risk assess ment panciples (Netherer & Nopp-
Mayr 2005; Kulla & Margk 2011).

However, spruce will also wetiain @ major mole in Central
European forests in the futuse as it can be partienlarly ben-
eficial for biodwersity, stability and timber production ax
admived species. The lattes ts particuforly the case (n higher
elevation mountain forests, where longey vegetatlon perods
are expected to result in improved growing conditions for
sproce (Seldletal. 201 La). Eniclunent of spnsce stands by
broadlewves was found to significantly inciease a probabil-
ity that the stand weaches natunty, although the economic
aspects of such interventions have not vet been sufficiently
explored (Griess & Knoke 2013; Roessigeretal, 2013),

Supperting Modiversity using enrichment species
Tnaddition to the thive mmin speciss discussed above there
are number of species which may be used to enhance the
diversity and drought telecance of eurrent forests. The pro-
portion of species with climatic tolerance similar to oaks,
such as Fravinus ornus, Acer campestre, Sorbus torminalis,
T cordata wnd T, argentern conkd be increased inlow to mid
clevation beechand spruceforests, The sliare of these species
can also be ex pected o inciease sp ushy In vesp

to climate diying. Scotch pine (Pinus syhestris), European
larch (Lari decudiua) and evens introduced conlters, such as
Daovglas fir (Pyeudorsuga menziesi), could also be used as
suitable enrichments in medivm to higher edevation forests.

Species transtocation, assisted migmtion and imtroduction
The anticipated (ncrease In forest dynamics ln Central
Enrope owing to ¢lmate change driven disturbances and
potential species shifts suggest the peed for non-traditional
approaches supporting the change In tree speckes compos)-
tion. Although the concept of assisted colonisation (Sven-
ning et al. 2009) was originally intended as o proactive
cansenvation strategy, it also seems to be effective as an
adaptation measure, Man-assisted species transtocation to
emvironmentalh sudtable sies nmy Suppo s ponlaneos suc-
cession after disturbances, as well as the shift of species for
which the inherent migration capucity 1s lnsuffickent to keep
upwith climate ¢lange. This option is primarily advisoble in
case of aggravating site snd stand conditions,
Intraduction of spectes which correntdy do not occur in
Central Europe can be thought of asa questio mableapproach,
madndy because of potential rdsks o blodiversity und unelear
prospects of their long-termvitality, Substantial changes in
climate may, bowever, favour southem species and prov-
enances and they mmy became alfermatives to the current
species which may not be able to persist under a drier and
warmer climate. Forexample, the above-mentioned expan-
sion of clinmtes favouring the Meditermpean oak types in
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Central Europe emphasises the potential importance of the
assisted magration,

3.3.2, A selection of pradapted populations
and assisted transfer of reproductive materdal

Concerning the source of reproductive material the nile
“local s uhwvays best™ stlll finds the consent of both forest-
ers and of environmentalists, Thereby, the idea of assisted
migration through the planned transfer of reproductive
materinl is still debated and pot yet mainstrenmed into
Torestry practice (n the reglon, whik alveady accepted, for
example, in the American Northwest (Marris 2009), Repro-
ductive matestal from local seed reglons provides the eli-
ability of being well-tested if site conditions do not change
drastically . 1T the projected climatic clanges are within the
mnge of the expected stability potential of the provenance,
adaptation may be achieved through explotting phenotyple
stability, o cose of beech, for instance, field testy indicate
that the increase of water deficit expressed in ferms of an
Increased Elienberg climatic quotientof up to 5 units can be
buffered through phenoty ple stabality (pkasticity ) of the Jocal
population (Fig. 2). This buffering effect can, however, be
diminished by adverseenyirommentaland ecological factors
(Matyas etal 2010a; Matyas & Borovies 2014),

R'=0.722"

Magtt fer

£§3 g eXsEEEE

o . 0 "
SEQCCen )

Fi. 2. Decline of 10-year height of 10 beech provenances in re-
sponse to growing ecobogical (climatic) distance from the ongnal
Imbitat in the provemnece test Bucsuty (Hungary). The tmsfer
s expressed in ks of change of Ellenberg climate queticnt
(AEQ, *Copmy '), Posttive AECQ valies indicate thatall provensoc:
o5 were toans ferved into warnwee/doier emvito sument. The grey gt
shows the S-unit “safery Bmit™ of stability described s the text
(Sonwee: Maryds et al 20 10a, meditied ),

For planning large-scake transfers of reproductive
nwterial from southern sources nortlward, and from low
elation popubstions upward, thorough understanding of
anticlpoted changes in Jocal she conditions and knowledge
of suitable seed soures is needed. The difficulty of select-
Ing such *preadapted ™ sources forartificial regeneration lies
In the prudent compromise between an o ptiomus mateh to
changing climatic conditions and restraing due 1o the inber-
ent uncertainty of both dimatic projections and unforesee-
able blotic nsks,

When selecting a sonrce region from which a prove-
aance, widch s constdeved predapted for fute conditions
atatarget bocation, Is to be taken and transfened, both eur-
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rentclimate o source tegson nnd projected climate n target
region need 10 be evaluated, Such avsessment is needed 1o
address the fact that any provenance will respond subop-
trally durtng pares of lts Bfetime under tanslent clinm e
change. Matyis & Borovics (2014) suggested that the cur
rent climate i souree veglon should corves pond with the
climmie in the tarpet location dudng approximately the st
third of the expected felling cycle (Lo for n stand planted in
2015 with a planned felling cvcle of 90 years, the projected
climate in co, 2045 should be considered when selecting o
source region). However, souree reglons with destred cli-
mates may lkely occur ontside the runge of given species
distribution. This fact implies the need for changing tiee
species composition tn target Jocation rather than tiying to
exploit intra-species adaptation mechanisos in factlitating
the forest adaptation.

The selection of altemative provenances Is essentially
problematicat the xeric limits of the closed forest zone, such
as those occurting at theedges of the Skovak and Hungaisan
plains, which areexposed toex cessive summer heat and limi-
tedd precipitation. There s growing o idence that populations
At the xerse Jimits of o speckes contialn kss genetle diversin
(Grvetetal. 2011; Borovies & Matyas 2013) but accumis-
lasealleles of drought tolerance. This, however, means lower
adaptive potential (i kess phenoty picstability) to chinnging
emronmental conditions. These populations are apt to be
used primadly as endchment material or for creating po-
venance mixtures (“composite provenances”, Hubert &
Cottrell 2007) o enhance the restllence of regeneration in
problematic e miromments.

3.3.3. Regeneration, tending and thinning

Forest regeneration is espectally susceptible to changes in
climate (Spittkhouse & Stewart 2003), bence, changes in
regeneration methods represent anopportunity to adapt tree
species composition to climate change. [n natud regens-
rations, long regeneration phases in small patches should
be favoured, For instance, a shilt 1o a fine-grained regene-
ration mosaic via group selection was found 1o increase the
stroctural divessity of stands and help to lower the clinate
change vidperabiliny of forests in U Eastern Alps {Seid| et
al 2011b), Incase of aggravating site conditions, ennich-
ment planting (Lindner etal. 2008), Le. the combloatlon
of natumal and artificial regeneration, can be applied, The
approncliwas found to positiely Influence genctic divessity
and thus Increase the inl daptive capacity of 1
Maintenance of the genetic diversity gains sdditional impor-
tance ln climste change adapration, s penetic diversin was
found important in red ucing the voloerability of ecosystems
(Seppalietal. 2009).

Traditional thinning approaches usally kead ro stooe-
turally and compositionally uniform stands (Nyland 2007),
which often result tn reduction of forest adaptive capac-
ity (D'Amato et al, 2011), However, adaptation to climate
change requires uneven-aged and mosaic forest stroctures
that reduces the fmpact of disturbances and increase eco-
logical s tability, Adaptve sivicultural intenventio ns should
nnlmise the biotic nisk after an interventlon s performed,
support species and structural diversity of stands, support

natural yegeneration and facilitate water, catbon snd nutrl-
ents cycling (Seidletal. 2008a; Seidletal. 2011b), Close-to-
nature-forestry {Krutzsch & Week 1935) and continvous -
cover-foresty (Gadowetal, 2002; Kolstrom 2011) principles
seem 1o be able to address the forest adaptation o climate
changewell Thinnlog treatments canbe a pplied to redice the
effect of distubances (Running & Mills 2009). At drougi
prone sites, thinnings can reduce potential drought stiess
w0 trees (Solinetal 2013), becanse they teduce inter-tree
competition (Allenietal. 2010}, and canimprove the recovery
of growthatter diy perlods (Kolstrometal. 2011). Intenshe
thinning was found Lo reduce the interception losses, and
improve the water balance of stands (Sloditak etal 2011).
Howeser, ln the short-tenm, intensive thinnings can lncrease
stand susceptibility to damage (Seppl b etal, 2009; Kolstrivm
ctal. 2011), Therefore, Introductionof riskassessment prin-
ciples and tools for forest pgement optimisation seeos
Important to guide the intensity, allocation and timing of
silvteultural reatments. Thinning operations, If not sys-
tematically done, abway's contribute to a shift in the genetic
vastationof the population livestigations show thatmedinm
Intensity sedective thinning alters genetlc composition in an
acceptable way, whik extreme, vigorous intenventio ns may
strongly reduce within-stand genetic vartation towads on
undesirable, isky state of diminished adaptability (Manas
& Borovies 2014).

3.3.4, Harvesting

Harvesting o perations and harvest timing may substantially
nodulate forestvudperability 1o cloate clunge. Lo contrast
10 mamagement under stable environmental conditions,
where timbey production-relased indicators can be prima-
nly vsed In harvest planning, risk management principles
wnd flexibility of management should be of increased focus
Inforest management planning under cllmate change. Large
openingy should be avoided, as areas devoid of tree canopy
may act as heat istands with sdverse effects on the forest
water eycle. Large clearings can increase the susceptibility
ofadgacent stands tobiotic and abio tic damage (e g. Lobinger
& Skatulla 1996). Also the regeneration in lagge openings
experiences higher exposure to droughtand beat, often kea-
ding to tree mortality (Hacussleret al. 1995)

Shortening the rotation perlod can be used to shorten the
stand development stage of high susceptibility to insectsand
diseases {Gottschalk 1995; Seidlet al. 2011b), and lxas the
potential o accelerate the transition (o a more siltabke spe-
ries compaosition (Bolteetal. 2009; Spittlehonse & Stewart
2003). However, o shorsening of the rotation period should
be considered incombination withall rekvant yise and spe
cles-specific factors, and needs to bakance positiveeffects on
climate dskwith effects onwood production, carbon slorage,
orbiodiversity.

Forexample, anincrease n the cunreatly applied wotation
period in oak stands in Slovakia was found to be beneficial
in the context of timber production (Kulla & Petrdg 2012),
This potential benefit, owever, needy 1o be balanced with
un increasing distwbance nskwithstond age. Anoanahsis of
species-specific survval probabilities wider cunentclinate,
nmmagement and disturbanoe regimes (Fig. 3) indicates that
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Fig. 3, Cumulative probabilities of main forest tree species 1o be-
ng critically damaged up o a given age. Data are based on sonita-
thon fedling records for entire Slovukia for the pegod 1990-2010,

protection services. A eritical aspect for the enhancement
of forest profection effichency is integration of active pest
control with silvicultural measures; for example planting
pestand drought toderant specles, or reducing the shares of
susceptible species and age classes, As seeds and mursery
plants are lmportant sources of pathogen dispersal, special
care should be paid to aspects of disturbance nwmnagement
inearly develo pmental stages. The fact that some pathogens
can rematn latent o reproductive matedal unless drought
orather stiessors trigger the infection should be considered
(Desprez-Loustauet al, 2006),

3.3.6.Other actions

The lmportance of continuous and long-tenm forest monk
toring increases under climite change as an early identifi-
cation of develo prent trends i the forestand envisonment

and include the combined effectofall ek ag

distirbance risk increases only moderately foroak and beech
(with a sunvival probability of approximately 20% at age
100}, supporting an application of extended rotation peri-
ods. The survial probability of Norway spruce, on the other
Iand, decreases to approximately 25% at age 100 already
under current climate in Slovakia, aod Is likely to decrease
Turther wsder clomate change. This Fact hig hlig hts the poten-
tinlof shorter rotation perfods for countemcting a climate
-mediated Increase in distbance damage, particutarly in
e conifer-dominated stundy in the region. Negntive effects
of reduced rotation length shionld also be considered, such
asundesited overhanvesting and o market surplus of timber
supplies, which condd potentially have a negarive etfect on
timbereconomy (Lindneret al. 2008).

3.3.5, Forest protection and disturbance
management

The high climatic sensitivity of most forest pests in combi-
mation with reduced tree resistance resulting from beat and
drought pressure (Desprez-Loustau et al. 2006; Rowault et
al. 2006}, a5 wellas theanticipa ted increasein the requency
of droughts and windstorms indicate an increased impor-
tance of forest protection and disturbance management
under climate change. The currently applied procedures
of pest control (e.g. removal of forest reskdues, wind throw
clearings and sanitation felling, use of pesticides) canalso
be expected to remain effective in the funne (Maroschek et
al. 2009); intensity, extent, timing and spatin] allocation of
such measores should, however, be adagited 10 the changing
emvironmental conditions. The following measwes can belp
to tmprove current forest protection efforts in responding
to climate change: (1) conselidation and harmonization of
forest pests monitoring progmmmes, (i) broader nse of dis-
nurbance dynamees and bazard rating modeds in torest man-
agement planning (e.g. Netherer & Nopp-Mayr 2005; Seid|
et al 2014), (iif) broader implementation of principles of
integrated pest management and risk management (Walers
& Stark 1980; Blennow etal. 2013), and (iv) consolidation
of umin resources and infeastructure of nations| forest
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is @ prevequisite of ndaptive management under chang g
e o nmenta ]l conditions. Since fiekd monito ring is time and
cost-denanding, the importance of remote sensing-trased
momitoring systems is expected to increase, The long term
evalimtion of vartous biophysical forest indicators using
saleflite inngery willespecially provide critical and near yeal-
~time info rma tio o o the effect of eov imonmertal eha nges a nd
support the adaptive forest nunagement.

Adagptation of forest infrastructure includes the o ptimi-
sation of forest road petworks (Lindneret al, 2008), Tncre
asing the densiey and improving the quality of forest roads
prosides accessibility to areas that swequire sanltation ope-
mtions, stimulates smmll-scale management snd reduces
overhanesting nacoess ibe locations (Kolstrismetal, 2011),
However, thismeasure hastobeappBed withcautionas there
is strong evidence that impropesdy bullt oad networks con
vegatively affect the water reghme (Snerdonetal. 2009), and
thus amplify the adverse effects of drought,

The forest planning infrastricture also needs 1o be

lmproved, as omny curent planning tools suchasy eld tables
and empincal models are notable to address the effects of
a changing enyironment. In this vegard it Is increasingly
Important to consider climate sensitive processes explicitly
In models used for planning (e.g., Seidletal. 201 Ic), and to
tnprove the Hokages between process-based modelling nmd
the decisionsupport systems nsed in practics! torest mansge-
ment (Woltsleluwer & Seidl 2010).
Although most of the measures mentioned above addressed
aforest stand scale and primanily concerned forest nwmge-
ment, there s a range of cross -secto ml measures which focos
onwatershed or landscape scakes. Adaptation measuies at
 landscape veale should muinky support the connectivity
of ecosystems, create and/or malntain comidors between
separated forested areas, and avokd forest fragmentation
(Lindner et gl 2008; Running & Mills 2009; Seppika et al.
2009). 71 ures should support the patual mdgration
vfspecies and gene flow, and thus enhance the effect of inher
entadaptatio nmechantsms of forests. Forestadaptation can
also atmatthe enlaneement of diverse forest regulation fine-
tions, which can be used to moderate the adverse etfects of
climate on ndscape, incloding water regulation and flood
prevention (Buetle 2011; Hiasny et al. 2013).
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4. Conclusions

Forest responses to climate change are highly complex, and
our understanding of potential impacts and sensitivites is
still Bidted. Despite such lmitations, it is possibleand nec-
essary to develop and implement climate change adaptation
strateg s alieady now (Splttlehouse & Stewart 2003) Al
forestmanagement decislons are taken ln face of uncertainty
about the futuee, and delaying the implmentation of adop-
tation measures i expectation of improved knowledge will
Tikedy lewd 1o perpetunl Insction. However, s thorough unces-
tainty assessment with regard to the expected climate change
Impacts can help to assess the need and Hkely success of
adaptotio nmeasures, Bothelima tic uncertalnty and societal
uncertaingy, forexample that related 1o changing demands
onecosystems, peed 1o be addressed (Setdl & Lexer 2013),
Furthermeore, anexplicit consideration of the possibleeffects
of adaptive management on o vardety of Jocally kmportant
ecosystemsen kes and an assessment of possible trade-offs
with regard to thelrsocketal seceptance are needed.

Currently, climate change adaptation is often not
addressed i forest management deliberately, but rather
manifests itsell in response to lnpending threats, such as
pestepidemics or windthrows. In facing such threats, fines-
grained and close-to-nature forest management systems are
increastagly applied, while large-scale even-aged systems
Iyave been restricted to o namow set of conditions in most of
Centeal Europe. Accordingly, sivicultural approaches that
promote s matural species composition, ¢lose-to-nature for
eststrucrure, and natural regenemtion have gained traction
Inrecent decades ln all Central European countries. Such
practices represent key starting points and o pportunities
for climate change adaptation, Yet, the profound changes
expected for the futire might requine mote systesmatic and
targeted adaptation efforts going beyond what is currenth
lplemented.

This paper stressed key processes and sctions which need
1o be addiessed to faciltaleeffective forestadapration. Firt,
anunderstandingofinberentadaptation mevhansmsacting
atspecies and genetic kvels, and a thorough consideration
of such mechams s i forest ranagement are critical pre-
requisites for elfective adaptation. Second, th roke of risk
assessment (n forest management planning for changing
emvironmental conditions is becoming Increas ingly lmpor-
tant. Thereby, the historicaily strong focus of planning on
tvber production will need to be broadened In many arcas,
notonly to accormmodate e concept of (e to mal for
estry butalso to ensure acceptable levels of risk mecosy stem
setvices provistoning. Thind, the Infoomatkn on long-tenn
forest responses to climatic and other stresyors needs to be
Improved. However, the techniealand osgantsa tional frame-
works of the cinvent forestmonitoring systems in the region
sswellas the ensuing utilisation of the collected dataare not
yet geared towardssupporting adaptite forest nonagenxnl,
Hence, a consolidation of monitoring systens and a stiengthy
ening of informa Hon transfer to management declsson mak-
ers are iequired. Fourth, despite anincreasing availabilin of
climate projectiony ol regionalvulnerability studies, the
spplication of such intormation in forest management deci-
ston making is still hmited. To promote the wse of this infor
mation, actions on incieasing of the awarenesy of maimgers

und stakeholders need to be taken, and kegistative suppont
to adaptation processes peed 10 be improved. Although for-
est adaptation is alveady incloded in many national forestry
stomtegies, progmmumes and actions, these documents do not
perseensue ancffickent and systematic implementation of
such mensuies o forestry practice. Ulimately, successtul
adaptation decistons depend oo skilked professionis, which
is hig hlighting the importanceof improved fores tedncation.
Toconclude, weadvocatea malngtseandng of ¢ llmate change
isyves into oll vealms of forestny - from education to policy
and from monitoring to management planning - Inorder to
nuke the forests of Centeal Ewrope fit for a changing fintue,
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Annex L: Precipittion distiibution (April-September) i Central Europe in the pertod 19611990 based on obsernved
meteorological data, and calculated sy anaverage of 10 regional climate models for the period 207 1-2 100. A difference and
percestage change map is gven as well,

1961-1990

(2071-2100)

(1961-1990)
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Annex 2: Distribution of the Ellenberg climatic quotient i Central Europe in the peviod 19611990 based on observed
meteorological data, and calculated as an average of 10 regional climate models for the period 2071-2100, A difference
map s gven as well
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6. Diskuze, zavér a doporuceni pro praxi

Tato prace piredstavuje soubor publikovanych védeckych studii, ze kterych kazda
zahrnuje relativné obsahlou diskusi. Z tohoto divodu zde nebudeme opakovat diskuse
k jednotlivym studiim, podobn¢ jako pti formulaci vysledka v kapitole 5. Diskutovany

budou kli¢ové prurezové oblasti obecné se tykajici feSené problematiky.

6.1 Zdrojova data

Vsechny ¢asti feSeni zamétujici se na cely region Karpat Celily problému ohledné
dostupnosti dat o lese, stanovistnich podminkach, ochrané ptirody nebo rozsiteni skiidci.
Obecnou zkuSenosti je, ze realizace nadnéarodnich studii je mimofadné ztizena
problematickou dostupnosti a nizkou kvalitou vétsiny dat (Badea et al. 2004, Percy a
Ferreti 2004, Troltzsch et al. 2009). N¢ktera data jsou ve vysoké kvalité dostupna na
narodnich urovnich (lesni hospodatské plany, inventarizace lesa apod.), jejich sdileni pro
ucely mezinarodniho vyzkumu je vSak z legislativnich divodu v podstaté nemozné. Pro
tyto ucely byly evropskymi organizacemi jako Evropska environmentalni agentura nebo
Spojené vyzkumné centrum vypracovany datové vrstvy s celoevropskou nebo globalni
pokryvnosti (napt. Bartholomé a Belward 2005, Ahlenius 2012). Bohuzel na zéakladé
vysledku publikace Trombik a Hlasny 2013 (Kapitola 5.1) je kvalita téchto dat (napf. o
drevinné skladb¢ lesa) nizkd a mlize zpochybiiovat vysledky nékterych studii. Pozitivnim
ptikladem Vv oblasti pro védeckou vefejnost volné dostupnych dat jsou stale se zlepsujici
klimaticka data z riznych databazi, jako je napft. v této praci pouzita FORESEE (Dobor
et al. 2015) nebo CarpatClim (Spinoni et al. 2015). Jako kriticky problém pfi
nadnarodnich vyzkumech lze v soucasnosti vnimat problematickou dostupnost dat o
lesnich sktidcich a obecné disturbancich a v podstaté neexistujici sdileni dat narodnich
lesnickych sluzeb a podobnych agentur. S ohledem na vysokou dynamiku Skiidca
vV podminkéach zmény klimatu jsou poznatky o jejich vyskytu, pfemnoZzeni, nebo zménach
V popula¢ni dynamice v SirSim regionu stfedni Evropy kli¢ové z hlediska adaptace a
schopnosti adekvatné reagovat (Seidl et al. 2011, 2014). Data pouzita ve studiich
prezentovanych v této praci (v€etné certifikovanych map v ptiloze) byla ziskdna prevazné
na bazi osobnich kontaktl, coZz rozhodné nepiedstavuje optimalni vychodisko pro
vyzkum a tato skutecnost také omezuje moznosti ochrany lesa realizovat €inna opatieni.

Obecnym problémem je rtizna struktura narodnich dat, ktera omezuje az znemoziuje
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jejich integraci s jinymi daty (napt. sbér dat pro rizné taxonomické trovné Skadct).
Neméné¢ poteésujici skutecnosti je, ze nejsou patrné témet zadné snahy pro zlepseni tohoto

stavu.

6.2 Scénare zmény klimatu

V této praci byla pouZita star$i generace scénaiti zmény klimatu fizena scénafem emisi
sklenikovych plyni A1B. Divodem bylo, Ze piiprava feSeni této prace probihala
v obdobi, kdy projekce zaloZzené na tzv. Representative Concentration Pathways nebyly
pro zajmové uzemi bézn¢ dostupné ve formé ptimo vyuzitelné pro dopadové studie (napft.
po korekci biasu). Pouziti pouze jednoho emisniho scénare také napovida, ze celkova
neurcitost vysledkti simulaci mize byt podhodnocena (Spinoni et al. 2015). Naopak
vyhodou je pomérné snadnd porovnatelnost S mnozstvim piedeslych praci, ve kterych
byly scénare fizené emisnim scénafem A 1B hojné vyuzivany (Belda et al. 2015, Spinoni
et al. 2015). V dalsich studiich jiz pocitame s vyuzivanim podskupiny projekci zmény
klimatu fizenych RCP4.5 a RCPS8.5, které¢ v dostatecné mife zachycuji variabilitu

budouciho vyvoje klimatu a jsou standardné vyuzivany Vv riznych dopadovych studiich
(Ward et al. 2012).

6.3 Pripadové studie

Studie prezentované formou publikovanych védeckych praci zahrnuji rlizné aspekty
vlivu zmény klimatu na ekosystémy Karpat, dynamiku $kiadct a simulovany vyvoj lesa
vV podminkéch pisobeni disturbanci a zmény klimatu. Ackoli se tento soubor praci mize
jevit nesourody, poskytuje vhodna vychodiska pro formulaci opatieni a doporuceni pro
management lesa publikovanych formou studii Hlasny et al. 2014 a 2017a,b. V zadné
studii vSak nebyl pfimo feSen jeden z nejkomplexnéjSich problému ekologie lesa, kterym
je vliv zmény klimatu na disturbanéni rezimy lesa (Dale et al. 2001, Lindner et al. 2010,
Turner 2010). Tento pfistup je doménou procesnich modelt, které umoznuji hodnotit
interakce méniciho se klimatu s fyziologickym stavem strom@ (mirou stresu) nebo
parametry popula¢ni dynamiky Sktadci (reprodukce, voltinizmus, mortalita v zimnim
obdobi apod.) (napf. Seidl et al. 2011, 2014). Komplexnimi interakcemi téchto
¢astkovych procest je definovan charakter (budouciho nebo obecné alternativniho)
disturban¢niho rezimu (Turner 2010). Védecké studie prezentované V této dizertacni

praci se opiraly o empirické nebo statistick¢é modelovani, které obecné predpoklada
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platnost minulych ekologickych vztahti i v podminkach zménéného (neanalogického)
klimatu. Je zfejmé, ze tento piedpoklad ma pouze omezenou platnost (Seidl et al. 2011,
2014). Ptikladem je napi. vyvinuty statisticky model pro prognozovani gradaci bekyné
velkohlavé nebo vyuziti modelu Sibyla pro hodnoceni produkce a mortality lesnich
porostl. Prognosticky model gradaci mnisky ptepokladal, ze fluktuace charakteristické
pro posledni desetileti budou platit i v budoucnosti. Tento model vSak nezahrnuje mozny
kolaps gradaci v disledku napt. zménéného rezimu piirozenych neptatel nebo obecné
nejasné klimatické vlivy na velikost arealti pfemnozeni a jejich nacasovani (Parmesan et
al. 1999, Vanhanen et al. 2007). Tyto parametry jsou krom¢ reakce Sktidce na zménéné
podminky zavislé i na budoucim stavu a dostupnosti hostitelskych dievin (Franklin et al.
2002, Lindner et al. 2010), ktera nebyla zohlednéna. Jak jiz bylo uvedeno, fesenim je
vyuziti komplexnich procesnich ekosystémovych modeld, které jsou vSak v soucasnosti
dostupné pouze pro nékteré Skidce resp. typy disturbanci (Gardiner a Quine 2000).

V ptipad¢ simulaci poskozovani lesa pomoci modelu Sibyla byly statistické parametry
disturbanci odvozeny z dobovych dat ziskanych z lesni hospodarské evidence. Zatimco
ristovy proces v modelu Sibyla byl ovlivnén zménou klimatu, parametry disturbanci (v
textll zminéné pravdépodobnosti piezivani) byly stabilni po celou dobu vyvoje porostu,
resp. ménily Se jen v zavislosti na zméné dievinné a v€kové skladby. Faktory jako je napf.
zvyseny tlak podkorniho hmyzu v disledku nariistu poctu generaci nebo fyziologického
oslabeni dievin nijak zohlednény nebyly. Obdobné jako v piedeslém piipade€ je i tato

problematika v zajmu autorova i obecné ekologického budouciho vyzkumu.

6.4 NavrZena opati‘eni pro management lesa

Adaptace na zménu klimatu a souvisejici adaptace na zvysenou frekvenci a intenzitu
lesnich disturbanci, moznou invazi novych S8ktidcli, nebo na celkovou zménu
disturban¢niho rezimu s rostoucim vyznamem sucha a pozari, se tyka vSech oblasti
managementu lesa, véetné¢ ochrany (Baur et al. 2003, Prestemon a Holmes 2004).
Prezentované vysledky poukazaly na rizika souvisejici napf. s invazi novych druht
(Iykozrout seversky) nebo s neudrZitelnosti hospodateni orientovaného na smrkové
monokultury. Analyzou soucasného stavu v regionu bylo poukazano na neexistenci
nadnérodnich systémii zamétenych napf. na monitoring invaznich $klidct resp. obecné

na u¢inné sdileni lesnickych dat, které mutze zlepsit pfipravenost lesnictvi v regionu
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Karpat a obecné stfedni Evropy na dopady zmény klimatu a s tim souvisejici zvySenou
intenzitu disturbanci.

Pochopit a kvantifikovat mozné dopady klimatickych zmén na lesni ekosystémy
predstavuje mimoiadné komplexni a interdispciplindrni problematiku a naSe soucasné
poznatky a obecné chapani citlivosti, exponovanosti a adaptacni kapacity lesa je stale
pomérné omezené. I pies tyto limity je definice a implementace adaptacnich strategii
klicovym a nezbytnym tkolem lesniho hospodaistvi (Spittlehouse a Stewart 2003). V
soucasné dob¢ se adaptace na zménu klimatu v lesnim hospodaistvi Casto omezuje pouze
na reakce na blizici se hrozby, jako jsou pfemnozeni sktidcti nebo vétrné vichfice. Proto
v poslednich desetiletich ziskaly lesnické postupy, které podporuji ptirodé blizké
drevinné slozeni lesu, diverzifikaci struktury lesa nebo piirozenou obnovu, zna¢nou
pozornost ve vSech stitedoevropskych zemich. V oblasti ochrany lesa pfi reakci na zménu
klimatu Ize za klicové strategické opatieni povazovat: (i) konsolidaci a harmonizaci
programti monitorovani lesnich Skudct, (ii) $irsi vyuzivani modela citlivosti a dynamiky
lesnich Skidcu pii lesohospodaiském planovani (napt. Netherer a Nopp-Mayr 2005, Seidl
et al. 2014), (iii) $ir$i implementaci principd integrované ochrany (Blennow et al. 2013).
Kritickym aspektem pro zvySeni ucinnosti ochrany lest je integrace aktivni ochrany proti
Sktidciim, naptiklad vyuziti dfevin odolnych vic¢i suchu. Tyto praktiky predstavuyi
klicové vychozi body a pfileZitosti pro pfizpiisobeni se zméné klimatu. Komplexni a
intenzivnéj$i zmény, které se ocekavaji v budoucnosti, vSak mohou vyzadovat

vvvvv

vyuzivanych postupd.
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Prilohy

Piiloha €.1 Soubor map: Dopad klimatickych zmén na populace lykozrouta severského (Ips duplicatus,

Coleoptera: Curculionidae) v Karpatech: Vliv na distribuci a popula¢ni dynamiku.

PHroweny aredl viakytu Igkodrowuta severskiho (Ips duplicaties) sahrnuje Palenrktické oblasti od Skandindvie, severv-viehodnia )
sténdnd Evropu u severoevichodnl Asii (Pfaffor # Knidek 1998). Az do 20. stoleti byl nejiiznijéi viskyt L duplicatus v Eviopé v
Bidovédakim pralooe(PlumB!dowMa.memiRﬂd.wpmﬁmwmmudnlmpﬂmmuhlﬁmmihb
nepdvodnich smrkevich porost v niZingch i vechovindeh (Peffor & KniZek 1995), Rychlost, kterou s distribuéni mrvil Iykozrouta
saverského reziifuje v Evropé uksauje, 2o tento druh pogitivné maguje na globalni zménu klimata (Holuda ot al, 2010, . duplicatus
poaitivis renguje nn vyst teploty, kde mid epeavidla multivoltinni Zivotnl cyklus, V soudasnosti se Hhne fednn generace roéné v tijee a
severnim Polsku, ve stiedni Evropd penerace 2-3

V poslednich lotech byl viskyt I, duplicaties dokumentovin v jiznim Polsku, Ceské ropublice, Slovensku, Rakouska a Némecku,
Prestode je J, duplicatus adsptovin na chladné severské podminky, zpravidls se ve stiednl Evropé nevyskytuje uvnith rozsihlyeh hor.
Lokilni gradace hyly v Karpatech dokumontoviny v Polsku a Ceaké republice (Knifek s Zaheadnik 1996, Grodaki 2003), ale pouze do
nadmofskich videk cca 600 m nom. Vltumumkubylvﬁml duplicatus zaznamenin ik do viaky oca 1 000 m n.m. V soudasnosti jo
I9kod wki povaiovin za ek icky vy éha ikiwdee, jehod viznam stile roste.

Analfza vyvoje Ivkodrouta severského byln zalodena na modelu PHENIPS — Komplexnim fonalogickém modelu plivodné
nevriendm pro lykodrowts smrkového Jps typographus (Baier et al. 2007}, V riimei tohoto moedelu urtuie maximalni dennt teplota
vaduchu dea nastupu napadeni a priméma teplota kry eychlost vivaje jednotlivich vivojovich stadil, teplotnl limity pro jednotlivia
stadia byly urteny na ziklule pedon Wermelinger o Seifert (1994),

se v porovndni = Ivkozroutem smrkoyym jednd o mensl deah (Pleffer 19561, 4 mohl by tedy potbebovat mendl kumulatival
teploty potiobué pro sviyj vive), v podminkich stiedni Evropy I duplicatus xpravidla kopiruje fenologicky moded I typographus
(Hnluhet-l.ﬂom) Hlnvnim rozdilem je fakt, 22 o I duplicatuy nevyskytuje ve vysokjch nadmaorskyeh vyikdch { Holuia et al, 2010),
ale preferuje polohy do 500 mn.m. (Holuda et al, 2013),

Pro definovini vyikayéhe limitu byla pouzita data  odehytd ve fmmonchb Inpacich, V wipadnich Karpatech byly lapade
umistiny v pravidelnych 100 motrovyeh intorvilech nu bore Ostry (M koslozské Beskydy) v lotoch 2002 a 2003 (Holuin 2004), pro
vichodni Karpaty byly poudity vfuledky stinlie Duduman et al. 2011, Na:&lmllml«lkﬂm&hubyl veskovy lmit vyskytu L
duplicatus stanoven na §00 m n.m. prozapadni a 1000 mn.m. pro vichodni Karpaty,

Klimaticks data za obdobi 1951-2007 byla preveata z databdze E-OBS (Haylok et al. 2008), Data o budouedm klimatu (2007-2100)
byl phevzata ¢ visledki projekin ENSEMBLES (van der Linden o Mitchell 2009). Pro potheby vytvobent klimatickdeh mip Karput
byla pouditn interpoluéni technika lmcwiui:omuim dnﬂom (Hudson n Wackernagel 1994, Goavierts 2000), pficemi byla pougita
noadmotska veikn jako podpirnd prominni, korek vt klimatickych prvka, Data o roxéifeni amrku xtepilého v Karpatech
byla peventa « celoeveopsloého statistického mapovinl dievin na sdkladé dat ndrodnich inventarizac] leso. prediktivaibo mapovinia
nirodnich leanick goh statistik (Brue et al, 2011). Vixledkem jsou eastrové mapy ¢ rozlifenim 151 ki, nesouc infoemace o satoupeni

| dand divviny. Pro oéely tito price byly mipy korigovany na zikladd dat Corine Landeover, Visledné mapy byly vytvoiuny pro tfi
A\ éazovi ohdobi — referenénd klima (1961 1990), klima v blizké budouenosti (2021 2050) & klima vevzdilens badonenosti (2071-2100), /
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Piiloha ¢.2 Soubor map: Dopad klimatickych zmén na populace lykozrouta smrkového (Ips typographus,
Coleoptera: Curculionidae) v Karpatech: Vliv na distribuci a populaé¢ni dynamiku.

JUBOR MAP / C IC H ZN

NA POPLU ZROUT; RKOVEHO

TYPOGRATS ( f £ CURCU IIDAE)
3UCI A POPULA NAMIKU
Holussa & |‘. O 1 15 Vi

Lkogrout smrkosy Ups typographus, Coleopters: Curculionidee) patH mezi nejveznamndéj&i skidee smrkoviceh poroatiy v Evropd
Nuopada pedeviim Gerstve vytézoné smrekové diivi, padlé smrky v polomech (Forster 1993) anebo 2 nejrienégdich prifin fvziologicky
eelabend stojici stromy (Schwenke 1996), Jakmile nemi dostatek vhodngeh stromi pro zaklidini potomstva, saine napadat i sdravé
stojicl amrky. Skodlivost vkodrouta jo Gzee svizand se zdravotnim stavem porost a vhodndmi Klimatickymi podminkami na daném
misié,

V soulasnosti s zpravidia Bhnou dve generace IykoZroutn smrkového xa rok, ve vyisich polobdich jedna » pi toplim pribéhu
pocaal mikde byt o jednn generact vice, Vyvijl se témdf vyhrdnd na smrku etopilém (Picea ables), vijimedné na modiine opadavém

(Larix decidua).

U Iekotrouta smrkoveho se predpoklada zkmicent doby vivole, co mu umoini ukondit givotnd
cvicius diive o znlodit duls gonernce béhem sexony (Lange ot al. 2006). Zmiéna klimaty také oviivai
rajeni, dinpawzu a zimni mortalita twhoto dkadee. Teplotni redim v probéhu podzmu by pak mil
rozhodujicd viiv ni velikost populace bélem rojend na jake nisledujictho roku Glonsson et sl 2008)

Analsza vivaje Whkozeoutn smekového yla zalodénn na modelu PHENIPS - Komplexnim
fenologickém modelu Ifkodroutn smekoveho Ips tgpographas (Baler et sl 2007). V rdmel tohoto
modolu urtue maximalini denni teplota vaduchu don ndstupu napadeni o pramimd teplota kiiry
urtuje rychlost vivole ednotlivich vivojovich studii, teplotni limity pro jednothivd stadia byly
urdeny s zaklndé price Wermeltnger o Seifert (100%),

Klimatickd data za obdobi 1951-2007 byla phevzata 2 databdee E-OBS (Haylok et al. 2008)
Data o budoucim klimatu (2007-2100) byla pheveats = viskedil projekiy ENSEMBLES (van der
Landen a Mitchell 2008), Pro pot#eby vytvoieni kimatickych map Karpat byla pouiita interpolaéni
tochnika krigovani » externim driftom (Hudson o Wackernagol 1994, Goovaerts 20000, priowms byla
poudita nadmorskd vyika Jako podpirnd proménnd, koreloving s védinon Kimatickyeh prvki.
Dita o rosdifen] amrku gtepilého v Karpatech byla pleveatn 2 celoevropskélo statistického
mapavani deovin na zakladi dat narodnich inventarzaci lesa, prediktivnibo mapovini n narodnich
lesnicksch statistik (Brus et al. 2011), Vysledkem jeou rastrové mupy s rozligenim Ix1 km, nesoucd
informace o zastoupeni dané dieviny, Pro Glely 1éto price byly mapy korigovitny na zdklads dat
Corine Lundeover, Viglednd mapy byly vytvoieny pro th Casovi obdobl — nferenéni klima (1961-1900), klima v hlizké budouenosts
\(W‘l! 2050} & klima ve vaddloné budouenasti (207 1-2100), )
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Tato price byl vwtvobena v rimet Specifického virkumu ns CZU
FLD KOLE » v vimel projektu NAZV QHI1087 Vyhodnovend
dopadu globdlnich klimatickyeh zmén nn rozéiboni o voltinizmus
lp= typographus (L) (Col: Curculionidae, Scolytinae) ve
surkovych porvstech Ceské republiky joko vichodisko pro jejich
tevalo udrditelny management.”
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Piiloha ¢.3 Soubor map: Dopad klimatickych zmén na populace bekyné velkohlavé (Lymantria dispar

Lepidoptera: Lymantriidae) v Karpatech: Vliv na distribuci a popula¢ni dynamiku.

Celkové rozsfteni bekynt velkollavé (Lymantria dispar (L) salrnuje velkow st Euragie Goif tempesitni ginu). V ptedoinulém
atodet] byla & Eveopy savietonn také do Severni Ameriky, kde se vyakytuje ve vichodni poloving Spojnsich stbtd s dile se xde 3iH. V
Evropé je ohoené rozdifena ve viach typech lesnich porostd niggich u @steéné i stiednich poloh, s tiditém viskytu v Bstnatych
m.wbmmmummw Bekyné velkohlnvi je Siroce polyfigni drub, ktery se mide vyvijet nn ydtding
Hatantych dievin. Prodncstné napadd duby, dile habry, buky. kastanovniky, jablond a hruing, v mensi mike také bifay, Upy, viby, topoly,
jmvary, olie s modfiny (Keistaka Urtinn 2004).

Z Wosnického hlediska patii bokynéd volkahlavi mesi nojvyenamnigéi Nstodmvo drahy hmywn, vézané na lisnaté dioviny. Jo
typlckym predetavitelem kalamitné se plemnodojicich defolistord, schopngch pdsobit rozihlé koloiry. & 10 peedevitm v lubovych

Premnagoni maji insto cyklicky chuenktor. Silod Fey a éasty vanik holodird, ktwré na rozdil od obaleée dubosého pravidelnd postilngi
oelou tistovost plochu, véotné spodnich partii koruny o kmenovych vimladki (vil), napadend steamy vyraznd oslabui o vedou rovnéd &
mnMMhMuhhﬂwmkhMlvom WMMIHAM'M&MM&MM

dalil steesu fici faktor primimé parostd, Prestode jsou duby o jiné listnade schopny etrdtu lstové plochy nahreadit, mobou
bt iry bekyné velkohlavé sponétécim signilem pro viskyt daliich Skodlivieh &niteld, keobl jik oxistoned stromt pHmo ohroduj

(predeviim hmyz, napadajici pletiva1§kovd s bélovit édeti kmend a vitvil.

Ocekivané kiimutické xmény mobou rozdiFit distriboind aredl bekyné velkohlavé (Lymantria dispar) smérem na wever (Vanhanen ot
ul. 2007 o takd do vydiich vydek (Hidany u Turédni 20089), V blizké budoucnosti se odekidvh enadng mirdst yrmdaénich
oblagtl, nicménd daldf dibeni tohoto m&WWW&WmG.%M(-MWWm“
pdshﬁdopdmﬁu;dﬁvmbnmﬂ&nhlmhvﬁkym(?hmsdnum Vanhanen ot ul. 2007).

danta za chdobi 1951-2007 byl proviata = databze E-OBS (Haylok ot ul, 2000, Data o butdoucim klimatu (2007-2100)
byll pheveatn [mlldkﬂ projektn ENSEMBLES (van der Lindon o Mitohell 20000, Peo potbeby vytvobeni kKlimatickgch np!nrvn
byla poutita interpolaéni technika kegoving & externim driftem (Hudson o Wackernagel 1994, Goovavets 2000), pritems byla poutits
nndmodski viil juko podplrnd proménng, kareloving s yétiinos klimatiokych prvki, Dm»uﬁuﬁdmﬁmﬁvmt

WMWWMMWMMmMﬁtMW i, prediktivniho mapoviini 4

nirodnich lesnickyoh statistik (Bros ot sl 2001), Vystedlom jeon rastrové mapy & roalidenim 1x1 km, nescuct informasos o astoupen

MM%M(& mmwkdpuwmdmmcmhndm'ﬂohdunwbybwtw!enymt!iﬁuou
obelobi -~ refervnéni klima (1961 1 Kklima v blizlol budauenosti (2021-2050) o klinm v vadilend badouonosti (207121000 v

» WBJ-"W”"EI.WI&OJ.WR*."ﬂbmﬂ~ﬂmﬂ.&.mﬂ.(lﬂl’" tizad mapling ofrrm s peeivs et Kinoge Kam
daszreal of Forvet Mina ok 10

DO L, FARCEA X HLASNY T, mh RN Crewtiont of che FOREEEE datalver o weppaet ilimmte ddemnge seintid lngeet stinbive. | ol Sehenlifie e foe
DD bt Mlh-v.lmhltwml.nu-.
mlml" Vo kb inthe: Hev Imnapearnya, Schweizertache Leitachrsfl fir Ferwwesen 1840060770
GOOVARRISR (3000 G i thes s in e eprtial dorthens of raintubt Aesrni ol oM et 2290000, T13- 1
MU&MNWY»KLIB.WCWFD. vammuu\l——-‘- ily Sigh remal déund ol A suiriae
Hor 1160 2008 S HADE oL
WI TUMEAN M (e mM;MMMM-HM naaum;utwmuwu—*

mno:f mn 11000 Mupp o vevsperssire ussg driging sith extemal i Thesy snil an exargbe trom wothmnil T swear o Sammai of Clmssbogy 241,
v

KRARSTEK ) URBAN ) (2004) Lasnichs dhighe. Aeadoraie Prodee, 480 steemt ‘

THONAS L A, ROGER. 4 CLARKER: T, THOMAS C D, WERE N 7. 11m) 1 e varlotion in hald it senilohding At smie mmnismea e e therie v e lirvede el (et
erntrue i o Frmctiomed Ersbugy | DScpp. 1) M-d4

VAR DRI EANDER P STTUIRLL, 20 I E20080 KRS EMILER Uit Ouangr wred b b ol pewrwr ared rrwet froeme e KSSSES LIS oot OFflow, 1390 srrwn,

mmmto.m;.mgm.vwnm_ :

\_ Fomuies 41620 €34,

Tato mapa byla vytvorena v ramei Specifického vizkumu na
CZU FLD KOLE a v rimei projektu NAZV QH71084

W Vyuziti dondrochronologie na rekonstrukei fluktunénich
cykld bekyné mnidky a bekynéd velkohlavé ve stiedni
Evropé®.
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