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1. UVOD

Prostorova distribuce rostlin, Zivocichl a ostatnich organismd byla vzdy centralnim
zajmem studia ekologie (Krebs 1994). Krebs ekologii definuje jako védeckou disciplinu
zkoumajici druhové interakce, které urcuji jejich distribuci a pocetnost. Pocatkem druhé
poloviny 19. stoleti zacala byt distribuce organisml studovdna vramci zoologie,
botaniky, limnologie, paleontologie a dalSich oblasti, nicméné s minimalnim vzajemnym
pfesahem v ramci téchto védeckych disciplin. Teprve vznik teorie ostrovni biogeografie
(MacArthur & Wilson 1967) se zaslouZil o spolecny zajem nékolika tradi¢nich oborl a
prispél ke vzniku biogeografie jako samostatné discipliny.

Biogeografické teorie, jako teorie popisujici distribuci druhd a to co ji ovliviuje,
zacaly byt brzy vyuzivany pro rfadu ekologickych aplikaci. Mnoho téchto aplikaci bylo a je
v soucasné dobé vyvijeno za Ucelem predvidat rozsifeni druhl v prostoru a ¢ase v ramci
procesu nazyvaném jako modelovani druhové distribuce (,Species distribution
modeling“;, SDM). Hlavni myslenkou tohoto modelovani je propojeni environmentalnich
faktor( prostfedi s druhovou distribuci, pomoci statistickych funkci a algoritm0.
Zejména v poslednim desetileti je patrny stdle rostouci zdjem o modelovani druhové
distribuce, ve kterém jsou ziskané informace vyuZivany v celé rfadé obord (napf. v
ekologii, evolu¢ni biologii, biogeografii). Sou¢asné k rozvoji SDM vyrazné pfispiva i rychly
rozvoj informacnich technologii, diky kterému je dnes moZné pofidit a zpracovat velké
objemy dat a sdilet je v rdmci celého svéta (Peterson et al. 2011).

Pro¢ tedy modelovat vztahy na stanovisti a vytvaret prostorové predikce druhové
distribuce? Jednim z dlvodl je napfiklad snaha zmapovat vyskyt (nejen vzacnych)
druht, odhad jejich diverzity, snaha porozumét vztahim mezi nimi a jejich prostfedim a
znich plynoucim ekologickym zavér(im, testovat biogeografické hypotézy, hodnotit
nebezpedi potencidlni invaze druh(, moznost jejich reintrodukce, nebo snaha urcit, jaky
vliv.ma charakter krajiny (nebo jeji méfitko) na distribuci a pocetnost organisml
v prostiedi. SDM lze dale vyuzit naptiklad k predikci hodnoty nebo vhodnosti biotopu
v dosud neprozkoumanych Uzemich ato i v minulém ¢&i budoucim obdobi, nebo k
odhadu dopadu klimatickych zmén na druhovou diverzitu (Franklin 2009; Peterson et al.

2011).




Vysledkem SDM byvaji nejcastéji predikéni mapy zobrazujici vhodnost biotopu, nebo
distribuci druhu v prostoru. Lze je vyuzit jako podklad pro planovani ochrany Zivotniho
prostredi, hodnoceni biodiverzity, ndvrhu managementu cennych biotopl i jejich
obnoveé (Elith & Leathwick 2009).

| pfes intenzivni rozvoj SDM, o ¢em?Z svédci fada dosud publikovanych zahranicnich
studif, nebyla tato problematika v podminkach Ceské republiky dosud blize piedstavena.
Zejména pak jeji potencial v ochranarské praxi (napfr. pro odhad rozsifreni ohrozenych
druhl nebo hodnoceni kvality jeho biotopu). Soucasné nebyla v SDM studiich vénovana
patficna pozornost ovéreni vysledk( predikce pomoci ¢asové nezavislého souboru dat.

Pfi volbé cilové skupiny Zivocichl, které by poslouzily Ucelim této prace, byly
zamérné vybrany pravé ptaci druhy. Ty jsou obecné povazovany za dobré indikatory
zmén v biologické rozmanitosti, diky kterym lze odvodit informace o vyskytu/biologii
fady dalSich druht (Bibby et al. 1992). Predkladana prace ve své reSersni ¢asti nicméné
zamérné seznamuje ctenafe s problematikou SDM v Sirich souvislostech, neZz by bylo
vzhledem k jejimu tématickému zaméreni zapotfebi. Divodem je dosud minimalnimu
povédomi o tomto tématu v Ceské Republice a snaha poskytnout &tenafi Sirsi teoreticky
zaklad. | presto je vSak reSersni ¢ast (vzhledem k obsahlosti feSeného tématu), pouze

jakymsi shrnutim, odkazujicim na podrobnéjsi informace v odbornych studiich.

2. CILE DISERTACNI PRACE

A. VyuZzit modelovani druhové distribuce ptacich druht v souboru studii zamérenych na:
a. modelovani druhové distribuce ohroZenych druhd ptakd v CR
b. vyuZiti SDM k odhadu rozsifeni tetfeva hlusce v Karpatech vzhledem
k probihajici asanacni tézbé lesnich porostd
c. zkoumani vlivu casové ne/zavislosti testovacich dat na vysledek modelovani
vodnich ptakd v CR
B. Formulovat na zakladé vySe uvedenych studii potencidl SDM v ochrané ptacich druhd

véetné doporuceni k ovéreni jeho vysledk(.

10



3. LITERARN[ RESERSE

3.1. Ekologické aspekty

Zejména v poslednim desetileti je patrny obrovsky zdjem o modelovani distribuce
nejraznéjsich druh( jako vysledek stdle rostouci potfeby po informacich o jejich
geografickém rozsifeni a stavu biodiverzity v rdznych oblastech svéta (Elith et al. 2006;
Graham et al. 2006). Vzhledem ktomu, jakym rozvojem tato problematika stale
prochazi, je vhodné popsat zakladni terminologii pouzivanou pfi modelovani druhové

distribuce, oblast vyuZiti téchto modell a ekologické aspekty samotného modelovani.

3.1.1. Zakladni pojeti

Detailni znalosti o ekologické a geografické distribuci druhl v prostoru jsou
zdkladem pro planovani jejich ochrany, predpovidani jejich ne/vyskytu (Funk &
Richardson 2002; Rushton et al. 2004) a pro porozuméni ekologickym a evolu¢nim
Ciniteldm ovliviiujicim jejich biodiverzitu (Ricklefs 2004; Graham et al. 2006). Data o
vyskytu vétsSiny druhl jsou vsak v soucasnosti bohuzel pfilis rozptylena, coz znemoznuje
jejich dalsi vyuziti v mnoha aplikacich (Elith et al. 2006). Modelovani distribuce druh( se
tak pokousi poskytnout predikce distribuce druh( v prostoru a case, nejcastéji pomoci
predikéniho modelu, zaloZzeném na extrapolaci environmentdlnich dat v prostoru.
Samotny modelovaci proces tvofi nékolik zakladnich komponent, které ve své studii
uvadi Franklin (2009; viz Obr. 1).

Zakladni koncept SDM vychazi z modelu druhové niky (,,species niche model), ¢i
modelu ekologické niky (,ecological niche model”), jehoZ cilem je popsat empiricky
vztahy mezi distribuci druhu v prostoru a case a environmentdlnimi proménnymi.
Zatimco SDM mohou byt hodnoceny pro svij ,ekologicky realismus”, ktery je shodny se
znalostmi limitujicich faktord a kfivek odpovédi druhu na né, samotna data (o vyskytu
druht a environmentalni proménné prostredi) blizsi uréeni nebo potvrzeni existence a

rozsahu druhové niky umoznuji jen zfidka (Austin 2002).
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Obr. 1. Diagram zobrazuje komponenty modelovani druhové distribuce (Franklin 2009).
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Modely druhové distribuce jsou také nékdy oznacovany jako ,habitat suitability
models”, popisujici vhodnost biotopu podporovat existenci druhl (napf. Hirzel et al.
2006; Hirzel & Le Lay 2008). Nékdy jsou vsak oznacovany také jako “predictive habitat
distribution models” (Guisan & Zimmermann (2000), “spatially explicit habitat suitability
models” (Rotenberry et al. 2006) ¢i ,bioclimatic envelope models” (Araljo & Peterson
2012). BlizSimu vysvétleni jednotlivych termin( se vénuje Arauljo & Peterson (2012)

nebo Peterson & Soberdn (2012).

3.1.2. Ekologické aspekty
Jak z vySe uvedeného schématu vyplyva, pfed samotnym modelovanim je dilezité
prozkoumat funkéni vztahy mezi organismy a jejich prostfedim v SirSim ekologickém

ramci (Austin 2002; Guisan & Zimmermann 2000).
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Koncept druhové niky

Mnohé ekologické teorie, souvisejici s modelovanim druhové distribuce,
diverzity a struktury spolecenstva, jsou nejcastéji diskutovany ve vztahu ke konceptu
druhové niky (Austin & Smith 1989; Austin 2002; Guisan & Thuiller 2005; Araujo &
Guisan 2006; Austin 2007; Hirzel & Le Lay 2008). Koncept druhové niky je pro ekologii
klicovy a historie jeho vyvoje je diskutovana v mnoha védeckych ¢lancich a publikacich.
Béhem jeho vyvoje byl interpretovan nékolika zpUsoby. Jednu z nejstarsich, avsak
v soucasné dobé stdle platnych definic, popsal Hutchinson (1987). Ten definoval niku
jako ,hyperprostor” tvoreny environmentalnimi podminkami prostfedi, v ramci kterych
mohou druhy prfezivat a mnozit se. Pravé Hutchinson rozlisil niku fundamentdlni
(potencialni) definovanou jako odpovéd druhl na prostiedi (zdroje) pfiabsenci
biotickych interakci (konkurence, predace, atd.) a niku realizovanou (aktudlni),
definovanou jako environmentdlni prostor, ve kterém mohou druhy prezivat a mnozit se
v ramci biotickych interakci (Obr. 2). Jak je z obrazku patrné, realizovana nika byva ¢asto
povazovana za nedilnou soucast niky fundamentalni, ackoliv tomu tak vzdy nemusi byt
(Austin 2002). Do tohoto konceptu lze zafadit i niku klimatickou, definovanou pouze

klimatickymi faktory prostfedi (Pearson & Dawson 2003).

Obr. 2. Vymezeni fundamentalni a realizované niky (Hutchinson 1987).

Species realized
niche

Environmental axis 2

Environmental axis 1
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Pulliam (1988) na zdkladé tohoto konceptu rozlisii dva druhy biotopU.
,Zdrojové”, kde lokalni reprodukce prfesahuje mortalitu a ,,zanikajici”, v nichZ se jedinci
sice nachazi, ale nepfispivaji k populacnimu rlstu. S timto rozdélenim pracuje teorie
metapopulacni dynamiky, s jejiz pomoci Hanski (1999) popisuje modelovani populaci a
skupin, které jsou vzdajemné prostorové oddéleny. Vysledkem jeho prace je tvrzeni,
dokazujici moznou existenci druhl na nevhodnych lokalitach, ¢i naopak nevyskytu na
vhodnych lokalitach. Toto soucasné chapani konceptu niky je dle Franklin (2009) tfeba
mit na paméti, protoZze mnoho SDM studii spoléhd pouze na data o vyskytu druhd nebo
data o jejich pocetnosti a nezohledriuje rozdil mezi vhodnosti a skute¢nou obsazenosti
biotop.

Z predchozich odstavcl této kapitoly Ize vyvodit nasledujici otazky: co je vlastné
modelovdano pomoci SDM? Fundamentdlni nika druhu, realizovana nika, nebo
pravdépodobnost obsazeni biotopu? Mnoho studii identifikuje a popisuje jako vysledek
SDM niku realizovanou (napf. Austin 2002; Thuiller et al. 2004; Guisan & Thuiller 2005),
protoZze modely vétSinou pracuji s daty o aktualnim vyskytu druhd. Naopak Soberdn &
Peterson (2005) argumentuji, ze je SDM zaloZzeno predevsim na klimatickych
proménnych v malych méfitkach (modelovani bioklimatické niky) a je podminéno nikou
fundamentalni. To otvird diskusi o spravném pojmenovani procesu modelovani
distribuce. KdyZ je realizovand nika popsana statistickym modelem a mapovana
v geografickém prostoru, predstavuje ,potencidlni distribuci, nebo modelovani
,vhodnosti biotopu® (Araudjo & Guisan 2006; Soberdn 2007). Jini autofi ve spojeni s SDM
striktné preferuji tvorbu ,biotopového nebo distribu¢niho modelu” (Jiménez-Valverde
et al. 2008), &i termin ,prostorova predikce” (Kearney 2006). Nejvice autor( vsak

Ill

v soucasnosti uzZiva termin , distribucni model” ve snaze vyjadrit fakt, Ze je tento model
podminén distribuci druhu v prostoru a predikuje jeho potencidlni prostorovou
distribuci, nebo vhodnost biotopu (Franklin 2009; Peterson et al. 2011).

Pfi pouziti konceptu niky v modelovani statické druhové distribuce je dllezité
navic predpokladat, ze jsou druhy v (kvazi-)equilibriu se sou¢asnymi environmentalnimi
podminkami (tzn. podminky pro vyskyt druhu jsou v prostoru i ¢ase neménné) a ze
pozorovand distribuce aabundance prlkazné indikuje environmentalni tolerance a

zdrojové pozadavky druh. Omezenim tohoto predpokladu se zabyva zejména Guisan &

Zimmermann (2000) a Austin (2002) poukazujici na fakt, ze by tomu tak mélo byt ve
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vSech studiich o SDM. Nékteré druhy se vsak mohou stale sifit do vhodnéjsich biotop,
napfiklad ve snaze nasledovat posledni glacidlni maximum, nebo se pfizplsobovat
klimatické zméné. V pfipadé predikce téchto druh( je tak Zadouci stanovit konkrétni fazi
migrace/invaze (Vaclavik & Meentemeyer 2012)

Vzhledem k vzristajicimu vyuziti SDM v testovani hypotéz v evolucni biologii se
dale nabizi otdzka, zda maji blizce pfibuzné taxonomické druhy podobné klimatické
naroky, i kdyzZ je jejich aktudlni distribuce v prostoru oddélena (Kozak & Wiens 2006).
Tento predpoklad vychazi z teorie o ,konzervatismu ekologické niky”, kterd popisuje
tendenci druh( zachovat charakteristiky jejich fundamentdlni niky napfi¢ evoluc¢nim
¢asem, Ci stabilizaci pfirodni selekce (Wiens 2004; Wiens & Graham 2005). V soucasné
dobé existuji nékteré studie tento predpoklad potvrzujici (Huntley et al. 1989), nebo

naopak vyvracejici (Ackerly 2003).

Faktory ovliviujici druhovou distribuci

.

Austin (2002) drive popsal typy faktort, které ovliviiuji druhovou distribuci, a
rozdélil je na ,proximalni“ (pri¢inné), spojené primarné s rlstem a prezitim rostlin, a
,distalni” (zastupné nebo nahradni), ovliviujici dostupnost Zivin strukturou ptdy, pH
nebo samotnym padnim typem. Distalni faktory jsou spojeny se zdroji a omezenimi
prostfedi (s proximalnimi faktory), a proto koreluji s druhovou distribuci. Oproti
proximalnim faktordm je Ize jednoduseji pozorovat a mérit. Jako priklad téchto faktor(
uvadi Austin dostupnost nékterych Zivin v kofenové zéné rostlin.

Austin & Smith (1989) dale uvadi faktory primého gradientu, které maji prfimy
vliv na vyskyt nebo pocletnost druhu. Jsou pro organismy dilezité z fyziologického
hlediska, ale nejsou jimi spotfebovavany (napf. teplota, pH, vodivost). Dalsi jsou faktory
zdrojového gradientu reprezentované proménnymi, které jsou organismy
spotrebovavany nebo pouzivany (napf. voda, svétlo, Ziviny, kofist, vhodna hnizdisté).
Poslednim typem jsou faktory nepfimého gradientu, které nemaji vliv na distribuci nebo
poCetnost druhu (distalni faktory), jsou dobfe meéfitelné a ¢asto se z nich odvozuji
pfedchozi dva typy proménnych. Lze za né povazovat napf. zemépisnou Sirku a délku,
nadmorskou vysSku, Uhel sklonu svahu nebo jeho orientaci ke svétovym stranam.

Videdlnim pripadé by mély do SDM vstupovat ve formé env. proménnych vidy pouze
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faktory pfimé a zdrojové. To je vSak vzhledem k nejéastéjsi dostupnosti téch nepfimych
obtizné.

Také biotické faktory ve formé nejrliznéjsich vnitro/mezidruhovych interakci
(konkurence, mutualismus, predace, parazitismus, atd.) ovliviuji do urcité miry
distribuci druhd, nicméné vzdy v kombinaci s abiotickymi faktory prostredi (Soberon
2007). Jejich empirické vyjadfeni je vSak i v souCasnosti stale obtizné a tak Ize jen
obtizné kvantifikovat jejich skute¢ny vyznam pro modelovani druhové distribuce (Meier
et al. 2010).

V souvislosti s jiZz zmiflovanymi (environmentalnimi) gradienty prostredi
(Whittaker 1967), vyznamné ovlivnénymi biotickymi faktory, je tfeba zminit i odpovédni
kfivky druhu (,response curves”), zobrazujicich jeho distribuci pravé podél gradient(
prostredi (Austin & Smith 1989). Tyto kfivky zobrazuji vztah pocetnosti druhu (pfipadné
jeho vyskytu, fitness, atd.) s hodnotou pfislusné environmentalni proménné.

Pfedchozi odstavce popisuji faktory ovliviujici druhovou distribuci pouze obecné.
Pro Ucely jejiho modelovani je tfeba sestavit koncepcni model, ve kterém jsou
proménné prostredi konkrétnéji definovany. Vzhledem k rozdilné povaze zkoumanych
druh( je treba pristupovat k jeho ndvrhu individualné. PrestozZe ani sebelepsi koncepcni
model nezaruci presny vybér nejdllezitéjSich proximalnich faktorl, muze alespon
pomoci v identifikaci nejvhodnéjSich proménnych ¢i jejich odpovidajicich nahrad

(Franklin 2009).

3.2. Data potrebna k modelovani
Jak jiz bylo popsano, SDM pracuje s daty o vyskytu konkrétniho druhu (biologicka
data) a environmentalnimi proménnymi prostfedi (environmentdlni data), pficemz vzidy

je treba klast patficny ddraz na jejich kvalitu.

3.2.1. Druhova data
Druhova data si lze predstavit napf. jako ne/vyskyt druhu (v dalSim textu
uvadéném také jako jeho presenci ¢i absenci) vztazeny k lokalité pozorovani. Nicméné

mUze jit i o poCetnost druhu, mnoZstvi biomasy nebo druhové bohatstvi (Thogmartin et
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al. 2004). Data jsou Casto soucdsti muzejnich shirek ¢i atlast (Graham et al. 2004,
Newbold 2010), stale ¢astéji ale pochazi z mapovani druhu v ramci individualnich studii,
¢i mezi/narodnich nalezovych databazi. Vyhodou dat pochazejicich z muzejnich sbirek a
Casto i ndlezovych databazi je pfedevsim jejich obsahlost a snadna dostupnost. Jak vsak
fada autor( uvadi, tato data jsou Casto neaktudlni (Casové; data shirdna pro jiny ucel),
nelplna (pouze ve vybrané ¢asti zdjmového Uzemi; chybi informace o absenci druhu),
nepresné zamérena (misto GPS souradnic pouze popis lokality), neobsahuji podrobnéjsi
informace o zpUsobu jejich sbéru, ¢i jsou porizena nad mapami malych méritek (Graham
et al. 2004; McPherson et al. 2004, 2006; Newbold 2010, Duputié et al. 2014). Naopak
data pofizend pomoci individudini vzorkovaci strategie postradaji vétsinu vyse
zminénych chyb, nicméné jejich sbér je casto financné ndakladny (Edwards et al. 2006;
Hernandez et al. 2006). Z nedavné studie (Tessarolo et al. 2014) dokonce vyplyva, Ze
spiSe nez zplsob sbéru dat (,sampling design”) ma na vysledek predikce vliv pocet
mnoZstvi nalezovych dat a velikost modelovaného Uzemi. Obecné se ale dostupnost a
sdileni obou typl dat v prlbéhu let vyrazné zlepSuje, zejména diky rychlému rozvoji
informacnich technologii (Peterson et al. 2011).

Soucasti vybéru (pfip. sbéru) dat je i odhad optimalni velikosti zkoumaného vzorku.
Rada studii potvrdila pozitivni vztah mezi velikosti vzorku a presnosti distribu¢niho
modelu (Cumming 2000; Hirzel & Gusian 2002; Stockwell & Peterson 2002; Hernandez
et al. 2006; Wisz et al. 2008), nicméné nékteré uvadéji, ze k optimalni presnosti staci
zajistit pouze 50 - 100 pozorovani (Stockwell & Peterson 2002; Loiselle et al. 2008),
nebo dokonce méné nez 30 (Elith et al. 2006; Kremen et al. 2008). Takové zjisténi mlze
byt dilezité zejména pro modelovani vzacnych druh(, pro které je pocet zdznami o

jejich vyskytu ¢asto nedostacujici (Graham et al. 2004, Hernandez et al. 2006).

3.2.2. Environmentalni data

Predikce druhové distribuce se kromé dat o vyskytu druhl opird i o tzv.
environmentalni proménné (nejcastéji ve formé geodat), které reprezentuji zdrojové
gradienty prostiedi nebo jiné faktory podminujici druhovou distribuci v odpovidajicim
méritku. Tyto proménné lze rozdélit do nékolika skupin v zavislosti na jejich typu

(nadsleduje vycet téch nejpouzivanéjsich).
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Mezi nejpouzivanéjsi proménné v SDM lze zafadit klimatické podminky, dostupné
v odpovidajici podobé (a vétsinou i kvalité) pro prakticky vsechny oblasti svéta (Franklin
2009). V soucasné dobé témér vsechny studie o SDM zohlednuji ve svych modelech
data o prlmérné, minimalni/maximalni teploté ¢i Uhrnu srazek, pripadné jejich sezonni
zmény (Franklin 2009). Vzhledem ke specificnosti cild jednotlivych studii neexistuje
univerzalni sada klimatickych proménnych, a tak je studium vybéru téch nejvhodnéjsich
stale aktualni.

Dalsi vyznamna skupina proménnych popisuje topografické podminky prostredi.
Moore et al. (1991) ve své praci rozliSil primarni terénni atributy (odvozené pfimo
z digitdIniho modelu terénu, napf. nadmorska vyska, orientace, sklon svahu, atd.) a
atributy sekundarni (nejc¢astéji ve formeé index(, topografické vihkostni indexy, teplotni a
radiacni indexy), které jsou vypocteny z kombinace dvou nebo vice atributl primarnich.
Existuje jeSté mnoho dalSich zdkladnich terénnich charakteristik (Moore et al. 1991;
Franklin 1995; Wilson & Gallant 2000), nicméné vySe uvedené patfi v SDM mezi
nejcastéji pouzivané. Kromé udajd odvozenych z nadmorské vysky Ize z topografickych
map ziskat i dalsi informace napf. o siti vodnich tokd, vodnich plochach ¢i silniéni siti
(Franklin 2009).

Také rostlinna spolecenstva (vegetace) reprezentujici jednotlivé biotopové tridy
a strukturu biotopu jsou v SDM povaZzovany za dulezité prediktory (Leyequien et al.
2007). Vegetacni mapy jsou relativné dobfe dostupné pro celé kontinenty, ovsem za
cenu nizkého rozliseni. Pfikladem mapovani vegetacniho krytu je napfiklad celosvétovy
projekt (,Land cover”) stdle Castéji vyuzivany kanalyze globalni klimatické zmény v
regionalnim a kontinentalnim méritku (Foley et al. 2005) nebo jeho evropska obdoba
CORINE (Coordination of Information for the Environment) Land Cover (Ahlqvist 2005).

Mezi dalsi pouzivané environmentalni proménné patfi napfiklad proménné,
popisujici charakter krajiny (,landscape patern”). Prikladem jejich vyuziti jsou studie
zkoumajici vhodnost biotopu zohlednénim padniho krytu, heterogenity nebo
podobnosti nékterych krajinnych prvkd (vodni toky, okraje lesa nebo silnicni sit;
Fleishman et al. 2002; McAlpine et al. 2008). Podobné Ize do modelovani druhové
distribuce zahrnout i biotické interakce (vliv vnitro/mezidruhové konkurence, predatord,
parazitll, atd.), které jsou casto opomijeny, nebot autofi predpokladaji, Zze jsou

ve vysledném modelu (realizované niky) automaticky zahrnuty (Austin 2002). Ve
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skutec¢nosti jsou druhové interakce vztazeny spiSe k lokdlnim méritkim (Pearson &
Dawson 2003), coZ vSak nemusi platit obecné (Aradjo & Luoto 2007; Heikkinen et al.

2007).

Kvalita dat

Kvalita obou typd vstupnich dat ma zasadni vliv na pfesnost (vykon) predikénich
modell (napf. Hernandez et al. 2006; Guisan et al. 2007; Lobo 2008; Dormann et al.
2008; Moudry & Simova 2012; Stolar & Nielsen 2015) a v koneé¢ném disledku i na navrh
ochranarskych opatfeni (Costa et al. 2010; Guisan et al. 2013). Faktor( zpdsobujicich
nepresnost dat a tak i vysledného modelu je celd fada (viz Barry & Elith 2006, Moudry &
Simovd 2012). Piredmétem zvy$eného zajmu jsou napfiklad chyby zpGsobené
nepresnym urcenim pozice jedince a vybér vhodného méfitka (rozliseni) vstupnich dat
(Graham et al. 2004).

Nepresné uréeni pozice druhu je ovlivnéno vice faktory, patfi mezi né napriklad
chyba pfi georeferencovani, nepresné zaméreni druhu na misté, specifické chyby GPS
pfistroje Cijeho obsluhy (Graham et al. 2004, 2008). Nékteré z nich jsou typické
predevsim pro zaznamy pochazejici z muzejnich sbirek (Graham et al. 2004; McPherson
et al. 2004; Newbold 2010) a jejich vyznam pro modelovani druhové distribuce je stale
zkouman (Graham et al. 2008; Johnson & Gillingham 2008; Osborne & Leitao 2009;
Naimi et al. 2011).

Chyba spojena s nepresnym zamérenim pozice je ¢asto Uzce spojena i s vybérem a
volbou odpovidajiciho rozliSeni environmentalnich proménnych a méritkem analyzy
(Osborne & Leitao 2009), které by mélo respektovat odliSné prostorové naroky
modelovanych druh( (Edwards et al. 2006; Franklin 2009; Moudry & Simova 2012). Vliv
zmény meéfitka na predikéni schopnost modelu zkoumalo nékolik studii. Naptiklad
Kaliontzopoulou at al. (2008) prokazali zhorSeni vykonu modelu uZitim hrubsiho
méfitka. Naopak Guisan et al. (2007) nezaznamenal pfi pouZiti hrubsSich méfitek
vyraznou zmeénu ve vykonu predikénich modelll. Prestoze jsou pro SDM v soucasné
dobé pouzivana stale presnéjsi data, potreba dudkladného studia nepresnosti
prostorového zaméreni je stdle aktualni (Heikkinen et al. 2006; Johnson & Gillingham

2008; Dormann et al. 2008).
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3.3. Tvorba, prehled a srovnani model(

Je zfejmé, Ze pro pochopeni sloZitéjSich procesl pouhy popis dat nestaci. Je tfeba
vytvofit model skute¢ného systému, ktery lze chapat jako zjednoduSené zobrazeni
zkoumané skutecnosti (Guisan & Zimmermann 2000). NiZe jsou uvedeny obecné

principy tvorby predikéniho modelu, jejich zakladni popis a vzajemné srovnani.

3.3.1. Obecné principy vytvareni modeld

Vzhledem k povaze redlnych dat, kterd casto nespliuji klasické predpoklady
(rozloZeni zavisle proménné Ci prediktivnich proménnych, linedrnost modelovanych
vztah(, atd.), je tfeba se pro vybér nejvhodnéjsi prediktivni metody dobre orientovat
v datech, dostupnych metodach a principu jejich vytvareni (Guisan & Zimmermann
2000).

V soucasnosti existuje velké mnozstvi modell, které se snaii co nepresnéji
distribuci druhd v prostoru popsat (Elith & Leathwick 2009; Franklin 2009). V této snaze
se uplatiiuji zejména stochastické prostorové heterogenni modely, které jsou zpravidla
charakterizovany tfemi zakladnimi vlastnostmi. Patfi mezi né moznost zobecnéni, odhad
presnosti a zachyceni skute¢ného stavu druhové distribuce. Jejich vzajemny vztah
popisuje Levins (1966), dle kterého mohou byt zlepSovany pouze dvé vlastnosti zaroven,
zatimco tfeti se Umérné tomu zhorsuje. Dle tohoto kritéria déli Gusian & Zimmermann
(2000) stochastické modely na analytické, mechanistické a empirické. Zaroven vsak tito
autofi pfiznavaji, ze je v praxi obtizné jednotlivé modely striktné do téchto tfi skupin
klasifikovat, a zdUraznuji, Ze jsou SDM nejcastéji oznacovany za modely empirické. Jiné
rozdéleni modell druhové distribuce predstavuji ve své prdaci napf. Robertson et al.
(2003), ve které rozlisuji modely dynamické a statické korelativni. Dynamické modely
jsou sloZitéjsi a zaroven mladsi, pokud jde o jejich praktické vyuZiti, a jsou zaloZeny na
detailnich znalostech ekologie, Sifeni a interakce daného druhu a prostredi. Principem je
v podstaté simulace Siteni jednotlivych jedincl naptiklad pomoci metod bunécnych
automatl apod. Jde o mechanistické modely operujici s pribéhem Sireni v ase. Tyto
metody jsou spiSe ,experimentalni a pfili§ ndarocné na nutné znalosti daného druhu,
pficemZ je obtizné vytvofit obecny model aplikovatelny na vice druh(. Statické

korelativni modely jsou naopak zaloZené na analyze vztahu aktudlniho rozsireni
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(prostorové distribuce) druhu (napf. presence/absence, biomasa, pokryvnost, atd.) k
riznym faktordm prostredi hledajici ¢asové nezdvislou rovnovahu a jsou v tomto ohledu

mnohem univerzalngjsi a robustnéjsi.

Samotny proces sestaveni predikéniho modelu je zpravidla slozen z nékolika krokd (Obr.

3)

1. Tvorba koncepéniho modelu: napf.: volba zkoumaného druhu, pfip. zpUsobu
sbéru dat, volba Uzemi a méfitka analyzy, volba a Uprava vstupnich dat

2. Statisticka formulace analyzy: vybér odpovidajici modelovaci techniky na zakladé
predchoziho kroku

3. Tvorba modelu: tvorba modelu na trénovacim (kalibracnim) souboru dat a
ovéreni jeho vysledkl na testovacim (valida¢nim) souboru dat

4. Interpretace vysledkd modelu, zhodnoceni jeho omezeni

Obr. 3. Schéma tvorby modelu (Guisan & Zimmermann 2000).
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3.3.2. Pfehled modelovacich technik

Soucasny pocet dostupnych metod pro modelovani druhové distribuce je obrovsky
(Guisan & Zimmermann 2000; Guisan & Thuiler 2005, Franklin 2009) a vzajemné
hodnoceni jejich predikénich schopnosti zUstava v oblasti ekologie a ochrany pfirody i
nadale velmi potifebné (Vaughan & Ormerod 2005; Elith et al. 2006, Franklin 2009,
Peterson et al. 2011). Vzhledem k velkému poctu téchto metod a jejich neustalému

rozvoji nasleduje pouze stru¢ny prehled téch nejznaméjsich.

GLM (Generalized Linear Models) jsou matematickym rozsifenim klasickych linearnich
modell s vétsi toleranci pro rGzné distribucni vlastnosti vysvétlovanych proménnych.
Jsou zaloZeny na vztahu prdméru vysvétlované proménné a linedrni kombinaci
vysvétlujicich proménnych (tzv. ,link function”). Narozdil od klasickych linearnich
modeld mohou data pochazet kromé normalniho rozdéleni také z nékterého
z exponencialnich rozdéleni (Guisan et al. 2002). Pravé diky tomu nalezly GLM Siroké
uplatnéni v SDM, nebot rada vysvétlujicich proménnych nespliuje kriteria normalniho
rozdéleni, a lze je po jejich transformaci do jiného rozdéleni vyuzit. Nejen diky tomu je
fada autorl oznacuje za jedny znejvhodnéjsich modeld pro modelovani druhové
distribuce (napf. Guisan & Zimmermann 2000; Guisan et al. 2002, Elith at al. 2006), co?

doklada i jejich nejcastéjsi vyuziti v SDM (Sadia et al. 2015).

GAM (Generalized Additive Models) jsou neparametrickym rozsifenim GLM podobné
vyuZzivajicim ,link function” a ,,vyhlazeni” funkce vysvétlujicich proménnych. Jejich hlavni
vyhoda spociva ve schopnosti vyrovnat se se silné nelinearni odpovédi na vysvétlujici
proménné. Jsou zaloZzeny na vztahu prdméru vysvétlované a linedrni kombinaci
vysvétlujicich proménnych (Guisan et al. 2002). Ve srovnani s GLM poskytuji ve vétsiné
pripadl lepsi vysledky (Austin 2002; Ferrier et al. 2002; Araujo et al. 2005; Meynard
& Quinn 2007). Pro vytvareni modell potencidlniho rozsiteni druh( jsou ve spojeni s GIS
vyuzivany jiz dlouhou dobu (Franklin 2009) pro Siroké spektrum testovanych otazek a

taxond.

MARS (Multivariate Adaptive Regression Splines) jsou kombinaci GAM a regresnich

stromU. Gradient odpovédi zavisle proménné na vysvétlujici proménné je pfi vypoctu
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nejprve automaticky rozdélen na jednotlivé Useky, pro které je pak samostatné spocitan
regresni model. To umoZiuje zachytit i velmi komplexni odpovédi, interakce ¢i stavy,
kdy se koeficient funkce odpovédi zdvisle proménné s pribéhem vysvétlujicich
proménnych méni (Friedman 1995). Tato technika je vhodna zejména pfi velkém poctu
vysvétlujicich proménnych a obsdhlém souboru zdznamd o vyskytu druhu, zejména
oproti GAM (Leathwick et al. 2006, Elith & Leathwick 2009). Pfes urcité vyhody byla tato
technika dosud vyuzita pouze v nékolika studiich (vzhledem k neddvnému vyuziti v
SDM), nicméné o to vice zamérenych na jeji popis a srovnani s ostatnimi predikénimi

modely (Leathwick et al. 2006; Prasad et al. 2006).

CART (Classification And Regression Trees) jsou podobné jako predchozi metoda
soucasti obecnéjsiho rdmce technik nazyvaného rozhodovaci stromy (Decision Trees) a
pro SDM zacaly byt vyuZivany relativné nedavno. CART jsou jakousi obdobou
mnohondsobné regrese, kdy je vysvétlovana proménna pouze jedna, vysvétlujicich pak
nékolik. Vyhodou této metody (oproti regresi) je méné pozadavkd na kvalitu
vysvétlujicich proménnych. Pokud je zavisla proménna kvantitativni, je pocitan regresni
strom. Pokud je kvalitativni, jde o klasifikacni strom (Breiman 1984). Dalsi vyhodou je
jejich neparametri¢nost, jednoducha interpretace, moznost pracovat s kategorialnimi i
spojitymi prediktory a tolerance k odlehlym hodnotam (Franklin 2009). Nevyhodou je
naopak pomérné vysoka nestabilita, kdy i mald zména v datech maze vést k rozdilnému
stromu (Prasad et al. 2006).

Nadstavbou nad rozhodovacimi stromy jsou rozhodovaci lesy (Random forests).
Mohou byt pouzity pro klasifikaci i regresi a odstranuji nékteré problémy, které
nastavaji pfi pouziti stromd, zejména jejich nestabilitu. Tim se vSak zaroven ztraci hlavni
vyhoda stromd, kterou je jejich pfehlednost. Lesy se pouZivaji pfedevsim pro predikci a
zjisténi vyznamnosti prediktor(. Regresni les je pak tvofen zregresnich strom( a
vyslednd hodnota daného pozorovani je vétSinou definovdna jako vazeny primér
regresnich funkci jednotlivych strom (Hastie et al. 2009). Mezi nejznaméjsi lesy uzivané
v SDM patfi Bootstrap Aggregating (Breiman 1996), BRT (Boosted Regression Trees;
Freud & Schapire 1996) a Random Forests (Breiman 2001).
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GARP (Genetic Algorithm for Rule-set Production) si lze predstavit jako sadu pravidel
schopnou poradit si s malo strukturovanymi daty, nevhodnymi pro klasické statistické
metody a gradientové analyzy (Sanchez-Flores 2007). Tato metoda, pracujici vyhradné
s presencnimi daty, hleda nahodné vazby mezi presenci/absenci druhu a hodnotami
environmentalnich proménnych a vytvafi sadu pravidel pro predikci (Stockwell & Peters
1999). Dle nékterych autorll ma tato metoda za urcitych okolnosti silnou tendenci k
,overpredikci” (snaze nadhodnocovat vysledky), coZ se projevi i ve vypocetnich chybach

(Hernandez et al. 2006; Elith & Graham 2009).

ANN (Artificial Neural Networks) jsou systémy chovajici se jako nelinearni regresni
modely s mnoha parametry. VyuZivaji model neuronové sité s libovolnym mnozstvim
vstupnich, vystupnich a skrytych uzld, kterymi data prochazi. Vysledkem je numericky
vystup &i klasifikace (Franklin 2009). Castéji nez pro modelovani potencialniho rozifenf
byvaji tyto metody vyuzivany ke klasifikaci. Modely zaloZzené na neuronovych sitich
nejsou pro modelovani rozsiteni druhl tak pouzivané jako naptiklad jiz zminéné GLM a
GAM. V soucasné dobé se rychle rozvijeji a oproti ostatnim maji pro modelovani nékteré
vyhody. Mezi né patfi napfiklad identifikace nelinearni odpovédi proménnych prostfedi
a schopnost zpracovavat zaroven vice typd proménnych (Pearson et al. 2002).
Nevyhodou je pak pomérné narocné testovani vSech nastaveni sité a zjisténi objektivity
modelu, které vyZaduje urcité zkuSenosti. Také prediktory vstupujici do modelu jsou
bud spojité popr. binarni, pficemz neuronové sité neumi pracovat s kategorialnimi

vstupy.

EO (Environmental envelopes) se pouZzivaji predevsim ke zjisténi optimalni distribuce
urcitého druhu tak, Ze definuji mnohorozmérny prostor (,hyperprostor”; Obr. 4.)
environmentalnich proménnych, ve kterém se dany druh pravdépodobné nachazi
(model navic pracuje pouze s daty o vyskytu druhu, nikoliv s daty o jeho absenci). Tyto
obalky jsou definovany linedrné (ohrani¢eny primkami, rovinami, atd.) a jsou cCasto
soucasti specializovanych softwarovych balikd umoziujicich spolupraci s GIS (Guisan &
Zimmermann 2000). Jednim z nej¢astéji pouzivanych modell v ramci EO je BIOCLIM,
ktery k vytvoreni obdlky pouzivd pouze klimatickych proménnych (Busby 1991), coz

mUze vést k silnému zjednoduseni ve snaze zachytit biotop druhu (Baumont et al. 2005).
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Pfesto mlze v urcitych ohledech poskytovat lepsi vysledky nez MaxEnt (Booth et al.
2014). Pro presngjsi zachyceni environmentalniho prostoru sledovaného druhu vyvinuli
Walker & Cocks (1991) model HABITAT pouZzitim multidimenziondini polygonalni obalky.
Guisan & Zimmermann (2000) ve své praci poukazuji na velmi podobné vysledky obou
metod. Jinym pfistupem je model DOMAIN. Obalky jsou zde zaloZeny na Goweroveé
metrice, ktera indikuje stupen podobnosti mezi novou lokalitou a lokalitou jiz
klasifikovanou (Carpenter 1993), navic se ukazaly jako vhodnéjsi pro pripad omezeného
mnozstvi zaznam( o vyskytu druhu (Guisan & Zimmermann 2000). Dalsi metodou je
LIVES, kterd predpoklada, Ze je vyskyt druhu uréen pouze environmentdlnim faktorem,
ktery nejvice ovliviiuje jeho distribuci (Graham et al. 2008). Tento faktor je urcen na
zakladé minimalni podobnosti s ostatnimi faktory prostiedi pomoci upravené Gowerovy

metriky (Carpenter 1993; Li & Hilbert 2008).

Obr. 4. Dvourozmérné zobrazeni environmentalni obalky (Skidmore et al. 1996).
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SVM (Support Vector Machines) je semiparametrickd metoda vhodna predevsim
pro klasifikaci do mensiho poctu skupin, Ize ji vSak rovnéz pouzit pro regresi. Tento
algoritmus je vétsinou urcen pro rfeseni problému dvou trid (presence/absence), kde se
SVM snazi definovat ,nadrovinu” ve vicedimensiondlnim prostoru, kterd tyto tridy
oddéluje (Guo et al. 2005). Vtomto smyslu je jistou analogii diskriminacni analyzy

(Franklin 2009). Pravé nalezeni rozdélujici nadroviny mize byt za urcitych okolnosti

25



problémem, ktery Ize minimalizovat pouzitim vhodnych optimaliza¢nich algoritm( (Guo
et al. 2005). | pfes dosud omezené vyuziti SYVM v SDM byly prokazany uspokojivé
vysledky této metody pfi méné nez 40 zaznamech o vyskytu (Drake et al. 2006).
Podobné a lepsi vysledky SVM zaznamenava studie srovnavajici vice metod predikujicich

Sireni invaznich patogend v lesnim ekosystému (Guo et al. 2007).

MAXENT (Maximum Entropy) zacal byt uzivan v SDM relativhé neddvno, presto je
v soucasnosti  nejpouzivanéjsi modelovaci algoritmus (Sadia et al. 2015),
implementovany do uZivatelsky privétivé softwarové aplikace (Phillips et al. 2006;
Phillips & Dudik 2008; Elith et al. 2011). MAXENT odhaduje druhovou distribuci
nalezenim distribuce maximalni entropie, s pfihlédnutim k omezeni, Ze ocekavana
hodnota kazdé environmentalni proménné (nebo jeji transformace) odpovida jejimu
empirickému praméru (Phillips et al. 2006). Tato metoda vyvolala velky zdjem poté, co
se ukazala jeji vysoka predikéni prfesnost, v porovnani s vétSinou metod, pracujicich
pouze s presencnimi daty (napf. Elith et al. 2006; Gibson et al. 2007; Elith & Graham
2009). Navic se ukazalo, Ze je tyto vysledky schopna poskytnout i v pfipadé velmi
malého poctu zaznamd o vyskytu (Hernandez et al. 2006; Pearson et al. 2007). Pres
urcéité metodické nedostatky této metody a mnohdy neuvazené pouzivani (napf. Royle
et al. 2012, Yackulic et al. 2013), byla shleddna matematickym ekvivalentem dobre

znamych zobecnénych linearnich modeld (Renner & Warton 2013).

ENFA (Ecological Niche Factors Analysis) je technikou vyhradné pro prezencni data. Jde
o metodu zaloZzenou na vicerozmérném popisu lokalit s vyskytem druhu (obdoba PCA).
Urci se centroid vyskytu druhu (stfed env. podminek, nejvhodnéjsi pro vyskyt druhu) a
centroid celého prostoru env. podminek (jako vybér os, vysvétlujicich nejvétsi variabilitu
dat). Vysledkem rozdilu centroid( je tzv. ,marginality of niche” sledovaného druhu
(Hirzel et al. 2002). | pres jisté vyhody je tato metoda (podobné jako GARP) nachylna
k prilis optimistickym predikcim zejména v porovnani s GLM a GAM (Zaniewski et al.

2002; Olivier & Wotherspoon 2006).
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3.3.3. Srovnani modelovacich technik

Vzhledem k mnozstvi dostupnych modelovacich technik je pred jejich pouzitim
dalezité vzit v Uvahu, zda/do jaké miry se jejich vysledky mohou lisit. Nicméné otazka
,Kterd metoda je nejvhodnéjsi/nejlepsi?”, zastava i pres intenzivni vyzkum v této oblasti
naddle nezodpovézena. Rada provedenych studii toti? ukdzala podstatné odliné
vysledky (napt. Thuiller 2003; Segurado & Araujo 2004; Thuiller et al. 2004; Elith et al.
2006; Pearson et al. 2006; Tsoar et al. 2007; Thuiller et al. 2009). Rozdily mezi
jednotlivymi technikami byly zavislé napfiklad na tom, zda: (1) byla pro modelovani
pouZita presencni i absencni data nebo pouze data presencni (Pearson et al. 2006), (2)
byla v pfipadé nepouziti absencnich dat pouZita vyhradné data presencni, nebo tzv.
»pbseudoabsence” (lokality s pfedpokladanou, nikoliv prokdzanou absenci vyskytu
zkoumaného druhu; Elith et al. 2006), (3) zda byl pouZity model parametricky
¢i neparametricky (Segurado & Araujo 2004) nebo (4) jak model extrapoloval rozsah dat
v ramci jeho kalibrace (Pearson et al. 2006).

Volba odpovidajici modelovaci techniky zavisi navic do znaéné miry na konkrétnim
cili modelovani (Peterson et al. 2011, Guisan et al. 2013). Napfiklad Elith et al. (2006)
hodnotil schopnost modelovaci techniky simulovat aktud/ni distribuci pomoci béznych
statistickych testld porovnavajicich modely na zakladé schopnosti spravné urcit presenci
a absenci vyskytu. Pearson et al. (2006) naopak mezi sebou hodnotil prediktivni vykon
modelovacich technik pouze na zdkladé jejich schopnosti spravné urlit pozorovany
vyskyt (presenci) jedince. Ve své studii vychdazel z pfesvédceni, ze Ucelem modelovani by
méla byt identifikace potencidlni distribuce druhu a Ze mista s predikovanou absenci se
¢asem mohou stat vhodnym biotopem. Sohledem na vySe uvedené rozdily je
problematické rozhodnout, ktery model je obecné ,nejlepsi” (tzn. je schopen nejlépe
identifikovat komplexni vztahy ve vstupnich datech).

Nékteri z autorl doporucCuji modelovat druhovou distribuci uzitim vice
modelovacich technik soucasné (,,consensus forecasting®), aby bylo mozné kvantifikovat
chyby vyplyvajici z volby nékteré z nich, nebo mezi nimi nalézt pfipadnou shodu (napr.
Elith et al. 2006; Franklin 2009; Thuiller 2003, 2009). Napftiklad Marmion et al. (2009)
oVvérili, Zze prosty nebo vazeny prlimeér vysledkd vice modelovacich metod ved| k lepsi a

spolehlivéjsi predikci oproti vysledkim jednotlivych metod. Obecné je pak nejddlezitéjsi,
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pochopit spravné predpoklady a chovani pouzité modelovaci techniky, tak aby byl jejich

vysledek co nejpresnéji interpretovan.

3.4. Hodnoceni modeld

Hodnoceni presnosti modelované predikce je obecné oznacovdno terminem
,validace” a je dlleZitym krokem v tvorbé modelu (Araujo & Guisan 2006). Validace
modelu nam zpravidla umoZiuje urcit vhodnost modelu pro konkrétni ucel vyuziti i
vzajemné modelovaci techniky porovnat (Pearce & Ferrier 2000). Tato kapitola popisuje
rlzné strategie rozdéleni dat, v ramci kterych mUZe byt pfesnost modelu testovana, a
predevsim pak rlizné pristupy, kterymi je presnost modell testovéana. Podobné jako
v pfedchozi kapitole neexistuje jediny ,nejlepsi” pfistup, ktery Ize pro hodnoceni
presnosti predikce doporucit. Jejich volba je opét do znacné miry zdavislda na cili

modelovani, typu vstupnich dat a typu modelovaci techniky (Elith & Leathwick 2009).

Tvorba testovaci sady dat

Za UcCelem testovani prediktivni presnosti modell je nezbytné mit k dispozici
data, na kterych lze vysledek nezdvisle ovéfit. Tato data jsou obecné oznacovana jako
testovaci kvuli rozliSeni od dat trénovacich (kalibracnich), ktera slouZi k vytvoreni
modelu. V fadé studii je presnost predikce modelu testovana na testovacich datech,
kterd pochazeji ze stejného datového vzorku jako data trénovaci, coz muze dle
nékterych autor( vést k nadhodnoceni vysledku predikce (Araudjo et al. 2005, Roberts &
Hamann 2012; Eskildsen et al. 2013). V idedlnim ptipadé by testovaci data méla byt
nezdvisld na datech kalibracnich a pochazet napfriklad z: (1) jiného casového obdobi
(napf. Fleishman et al. 2002, Araujo et al., 2005; Eskildsen et al. 2013; Smith et al.
2013), (2) jiného regionu (Peterson 2003), (3) jiného prostorového rozliseni (napf.
Araujo et al. 2005; Seguardo & Araujo 2004) nebo (4) by méla byt sbirdna v rdmci jiného
terénniho prazkumu ¢i rznymi pozorovateli (Elith et al. 2006, Newbold et al. 2010).

V praxi je ziskani nezavislého trénovaciho a testovaciho vzorku dat velmi obtizné
(malo zdznamd o ne/vyskytu druhu), a proto oba vzorky Casto pochazeji ze stejného
vstupniho datového souboru, vytvofeného pomoci nékteré z technik jejiho déleni

(Guisan & Zimmermann 2000, Newbold 2010). Nejjednodussi je rozdélit ptvodni soubor
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dat na trénovaci a testovaci vzorky ndhodné (napr. Pearson et al. 2002) nebo
prostorové (napf. Peterson & Shaw 2003). Vzajemny pomér dat v obou vzorcich byva
Casto zvolen subjektivné (Hastie et al. 2009). S ohledem na celkovy pocet dostupnych
dat je vétSinou zvoleno 70-75% dat na trénovani modelu a zbyvajicich 25-30% dat na
jeho testovani. Alternativou jednorazového déleni dat byva ,Bootstraping”, pomoci
kterého jsou data z pUvodniho souboru dat vybirdna opakované a nahodné (Pearce &
Ferrier 2000). Dalsi uZiteCnou a casto pouzivanou metodou k rozdéleni plvodniho
souboru dat je tzv. ,Cross-validation” (kfizova validace) - konkrétné ,k-fold
crossvalidation”, kdy je plvodni datova sada ndhodné rozdélena do k podsad (k>2),
pficemZ je ztéchto podsad vybrana jedna jako testovaci a na ostatnich je model
trénovan (proces je nasledné opakovan k krat, kde je kazdd z k podsad pouZita pravé
jednou pro trénovani modelu; Fielding & Bell 1997). Extrémnim pfipadem predeslé
techniky je tzv. ,Leave-one-out crossvalidation (nékdy oznacovana jako ,Jack-knife”),
kdy je z plvodniho souboru dat vybran vidy jeden vzorek (vyskyt) pro testovani modelu
a zbytek pro jeho trénovani (Rykiel 1996). Obecné je kfizova validace vhodnéjsi pro
mensi datové soubory (Pearson et al. 2007), naopak pro velké datové soubory se
doporucuje spise bootstrap (Hastie et al. 2009). Soucasné je vyhoda kfizové validace v

tom, Ze pro testovani modelu pouzivdme vZdy nezavisly datovy soubor.

3.4.1. Mérfeni presnosti model(

Pro urceni spolehlivosti modelu byla vyvinuta celd fada index(. Primarnim
vystupem predikénich modell jsou nejcastéji mapy ze spojitych dat (vyskyt druhu
vyjadfen napf. pravdépodobnosti O - 100%) a lze je hodnotit pomoci tzv. treshold-
independent index(l. V mnohych ptipadech je tfeba spojity vysledek rozdélit zvolenim
odpovidajici diskriminacni hladiny (threshold) do bindrni podoby (ne/vyskyt) a dale ho

hodnotit pomoci threshold-dependent indexd (Liu et al. 2009).

Threshold-independent indexy

V pfipadé, ze je vysledek modelovani spojity, hodnoceni jeho presnosti pomoci

metrik odvozenych z matice zmén bude citlivé na vybér metody stanovujici
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diskriminac¢ni hladinu pro prevod vysledku do binarni podoby, ¢imz m(ze dojit ke ztraté
¢asti informaci (Fielding & Bell 1997; Guillera-Arroita et al. 2015). Proto je casto
vhodnéjsi odvodit testovaci statistiku, kterda v hodnoceni modelu pocitda s celym
spektrem moznych diskriminacnich hladin. Toho lze dosdhnout pomoci statistiky znamé
jako AUC (Area Under the ROC Curve), ktera je v soucasnosti k tomuto ucelu v SDM
nej¢astéji vyuzivana. AUC je odvozena z grafu ROC (Receiver Operating Charakteristic
curve) krivky. ROC kfivka vyjadfuje vztah mezi specificitou a senzitivitou pfi rlznych
hodnotach diskrimina¢nich hladin. Hodnotu AUC predstavuje suma plochy pod ROC
kfivkou nabyvajici hodnot od 0,5 do 1, kdy je moiné hodnoty 0,5 vykladat jako
ndahodnou predpovéd, hodnoty vyssi ukazuji lepsi vysledky nez ndhodné. Pravé hodnota
AUC se pouziva pro srovnani modell, nejcastéji u logistické regrese nebo klasifikacnich
modelld. AUC se interpretuje jako pravdépodobnost, Ze kdyZ model vybere ndhodné
jedno pozitivni a jedno negativni pozorovani (v SDM je to ndhodné vybrana lokalita
vyskytu druhu a lokalita, kde se druh nevyskytuje), pak model pfifadi vyssi skore
pozitivnimu pozorovani. K testovani AUC lze pouzit Mann-Whitney nebo WilcoxonUv
test, popisujici celkovou schopnost modelu rozliSovat mezi dvéma pfipady -
ne/vyskytem (Hanley & McNeil 1982). AUC hodnoty 0,5-0,7 jsou povaZované za malé
(Spatny vykon modelu), 0,7-0,9 za stfedni a >0,9 za vysoké (Swets 1988; Manel et al.
2001). | kdyz je AUC vsoucasnosti nejpouzivanéjsi presnostni metrikou vykonu
prediktivniho modelu (Sadia et al. 2015), nedokaze vyjadfit vSechny aspekty tohoto
rozdilu (napf. rozsah a zavaznost chyb, jejich prostorové rozlozeni, kalibrace modelu;
napf. Austin 2007; Lobo et al. 2007, 2008; Jiménez-Valverde 2012). Tyto aspekty mohou
byt hodnoceny pomoci nékterého z dalsich treshold-independent indexd.

Mezi takové lze zaradit napfriklad standardni Pearsonlv korelacni koeficient,
ktery je v pfipadé bindrniho charakteru jedné zproménnych nazyvan ,biserial
correlation” (Elith et al. 2006; Elith & Graham 2009). Vyhodou této korelace mezi
pozorovanym ne/vyskytem a pravdépodobnosti modelované predikce je fakt, Ze bere
v Uvahu velikost rozdilu mezi predikci a pozorovanim, zatimco AUC pracuje pouze s
hodnotou. K hodnoceni modeld Ize vyuzit také Spearmandv korela¢ni koeficient (Phillips

et al. 2009).
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V pripadé spojité zavisle proménné Ize k odhadu presnosti predikce (variability
vysvétlené modelem) vyuZit i méfeni béiné pouZivané u regrese. Jde napfiklad o

koeficient determinace a devianci bézné pouzivané v GLM a GAM (Franklin 2009).

Threshold-dependent indexy

Pokud je vysledek modelu v bindrni podobé, je moZné testovat jeho presnost
pomoci index( odvozenych z tabulky matice zmén (viz Obr. 5). Z toho ddvodu mUze byt
vyhodné prevést spojité vysledky do binarni podoby pomoci odpovidajici diskriminacéni
hladiny urlujici rozmezi mezi predikovanym vyskytem a nevyskytem druhu (Manel et al.

2001).

Obr. 5. Matice zmén (,,confusion matrix“) s dvéma typy predikénich chyb: (b) falesna

pozitivita (chyba I. druhu) a (c) faleSna negativita (chyba Il. druhu).

pozorovany

‘ ano ne

dik . ano a b
predikovany e - d

V soucasné dobé je pro vybér odpovidajici diskriminacni hladiny pouZivana rada
metod (Liu et al. 2009), pficemZ tim nejjednodussim je stanovit libovolnou hladinu. To je
vSak ve vétsiné pripadd velmi subjektivni zplsob a postrada ekologické opodstatnéni
(Liu et al. 2005). Mezi dalsi jednoduché metody patfi napfiklad diskriminacni hladina
pravdépodobnosti spojend s nékterym ze zaznamd o vyskytu druhu. Sensitivita (Se)
definovana jako pravdépodobnost, Ze model spravné predikuje pozorovani (presenci)
druht (jde o podil spravné prirazenych presenci, ze vSech pozorovanych presenci) nebo
naopak specificita (Sp), definovana jako pravdépodobnost spravné predikce absence
vyskytu (tj. podil spravné pfifazenych absenci, ze vSech pozorovanych absenci). Obé

metriky jsou velmi Uzce spjaty s chybou I. a Il. Druhu (Liu et al. 2009). Méreni obecné
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presnosti (overall accuraccy - OA) je jednou z nejcastéji pouzivanych metod méreni
pfesnosti modelu rozsifené vradé védeckych oborl vietné ekologie. Jde
o pravdépodobnost, Ze je pozorovani spravné predpovézeno. Tento index nicméné
nezohledriuje velikost skupin ani rozdilnost oproti ndahodnému vysledku, a proto mulze
dojit k nadhodnoceni, ¢i podhodnoceni kvality vysledku (Fielding & Bell 1997). Dalsi
Siroce uzivanou metrikou je Kohenovo kappa (Cohen 1960) jako feSeni nadhodnoceni
pfesnosti OA. Kappa je vhodnou metrikou, pokud maji vSechny chyby v matici stejnou
dalezitost. V pfipadé, kdy se mlze vyznam chyb lisit, je lepSi pouZzit vazené Kappa.
Urcitym uskalim mU0Ze byt subjektivni nastaveni téchto vah (Couto 2003). Odds Ratio
(OR) je Siroce pouzivanym mérenim predstavujicim miru rizika. Je definovano jako podil
pravdépodobnosti vyskytu jevu k pravdépodobnosti jeho nevyskytu pro dvé rlzné
hodnoty nezdvisle proménnych (Fielding & Bell 1997). Odds Ratio neni definovdno
v pfipadé, Ze je falesna pozitivita nebo falesna negativita rovna nule, coz mize nastat pfi
velmi vysoké presnosti modelu (Liu et al. 2009).

Vybér odpovidajici diskriminacni hladiny je do znacné miry zavisly na typu
vstupnich dat avyzkumné otdzce, kterda ma byt zodpovézena. V pfipadé poufZiti
presencnich i absencnich dat je obecné Zadouci vyvazit polet pozorovanych presenci
(vyskytu) a absenci (nevyskytu), které jsou modelem spravné predikovany, a tak
maximalizovat shodu mezi pozorovanou a predikovanou distribuci druhu. Naopak
v pfipadé stanoveni diskriminaéni hladiny pouze s pomoci presencénich dat je tfeba
maximalizovat pocet pozorovanych presenci, které jsou modelem spravné predikovany,
spiSe neZ minimalizovat pocet absenci, které byly nespravné predikovany jako presence
(protoze nékteré absence mohou byt zaznamenany ve zdanlivé vhodném prostredi
(Pearson et al. 2006).

Podrobny popis téchto a dalSich metod, véetné jejich srovnani a doporuceni pro

jejich vybér, popisuje napt. Bean et al. (2012) nebo Liu et al. (2005, 2009, 2011).

32



3.4.2. Problémy v modelovani

| pfes znacné rozsireni SDM se stdle neodstranila fada problémd, které ho
provazeji bud jiz od pocatku, nebo vznikly v pribéhu jeho rychlého a intenzivniho
vyvoje. Tyto problémy lze nejcastéji spojit s neurcitosti a chybami v pouZzitych datech,
vybéru metod, jejich subjektivnimu vyhodnoceni nebo interpretaci vysledku (Beale &
Leannon 2012; Ray & Burgman 2006). Caste¢na neurcitost je navic dédna specifickym
vnitfnim mechanismem kaZzdé z modelovacich technik pocitajicich predikci jako
primérny odhad pro konkrétni Uzemi, pficemz nelze ocekavat, ze by byl tento problém
v blizké budoucnosti vyfesen (Franklin 2009, Peterson et al. 2011)

Popisem chyb spojenych s modelovanim druhové distribuce se ve svych studiich
vénovala rada autor(. Jednim z prvnich byl Austin (2002), ktery poukazuje na Spatné
propojeni statistiky a ekologie vramci SDM majici za nasledek pouZiti nevhodnych
modelovacich technik. Stejny autor se tomuto tématu vénuje i ve své dalsi studii, ve
které opét poukazuje na nedostatecné ,ekologické ukotveni” SDM, problematicky vybér
environmentalnich proménnych a modelovacich metod a jejich vzajemné srovnani
(Austin 2007). Podobné Jimenéz-Valverde et al. (2008) kritizuji neuvazené pouZzivani
velkého mnozstvi modelovacich technik a jejich vzdjemné porovnanani, nejasnosti
v pochopeni rozdilu mezi modelovanim potencialni a aktudini distribuce, ¢astou absenci
podrobného koncepéniho a metodologického ramce v publikovanych studiich. Rocchini
et al. (2011) ve své praci naopak poukazuji na nedostatky pfi tvorbé predikénich map,
zejména pak v opomijeni popisu a kvantifikaci miry jejich neurcitosti. Guisan et al.
(2006) kritizuji ¢asté ignorovani nebo nevhodné zohlednéni prostorovych vztahl mezi
daty a druhy, jako napftiklad prostorovou autokorelaci dat, Sifeni a migraci druhdq,
zohlednéni biotickych a abiotickych interakci.

Vyse uvedenad kritika nedostatkd a chyb v modelovani druhové distribuce je pouze
vyctem nékolika z nich (viz napf. také Barry & Elith 2006; Beale & Leannon 2012;
Cayuela et al. 2009; Godsoe 2012; Graham et al. 2008; Lobo et al. 2010; Newbold 2010;
Oliver et al. 2012; Wisz et al. 2008; Yackulic et al. 2012) a jen dokazuje intenzivni (resp.

spiSe bourlivy) vyvoj této problematiky.
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3.5. Budouci vyzvy

V soucasné dobé je SDM Siroce rozsifenou metodou tvorici zavéry o rozsifeni druh(
v zavislosti na rozdilnych ochranarskych, ekologickych a evolucnich procesech
(Zimmermann et al. 2010, Franklin 2013). Mnoho Usili bylo dosud vénovano zejména
zlepSeni statistické a metodologické stranky SDM zahrnujici: implementaci novych
statistickych metod (Phillips et al. 2006; Prasad et al. 2006; Elith et al. 2009), vlivu planu
vzorkovani na vykon modelu (Edwards et al. 2006; Guisan et al. 2006), vlivu velikosti
vzorku na presnost modell (Stockwell & Peterson 2002; Zimmermann et al. 2007; Wisz
et al. 2008), odstranéni prostorové autokorelace (Dormann et al. 2007), srovnani
statistickych metod v SDM (Elith et al. 2006) nebo hodnoceni modell (Seguardo &
Araujo 2004; Allouche et al. 2006; Smulders et al. 2010). BEhem posledniho desetileti
bylo navic poukazano na radu nevyresSenych problémd (Austin 2002, 2007; Pearson &
Dawson 2003; Guisan & Thuiller 2005; Aradjo & Guisan 2006; Lobo et al. 2007, 2010;
Elith & Graham 2009; Elith & Leathwick 2009), které jsou v soucasnych studiich SDM
zohlednény se stfidavymi Uspéchy (Zimmermann et al. 2010). Mnohem méné autord se
ve svych studiich zabyvalo pfimym resenim ochrany druh( nebo makroekologickymi a
evolucnimi koncepty a teoriemi, vyjma teorie niky (Zimmermann et al. 2010). Stale jesté
zbyva prozkoumat radu nejasnosti, coz by mélo vést ke zvyseni dlvéry ve vysledky SDM
(Araujo & Guisan 2006; Franklin 2013). Na tyto nejasnosti a mozné budouci sméry jejich
prizkumu upozoriuje nékolik studii.

Dle Araujo & Guisan (2006) by mélo jit napriklad o (1) jasné definovani niky v SDM
(fundamentalni/realizovand); (2) zlepSeni planu vzorkovani dat; (3) zlepseni
parametrizace modelovacich strategii; (4) zlepSeni vybéru vhodného modelu spolu
s prediktory a (5) zlepSeni technik vyhodnoceni modeld. Zimmermann et al. (2010) ve
své praci predstavuji 9 studii, pochazejicich z workshopu v Riederlapu (2008), které
svym obsahem vyrazné prispivaji k rozvoji novych trendd ve vyuziti a aplikaci SDM.
Pfedmét jejich zajmu je sdruzen do péti oblasti: (1) ovéreni platnosti equilibria jako
jednoho ze stézejnich predpoklad v SDM (Graham et al. 2010; Svenning et al. 2010);
(2) ovéreni stability niky béhem evoluce (Pearman et al. 2010); (3) vliv a zahrnuti
biotickych interakci/prediktori do SDM (Meier et al. 2010; Pellissier et al. 2010); (4)

potfeba vhodného planu vzorkovani (Albert et al. 2010; Le Lay et al. 2010) a (5) potreba
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vyuziti SDM v modelovani druhovych invazi (Richardson et al. 2010; Vicente et al. 2010;
Vaclavik & Meentemeyer 2012). Naopak studie Guisan & Thuiller (2005) poukazuje na
potfebny rozvoj SDM zejména v téchto smérech: (1) prazkum jinych pohledd na vztah
mezi konceptem niky a druhovou distribuci (napf. pomoci disperznich limitd a dynamiky
rozvoje a propadu); (2) posouzeni, jak blizko ma modelovany druh k equilibriu; (3)
posouzeni vlivu konkurence na omezeni distribuce druhu podél gradientu prostredi; (4)
hodnoceni vhodnosti rliznych mapovych méritek v zdvislosti na chovani druhu,
schopnosti jeho disperze, rozsahu studované oblasti a povaze dat; (5) vylepSeni
pracovniho ramce pro hodnoceni chyb a nepfesnosti v SDM. Také Elith & Leathwick
(2009) na zavér své prace popisuji nékolik doporuceni a predpokladl budouciho rozvoje
SDM. (1) je tfeba redukovat nepresnost model(, blize ji charakterizovat a zhodnotit jeji
vliv na rozhodovani; (2) dojde k rozvoji novych technik a statistik pro vybér a hodnoceni
modeld; (3) bude rozsifeno vyuZiti vyhradné presencnich dat a dojde k dalsSimu rozvoji
metod pro reseni chyb a vyhodnocovani vysledk(; (4) cyklus vyvoje, implementace a
hodnoceni (zahrnujici experimentalni testovani) by mohl pomoci pochopit a posilit
vazby na ekologickou teorii a prispét krozvoji ekologicky dllezitych prediktord;
(5) mnoho aplikaci by mohlo mit uzitek z pokroku v modelovani biotickych interakci a
dalsich ekologickych procest; (6) pokud ma byt SDM pouZito pro extrapolaci dat, je
treba vice zhodnotit, zda se pro tento Ucel hodi. Je tfeba opatrné vyvijet cilené studie,

zamérené na sledovani vykonu modell v rozdilném prostorovém/casovém méritku a

mite equilibria.
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Mikolds M., Kalafusovi I, Tejkal M., Cernajovi 1, Michalova Z., Hldsny T, Barka I, Zrnikova K.,
Bace R. & Svoboda M. 2013: Stav habitatu jadrovej populicie hluchana horneho (Zetrao wuro-
gallus) v Zapadnych Karpatoch: Je este pre hluchdna na Slovensku miesto? Sylvia 49: 79-98.

Uzemie Nizkych Tatier a Velkej Fatry predstavuje jadrovi populdciu hluchdna horneho (Zetrao
urogallus) v Zapadnych Karpatoch. Po veternej smrsti v roku 2004 tu doslo k vyznamnym
zasahom do jeho habitatu. Pre zichranu tohto vtac¢ieho druhu su kltucové ucelené informadcie
o kvalite a rozlohe habitatu, ktoré sme spracovali v tejto stidii, pomocou dvoch metodickych
pristupov. V rokoch 2011-2012 sme v uvedenych pohoriach vykonali hodnotenie prostredia
avyskytu tetrova hluchdna na 666 bodovych transektoch umiestnenych na linii o dlzke 132 km.
Na posudenie vhodnosti habitatov na trovni porastu sme pouzili index vhodnosti habitatu
(HSI). Na vytvorenie modelu vhodného habitatu na trovni krajiny sme vyuzili komplexny mo-
del MaxEnt. HSI na plochich suchého lesa bolo statisticky vyznamne vyS$sie v porovnani s asa-
novanou plochou. HSI bol najvyssi pre prales, nizsi pre hospodarsky les a najnizsi pre holiny.
Z aplikicie modelu MaxEnt vyplynulo, Ze na trovni krajiny najlepse vysvetlovali pritomnost
hluchina premenné: priemernd ro¢na teplota, priemerné julové zrazky, krajinnd pokryvka,
nadmorska vyska (m n. m.), druhové zloZenie porastu a zakmenenie porastu. Potenciilne
vhodné tzemie pre vyskyt hluchdna malo rozlohu 180 km? (16 % lesnych porastov modeloveé-
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ho tzemia). Tito rozloha je pre minimdlnu Zivotaschopnu populdciu hluchina nedostato¢na.
Dochidza k fragmenticii habitatu vykonanymi lesohospodarskymi zdasahmi. Ohrozenie zdrojo-
vej populdcie hluchdna predstavuje ohrozenie celoslovenskej populicie. Je potrebné zabranit
dalsej strate vhodnych porastov a zmenit sposob manazmentu.

The area of the Nizke Tatry and Velkd Fatra Mis. is considered a core population habitat of
the Western Capercaillie (Tetrao urogallus) in the Western Carpathians. Considerable interven-
tions occurred in this habitat after the windstorm in 2004. We provide complex information
about the quality and size of the suitable habitat — representing key data for successful con-
servation of this species — obtained by two methodological approaches. Habitat characteristics
were recorded at 666 points on a 132 km transect during the years 2011-2012. To assess habi-
tat suitability at the level of forest stands, we used the habitat suitability index (HSI). To create
a habitat suitability model at the landscape level, we used the complex MaxEnt model. HSI was
significantly higher in unmanaged forests affected by bark-beetle, compared to managed areas.
The highest HSI values were obtained in primary forests, lower in managed forests and lowest
in clear-cuts. Application of the MaxEnt model showed that Capercaillie presence is best ex-
plained by the following variables: mean annual temperature, mean July precipitation, type of
land cover; altitude, tree species composition, and canopy closure. The potential suitable habitat
was 180 km? in size (16% of the forests in the study area). However; this area is not sufficient
Jor a minimum viable population. Furthermore, the suitable habitat is being fragmented by
salvage logging practices. The threat to the source population represents a threat to the entire
Slovak population of the species. It is crucial to stop further loss of Capercaillie habitats through
changes in forest management.

Keywords: endangered species, forest management, habitat assessment, habitat loss, mini-
mum viable population

UVOD

Hluchan horny (7etrao wurogallus) je
dolezitym elementom prirodného de-
di¢stva Karpat. Populdcia hluchdna naj-
mi v strednej a zapadnej Eurépe prudko
ustupuje (Storch 2001). Hluchdn je za-
radeny v prilohe 1 Europskej Smernice
o ochrane vtdctva a je na zozname v ¢er-
venej knihe vicsiny krajin zapadnej,
strednej a juhovychodnej Europy (Storch
2000). Nizka reprodukcia sposobena
priamym a nepriamym vplyvom lesného
hospodadrstva je hlavny dovod pokle-
su populdcii tetrova hluchdna v Eurdpe
(Wegge et al. 2005), pretoze vyvojové
stadid nasledujice po velkoplosnej taz
be zna¢ne znizuju potravni ponuku
a ukrytové moznosti pre juvenilné jedin-
ce (Lakka & Kouki 2009). Na Slovensku
boli podla Sanigu (1994) hlavné priciny
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poklesu hluchdnich populdcii lesohos-
podarska ¢innost (velkoplosné holoruby
a ndsledny vznik tmavych monokultir
a chemizdcia pesticidmi), znecistova-
nie ovzdusia, ktoré priamo ovplyviuje
zdravotny stav jedincov a taktiez znizu-
je potravinovi ponuku hmyzu a rastin
(Porkert 1982), nadmerny lov, vyruso-
vanie inymi [udskymi aktivitami a pri-
rodzené negativne faktory (napr. pre-
ddcia). Telemetrické udaje ukdzali, ze
hluchane pocas roka vyuzivaju plochu
132-1207 ha, priemerne 550 ha (Storch
1995). Hluchan je kvoli obrovskym pries-
torovym ndarokom velmi citlivy na frag-
mentdciu lesa (Storch 1997, Kurki et al.
2000).

V roku 1972 polovnicka Statistika uva-
dzala pre Gtizemie Slovenska 3700 kohutov,
v roku 1992 bol na Slovensku odhado-
vany pocet jedincov 1100-2000 (Saniga



1992). Na zdklade pozorovani z rokov
1981 az 2003 zaznamenal Saniga (2003)
vo Velkej a Malej Fatre, Kremnickych vr-
choch, Starohorskych vrchoch a Nizkych
Tatrdch zanik tokanisk a znac¢ny po-
kles pocetnosti - na 221 % u kohutov
ana 13,3 % u sliepok z povodného stavu.
Je jednoznac¢né, Ze pocetnost hluchana
na Slovensku klesd. Dnes Zije vo frag-
mentovanych a vzdjomne izolovanych
populdciach priblizne 300-600 kohttov
(Saniga in litt.). Vaznost situdcie si pre za-
chranu hluchdna na Slovensku vyzaduje
podrobny pldn manazmentu, na ktory st
potrebné jasné ukazovatele zivotaschop-
nosti populdcie. Plosny podiel vhodného
habitatu vo fragmentovanej krajine je po-
vazovany za dobré meritko zivotaschop-
nosti metapopuldcie (Hanski 1998).

Grimm & Storch (2000) vytvorili sto-
chasticky popula¢ny model, ktorého
ciefom bolo zistif, akd velkd je minimdlna
zivotaschopnd populdcia hluchana, ak
pravdepodobnost vyhynutia v priebehu
100 rokov ma byt nizsia ako 1 %. Model
predpovedd minimdlnu Zivotaschopnu
populdciu s poc¢tom okolo 470 jedincov,
vyzadujicu vhodny habitat s rozlohou
az 250 km?* Vychadzajuc z tychto pa-
rametrov, v podmienkach Slovenska je
pre dosiahnutie takejto rozlohy habitatu
nutné zachoval prepojenie minimdlne
medzi Nizkymi Tatrami a Velkou Fatrou,
ktoré by mali sluzit ako zdrojova po-
puldcia. Vetrovd smrst z 19. 11. 2004 za-
siahla rozsiahlu plochu lesnych porastov
v Studovanej oblasti, najmi v ndrodnom
parku Nizke Tatry. Ndsledne doslo ku
graddcii podkérneho hmyzu a spracova-
niu kalamity. Celkovo v Nizkych Tatrdach
od roku 2004 doslo k vzniku odtaze-
nych ploch s rozlohou viac ako 10 000
ha. Na vic¢sSine Gizemia eSte stile dochd-
dza k spracovaniu kalamity, preto je
zdkladnou otdzkou prezitia hluchdna na
Slovensku, akym spésobom sa bude vy-
vijat manazment tychto oblasti.
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Cielom tejto studie je predlozit kom-
plexné informdcie potrebné k zachrane
tohto ohrozeného druhu v Zipadnych
Karpatoch. Cielom je (i) vyhodnotit
vplyv kalamitnych asanac¢nych opatreni
na kvalitu habitatu a vyskyt hluchdna,
(ii) zistit geografické rozsirenie a cel-
kovu rozlohu vhodného habitatu zdro-
jovej populdcie hluchdna v Zdpadnych
Karpatoch na trovni krajiny a (iii) overit
pouzitelnost metodiky indexu vhodnos-
ti habitatu podla Storch (2002) na tzemi
Slovenska pre plinovanie manazmentu
na urovni porastu. Vysledky budu sluzit
ako podporny ndstroj pri rozhodovani
o manazmente Uzemi s vyskytom hlu-
chdna hérneho.

METODIKA

Studovana oblast

Lokality v¥skumu sa nachddzaji v dvoch
orografickych celkoch - Nizkych Tatrach
a Velkej Fatre, pricom sa Studovand ob-
last rozkladd na ploche 1717 km? (obr. 1).
Obe pohoria spadaju do Fatransko-
tatranskej oblasti (Miklos et al. 2000).
Nadmorské vysky stapaju od 900 do
1550 m n. m. Klima je charakteristic-
ka kratkym letom bohatym na zrdz-
ky. Priemernd teplota v juli je 14.5 °C
a v janudri 5.5 °C. Priemerné zrazky sa
pohybuji medzi 1000-1400 mm. V Stu-
dovanej oblasti dominuju spolo¢enstva
smrekovych lesov ¢ucoriedkovych na
podzolovych typoch pod, na ne nadvi-
zuju jedlovo-smrekové lesy a jedlové
lesy, pripadne na minerdlne bohatsom
podlozi smrekové lesy vysokobylinné
(Michalko et al.1986). Prirodzené lesné
spolo¢enstvd s v sucasnosti v znac¢nej
miere premenené na hospodarske lesy,
¢asto s pozmenenou druhovou sklad-
bou porastotvornych drevin. Rozsiahle
plochy lesov aj na hornej hranici lesa su
ovplyvnené asanac¢nou kalamitnou taz-
bou a chemickymi postrekmi.
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Obr. 1. Mapa potencidlneho rozsirenia tetrova hluchdna v sStudovanom tizemi hodnotena po-
mocou modelu MaxEnt. Farebnd skdla vyjadruje pravdepodobnost vyskytu tetrova hluchdna.
Uzemia, ktoré vyhodnotil model ako nevhodné (<0,282), su reprezentované bielou farbou.
Fig. 1. Map of potential distribution of the Capercaillie in the studied area based on the MaxEnt
model. The colour scale indicates probability of Capercaillie occurrence. Areas predicted by the
model as unsuitable (<0.282) are shown in white.

TERENNE PRACE A ZBER DAT

Porasty s lokalitami boli vybrané na zdkla-
de predpokladaného vyskytu hluchdna
horneho. Terénny prieskum sa uskutoc-
nil v lethom obdobi (jul - september)
v rokoch 2011-2012, kedy je plne vyvinu-
ta pozemnd vegetacia. Celkovo bolo zma-
povanych 666 ploch na 132 km dlhom
transekte. Pre hodnotenie kvality habita-
tu hluchdna bola zvolend metodika HSI,
pretoze je to finan¢ne nendro¢ny nastroj,
ktory je jednoduché pouzit aj pre prak-
ticky manazment. Uzemie bolo mapo-
vané v transektoch, kazdych 200 m boli
priradené suradnice bodu, na ktorom
boli na kruhovej ploche s polomerom
20 m od¢itané a podrobne zaznamena-
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né vsetky klucové charakteristiky habita-
tu hluchdna podla metodiky na vypocet
indexu vhodnosti habitatu (HSI, Storch
2002): sklon svahu ( v triedach 0: < 5°, 2:
6-15°, 3: 26-35°, 4: 36-45° 5: >45°), po-
kryvnost ¢ucoriedky (%), vyska bylinnej
etaze (v triedach 1: 1-10 ¢m, 2: 11-20 c¢m,
3: 21-30cm atd.), pokryvnost drevinné-
ho zmladenia ( v triedach 1: < 25 %, 2:
26-50%, 3: 51-75 %, 4: >75 %), sukcesné
Stadium porastu (1: mladina, 2: Zrd'kovina,
3: zrdovina, 4: kmenovina, 5: stary porast,
6: vekovo roznorody porast, 0: Ziadny les),
korunovy zipoj (%), drevinové zlozenie,
pritomnost medzier v poraste a pritom-
nost preferovanych kfmnych stromov
(Abies alba, Pinus sylvestris, Pinus mugo,
Pinus cembra). Pobytové znaky (trus,



perie, Skrupiny, prachovisko atd.) sme
hladali po dobu 10 minuat na vyskumne;j
ploche kazdého bodu. Pokial to bolo
mozné urcil, zaznamenali sme pohlavie,
ako aj sezénu ndlezu (podla druhu kon-
zumovanej potravy). Okrem toho sme
na kazdej ploche urdili, ¢i ide o suchy
les, odtazenu plochu alebo prales. Tieto
informdcie sme ndsledne pouzili k po-
rovnaniu vhodnosti habitatu a vyuzivania
habitatu na jednotlivych stanovistiach.
Ci sa dand vyskumnd plocha nachddza
v pralese/pralesnom spolocenstve, sme
urcili podla mapy pralesov Slovenska po-
chddzajicou z podrobného mapovania
v roku 2009-2010 (www.pralesy.sk). Ako
prales je chipany relativne nedotknuty
les (znaky po byvalej ludskej ¢innosti
nie su evidované, alebo su tazko identifi-
kovatelné a madlo evidentné) s prirodze-
nym drevinovym zloZenim, s vyskytom
typickych druhov ekosystému, zachova-
lou prirodzenou vekovou, vertikdlnou,
horizontdlnou a priestorovou Struktirou,
s primeranou pritomnostou mitveho dre-
va (stojaceho a leziaceho) v réznych Sta-
didch rozkladu a s pritomnostou jedincov
drevin, ktorych vek sa blizi fyzickému
veku. Za prales sa povazuji aj mladsie
vyvojové Stadia lesa, ktoré vznikli po pri-
rodnej disturbancii (Jasik et al. 2009).

Vypocet indexu vhodnosti habitatu
HSI - habitat suitability index
(podla Storch 2002)
Pre kazda zo zaznamenanych premen-
nych Storch (2002) zostavila funkciu pre
vypocet indexu vhodnosti (suitability
index, SI). SI nadobuda hodnoty medzi
0 (nevhodny) a 1 (optimalny). Indexy
vhodnosti st ndsledne skombinované
do rovnic urcujicich hodnoty HSI. HSI
sa pocita samostatne pre zimny a letny
habitat, ktoré sa ndsledne kombinuji do
celoroéného HSI. HSI, rovnako ako SI,
nadobuda hodnoty od 0 do 1.

Z povodného modelu na vypocet HSI
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sme vynechali nadmorsku vysku, ktord
vyjadrovala vzdialenost od polnohos-
poddrsky vyuzivanych dolin. Dévodom
bolo, ze vsetky hodnotené plochy sa
vyskytovali vo vyske nad 900 m n.m,, kde
je hodnota tohto SI konStantna.

HSI pre zimny habitat sa pocita na
zdklade sukcesného Stddia porastu, ko-
runového zapoja, pritomnosti preferova-
nych kimnych stromov a sklonu svahu:

HSI - (Slsukccsi:l ) x V(SI

Zz1ma

Najdolezitejsou zlozkou HSI _  je
Struktira stanovista, vyjadrend pomocou
sukcesné¢ho Stddia porastu a korunoveé-
ho zdpoja. Oboje moézu byt limitujace,
ich nulové hodnoty vedu k nulovému
HSI, . Sklonu svahu a pritomnosti pre-
ferovanych kfmnych stromov je pride-
lend nizsia vaha. SI_  je vzdy >0. SI, .
wromy 1€ NUlOVY len v pripade bezlesia.

HSI pre letny habitat kombinuje suk-
cesné Stadium porastu, korunovy zapoj,
pokryvnost ¢ucoriedky, pokryvnost dre-
vinného zmladenia, vysku bylinnej etdze
a sklon svahu:

X
SII«)runA zAapoj kimne
xS

stromy sklon

I'-lSII':m = 0’25 : {(Slsukccsi;l ) SII\'Onm. '/,'.ipni) +
(ZSICumriquu ) SIzmladcnic) & Slbyliny} * Slsld(m

Struktira stanovista, typ vegetdcie -
vyjadreny pomocou pokryvnosti ¢uco-
riedky a pokryvnosti drevinného zmlade-
nia a vyska bylinnej etdZze maji vzijomne
kompenzujici efekt. Najvacsia viha je
prikladand typu vegetacie. Sklon svahu
moze opit znizit vhodnost habitatu.

Celoro¢ny HSI je geometrickym prie-
merom HSI, a HSL

leto zima'

HSImk = -‘/ (HSI ) HSIIcm)

zima
Oba HSI sa teda vzdjomne kompen-
zuju, ten s nizSou hodnotou je vsak
limitujuci.
Pre podrobnejsie informdcie k vypoc-
tu HSI pozri Storch (2002).
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Obr. 2. Histogramy jednotlivych premennych: a) charakterizujicich habitat s pozitivhym
zaznamom hluchdna horneho; b) charakterizujicich habitat s pozitivnhym ziznamom juve-
nilnych jedincov. Vystetlenie jednotlivych premennych: ihlicie (pritomnost preferovanych
kimnych stromov), vyska vegeticie - vyska bylinnej etdze (v triedach 1: 1-10 cm, 2: 11-20 cm,
3: 21-30 cm atd.), zmladenie (pokryvnost drevinného zmladenia: v triedach 1: < 25 %, 2:
26-50 %, 3: 51-75 %, 4: >75 %), zapoj (korunovy zipoj (%), sklon svahu ( v triedach 0: < 5°, 2:
6-15° 3: 26-35°, 4: 36-45°, 5: >45°), medzery - pritomnost medzier v poraste, sukcesia (suk-
cesné Stadium porastu: 1 :llllddlnd : zrdkovina, 3: zrdovina, 4: kmenovina, 5: stary porast,
6: vekovo roznorody porast, 0: ziadny les), drevinové zlozenie - v triedach (1. Picea abies, 2.
Picea abies + Pinus sp., 3. Picea abies + Abies alba, 4. Picea abies + Larix decidua, 5. Picea
abies + Fagus sylvatica, 6. Picea abies + Sorbus aucuparia, 7. Picea abies + iné listnaté stromy,
8. Pinus sp., 9. Abies alba + iné¢ listnaté stromy, 10. Fagus .s_)lz'ama, 11. Fagus sylvatica + Picea
abies, 12. Fagus sylvatica + Abies alba), ¢ucoriedka - pokryvnost ¢ucoriedky Vaccinium
myrtillus (%).

Statistické vyhodnotenie vhodnosti
a vyuzivania habitatu

S vyuzitim popisnej Statistiky sme skon-
Struovali histogramy pre jednotlivé pre-
menné prostredia, aby sme ukdzali vhod-
né vlastnosti habitatu pre vyskyt druhu.
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Na testovanie vztahu medzi hodnou HSI
a zaznamenanymi pobytovymi znakmi,
teda na overenie funk¢nosti HSI v pod-
mienkach Zipadnych Karpdt, sme po-
uzili véeobecny linedrny model (GLM)
kvazibinomickej rodiny so spojovacou
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Fig. 2. Histograms of particular habitat variables: a) characterising a habitat with confirmed
Capercaillie presence; b) characterising a habitat with confirmed presence of Capercaillie
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Picea Abies, 12. Fagus sylvatica + Abies alba), bilberry — bilberry cover (Vaccinium myrtillus)
(in %

funkciou logit. Na vyhodnotenie vplyvu (1 = nevyhovujuici, 10 = excelentny)

asanac¢nych opatreni a na vyhodnotenie
rozdielov HSI medzi jednotlivymi typmi
stanovis{ sme pouzili neparametricky
Kruskal-Wallisov test.

Pre kazdy z desiatich intervalov HSI
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sme vypocitali percento ploch s poby-
tovym znakom a Ivlevov index I (Krebs
1989) na zdklade relativnej dostupnosti
plochy (A - percento zo vietkych ploch)
a relativneho vyuzivania (U - percen-
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to zo vsetkych ndjdenych pobytovych
znakov):

I[=(U-A)/(U+A).

Ivlevov index nadobutda hodnoty od
-1 do +1, pozitivne hodnoty naznacuju
preferenciu a negativne vyhybanie sa
plochdm daného intervalu.

Data boli spracované v programoch
Microsoft Excel a R 2.15.2 (R Core Team,
2011). Hladiny vyznamnosti boli stano-
vené na o = 0,05. VSetky analyzy boli
pocitané na ziaklade celoro¢ného HSL

Modelovanie rozsirenia hluchana
horneho

Pre planovanie manaZzmentu je potreb-
né mat uceleny obraz o stave habitatu
na urovnikrajiny a identifikovat izolova-
né plochy habitatu. KedZe pocas dvoch
rokov mapovania HSI nebolo mozné
zozbieral dostatok dat z terénu pre
utvorenie komplexného modelu HSI,
potencidlne rozsirenie hluchdna hor
neho na tzemi Nizkych Tatier a Velkej
Fatry bolo modelované pomocou SDM
modelu MaxEnt (Phillips et al. 2000),
ktory je v sucasnosti povazovany za
jednu z najspolahlivejSich metéd pre-
dikcie geografickej distribicie najma
u druhov, u ktorych je k dispozicii iba
obmedzené mnozstvo dostupnych dat
o ich vyskyte (Elith et al. 2006; Pearson
et al. 2007; Franklin 2009, Elith et al.
2011). Pre modelovanie bolo pouzitych
113 zdaznamov vyskytu (povodnych
100 zdznamov ziskanych poc¢as HSI ma-
povania bolo obohatenych o 13 dalSich
zdznamov pochddzajicich z monito-
ringu SOP SR) a z environmentdlnych
premennych. Pracovali sme v rastro-
vom formadte s priestorovym rozlisenim
100x100 m.

Pre modelovanie bolo vybranych z p6-
vodnych 39 len 6 prediktorov: priemerna
ro¢na teplota vzduchu (°C; medzi rok-
mi 1950-2000), priemerné julové zrazky
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(mm; medzi rokmi 1950-2000), krajin-
nd pokryvka (Corine Land Cover 2006;
16 kategorii), nadmorskd vyska (m n. m.),
druhové zlozenie porastu (20 kategorii;)
a zakmenenie porastu (0-1).

Vzhladom k silnej vizbe hluchdna na
lesné porasty a zdroven ich intenzivnej
tazbe v poslednych rokoch, bolo po-
trebné vymedzit plochy odtazenych les-
nych ploch (holin) a vynat ich z analyzy.
Boli pouzité satelitné snimky Landsat
ETM+ za rok 2012 s rozlisenim 30x30 m.
Pouzitd kompozicia bola vhodna pre
odliSenie ihlicnatych a listnatych le-
sov, miest bez vegeticie - kandly 4,5,3
(blizky infracerveny, stredny infracer-
veny, c¢erveny). Pre klasifikdciu defo-
lidcie (straty asimila¢nych orgdnov),
boli stanovené hodnoty tried defolidcie
podla %, tj. trieda 1: 0-10 %, trieda 2:
11-20 % atd., pricom trieda 11 zname-
nd vytazeny les (Bucha et al. 2000).
Geografické rozsirenie hluchdna hor-
neho tak bolo modelované v lesnych
porastoch o celkovej rozlohe 1132 km?
(66 % rozlohy tzemia).

Pre overenie vysledkov modelu bol
model 100x opakovany a to na nahodne
vybranej trénovacej mnozine dat (70 %
zdznamov o vyskyte) a ndsledne tes-
tovany (zvy$né ddta). Predpovedacia
schopnost vysledného (spriemerované-
ho) modelu bola odhadnutd pomocou
nezavislej diskriminac¢nej hladiny AUC
(Area Under the ROC Curve) zodpove-
dajuce metriky pre popis grafu ROC kriv-
ky (Receiver Operating Characteristic
curve; Fielding & Bell 1997). Vyslednad
hodnota AUC je navySe priemerom
100 opakovani, pri ktorom boli ziznamy
o vyskyte vzdy ndhodne rozdelené do
trénovacej a testovacej sady.

Pre urcenie celkovej rozlohy rozsire-
nia tetrova hluchdna v skimanom tzemi
bolo potrebné stanovil hranicu (,tres-
hold®) pravdepodobnosti, podla ktoré-
ho bol vysledny raster pravdepodobnos-



ti (0-100 %) rozdeleny na bindrny (ne/
vyskyt). Podla Liu et al. (2005) a Bean
et al. (2012) sme pouzili hranicu uréent
zhodnym pomerom spravne ur¢enych
presencii (,senzitivita®) a absencii (,$pe-
cificita*) druhu (,Equal training sensi-
tivity and specificity®). Podrobnejsie
informdcie o pouziti modelu MaxEnt
opisuju Phillips & Dudik (2008) a Elith
et al. (2011).

VYSLEDKY

Vztah medzi skimanymi faktormi

a zaznamenanym vyskytom druhu
NajcastejSie zaznamenané pobytové zna-
ky boli perie (45 %), trus (36 %), pria-
mo videné jedince (16 %) a Skrupiny
vajec (3 %). Iba 19 zo 100 zaznamov
vyskytu hovori o reprodukcii hluchd-
na. Jednotlivé premenné prostredia na
plochdch s pozitivnym vyskytom druhu
(n = 100) a na plochdch s pozitivnym
zdznamom juvenilnych jedincov (n = 19)
su zobrazené pomocou histogramov
(obr. 2).
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Overenie funk¢nosti modelu HSI
Vysledok GLM potvrdil pozitivhu za-
vislost medzi indexom HSI a vyskytom
pobytovych znakov (p < 0,0001, nulova
deviancia = 563,40 na d.f. = 665, rezi-
dudlna deviancia = 510,54 na d.f. = 664,
disperzny parameter = 0,9992). Vziah
zobrazuje obrazok obr. 3. RozloZenie
mapovanych ploch v HSI intervaloch
a pocet ploch s ndjdenymi pobytovymi
znakmi zobrazuje Tabulka 1.

Linedrna regresia potvrdila zavis-
lost Ivlevovho indexu na intervale HSI
(F=50,47,d.f. =1 a8, p<0,0001, adj. R?
= 0,85, (obr. 4). Tento vztah vyjadryje,
ze plochy s vys$sim HSI su hluchdnom
vyuzivané castejSie. Na zdklade tych-
to vysledkov povazujeme HSI podla
Storch (2002) za vhodny ndstroj na pre-
dikciu vyskytu hluchdna v Zapadnych
Karpatoch.

Vplyv kalamitnych asana¢nych
opatreni

Kruskal-Wallisov test ukdzal Statisticky
signifikantny rozdiel medzi HSI  na
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Obr. 3. Vztah medzi indexom vhodnosti celoro¢ného habitatu a vyskytom pobytovych znakov.
Fig. 3. Relationship between the annual habitat suitability index (HSI) and occurence of

Capercaillie signs.
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Tab. 1. Pocet ploch s pobytovymi znakmi v kategoridch ro¢ného indexu vhodnosti habitatu.
Table 1. Number of plots with Capercaillie signs in categories of the annual habitat suitability

index (HSI).
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Obr. 4. Vztah ro¢ného indexu vhodnosti habitatu a Ivlevovho indexu.
Fig. 4. Relationship between the annual habitat suitability index (HSI) and the Ivlev’s index.

plochich s vytazenou (priemerné HSI
0,016 ) a ponechanou drevnou hmotou
(0,62) po lykozritovej kalamite (chi® =
65,92, d.f. = 1, p < 0,0001). HSI na plo-
chach s nespracovanou kalamitou je vy-
znamne vys$si (obr. 5a ).

HSI sa tiez lisil aj medzi holinou (prie-
merne 0,016), lesom (0,534) a pralesom
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(0,664) a to medzi vSetkymi troviami
(chi*= 149,74, d.f. =2, p < 0,0001, obt. 5b).

Modelovanie rozsSirenia hluchana
hoérneho

Priemernd hodnota AUC hlavnych mo-
delov bola na hranici strednej a vysokej
predikénej presnosti, podobny vysledok
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plochich s nespracovanou kalamitou (suchy les) b) Index vhodnosti celoro¢ného habitatu
v zavislosti na type stanovista (holina, les, prales).

Fig. 5. a) Annual habitat suitability index (HSI) on managed (clear-cut) and unmanaged
(dry forest) plots after the bark beetle outbreak. b) Annual habitat suitability index in different
habitat types (clearcut, managed forest and primary forest).

bol ziskany z testovacich modelov. Na zd-
klade tejto hodnoty bola pre rozdelenie
vysledného rastru pravdepodobnosti do
bindrnej podoby (vyskyt hluchdana / ab-
sencia hluchdna) urc¢enda hodnota 0,282,
tzn. uzemie s nizs§imi hodnotami bolo
povazované za nevhodny biotop pre
hluchdna a naopak.

Klasifikaciou vysledného rastra prav-
depodobnosti do bindrnej podoby bolo
ako vhodné tzemie pre vyskyt hluchdna
oznacenych 180 km? (16 % lesnych po-
rastov), ako nevhodné uzemie rozloha
952 km?lesnych porastov (obr. 1).

DISKUSIA

Zédkladnym predpokladom pre Gspesnu
ochranu hluchana hoérneho je zabez-
pecenie dostato¢nej rozlohy vhodného
prirodného prostredia (Rolstad & Wegge
1987, Storch 2002, Quevedo et al. 2000).
Jasny obraz o tom poddva napriklad ne-
uspech projektov zachrany hluchana za-
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meranych na vypustanie jedincov z od-
chovni v Nemecku, kde bolo od roku
1950 vypustenych viac ako 4800 hlu-
chdnov bez viditeIného uspechu (Siano
2008). Vo vacsine pripadov nebol odstra-
neny hlavny dévod vyhynutia povodnej
populdcie.

Zhodnotenie rozlohy a kvality
habitatu

Hluchdan hoérny je druh velmi naro¢ny
na kvalitu a rozlohu vhodného prirod-
ného prostredia a preto manazment Zi-
votaschopnej populdcie hluchdana musi
vyplyvat zo $irSich vziahov na trovni
krajiny (Storch 1997, Graff et al. 2005,
Bollmann et al. 2011). Z dévodu nedos-
tatku dat z terénneho mapovania sme
pre urcenie celkovej rozlohy vhodného
habitatu ma Grovni krajiny vyuzili model
druhovej distribucie (Elith & Leathwick
2009). Aj ked je model menej presny
ako vysledky terénneho mapovania,
sme pomocou neho schopni na urovni
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krajiny identifikovat oblasti, kde dochd-
dza k fragmentdcii populdcie, kde nie je
zastupeny vhodny habitat v dostato¢nej
miere a vy¢lenif izemia urc¢ené na pasiv-
ny alebo aktivny manazment.

V Nizkych Tatrich doslo k rozsiah-
lej strate vhodného habitatu hluchdna.
Oslabenim populdcie v Nizkych Tatrach
a Velkej Fatre, ktord je pokladana za
zdrojova populdciu na Slovensku, dojde
k poklesu mensich popula¢nych jedno-
tiek v prilahlych pohoriach (Slovensky
raj, Stolické vrchy, Murdnska planina,
Veporské vrchy atd.). Preto je pre pre-
zitie hluchdana jednoznacne potrebné
usmernenie manazmentu tohto tzemia.
Pre spresnenie konkrétnych lesnickych
opatreni v hospoddrskych lesoch v ob-
lastiach ur¢enych na aktivny manazment
je potrebné identifikovat faktory, ktoré
znizuju kvalitu stanoviSta na trovni po-
rastu - jednou z moznosti je v tejto pra-
ci pouzitd metodika HSI (Storch 2002).
Vysledky nasej stadie potvrdzuju, Ze
metodika HSI je dobrym ukazovatelom
vyuzivania habitatu hluchinom na uze-
mi Nizkych Tatier a Velkej Fatry, a preto
je pouzitelnd ako prakticky ndstroj pre
plinovanie manazmentu s cielom za-
chovat hluchdna na tomto Uzemi. HSI
pocita ,perfekiny* hluchdni les, ktory na
mnohych lokalitich vyskytu ani nemusi
existoval, obzvlast ak stanovistné pod-
mienky (napr. poda, pH) nedovoluju rast
¢ucoriedky. Ak sa nalokalite nevyskytuje
¢ucoriedka, HSI nebude nikdy vyssie
ako 0,5. Cucoriedkové plochy, ktoré su
mimo lesa (napr. pasienky), nebudu viest
k zvySeniu hodnoty HSI, pretoze kod les-
ného typu by bol nulovy. Takze v lese
bez ¢ucoriedky HSI nedosiahne nikdy
vyssiu triedu ako 3 (Storch in litt.). Ak by
HSI nebol na niektorych Specifickych
lokalitach funk¢ny, je ho mozné kalibro-
val pomocou logistickej regresie alebo
ENFA na $pecifické modely pre jednot-
livé lokality. V nasej Stadii metodika HSI
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prejavuje urcité nedostatky na vapenco-
vom podlozi alebo v lesoch s prevahou
buka. Ale aj v tychto pripadoch zvic¢sa
plati, ze hluchan vyuziva plochy s vy$sou
hodnotou HSI, preto nebolo potrebné
model kalibrovat. Cucoriedka obyc¢ajna
ako potravny zdroj moze byt nahradend
vinych vegeta¢nych stupnoch napriklad
ostruzinou malinovou (Rubus ideauts)
alebo ostruzinou c¢ernicovou (Rubus
Sructicosus). KedZe metodika bola vytvo-
rend v hospoddrskych lesoch v Alpach,
bolo by zaujimavé podrobnejsie presku-
mat vyznam mitveho dreva pre hlucha-
na v karpatskych podmienkach. Hovori
o tom aj vysledok, ze pralesy, ktorych
vyznamnou sucastou Struktiry je stojace
i leziace mitve drevo, su preferovanym
habitatom hluchdna. V Karpatskych pod-
mienkach je vy$si pocet druhov predato-
rov hluchana (Saniga 2002) v porovnani
s Alpami (Storch 2005) a mftve drevo by
mohlo mat podstatny vyznam pre zvySo-
vanie ukrytovych moznosti pred preda-
tormi, najmi pocas obdobia hniezdenia.

Fragmentacia habitatu a geneticka
izolacia

Na zdklade predikéného modelu je zjav-
né, Ze habitat hluchdna je viditelne frag-
mentovany na 2 miestach (Certovica,
Donovaly) a zdroven cast vyznamnych
biotopov hluchdna je pod silnym vply-
vom turistického ruchu. Rozsiahle odta-
zené plochy a nasledny vznik husto za-
pojenych lesov st jednym z hlavnych
dovodov, ktory tvori bariéru v uspes-
nej komunikdcii medzi jednotlivymi
popula¢nymi jednotkami hluchana.
Fragmentdcia habitatu méze mat ne-
gativne ucinky na genetiku populdcie
hluchdna, pretoze vytvara malé popula-
cie s limitovanym tokom génov medzi
populdciami a zvySuje geneticky drift,
inbriding (Pullin 2002). V zdujme udr-
zania zivotaschopnej populdcie by malo
byt zachovanych ¢o najviac habitatovych



ploch a malo by sa predchadzat dalsej
strate velkosti a kvality tychto ploch. Je
dolezité sustredit sa na ochranu nielen
silnejSich (zdrojovych) populdcii, ale aj
na zachovanie menSich okrajovych lo-
kdlnych populdcii, pretoze ich zdnikom
nendvratne stracame geneticku informa-
ciu (Segelbacher 2003).

Fragmentacia habitatu a predac¢ny
tlak

Casto je diskutovand otdzka vplyvu pre-
ddcie na pocetnost hluchana. V porov-
nani so suvislymi lesnymi celkami je
vo fragmentovanych oblastiach vplyvom
zvySeného predacéného taku vyznam-
ne vyssia mortalita kuriatok (Wegge &
Storaas 1990, Wegge 1992). Rozsiahle
odtazené plochy predstavuju pre hlu-
chana velké nebezpecenstvo (Swenson
& Angelstam 2003). Tym, ze po ndhlej
strate biotopu sa hluchane vyskyini vo
vicsej hustote na mensej vymere lesa,
stdvaju sa zranitelnejsie voci preddto-
rom z doévodu otvorenosti priestoru.
Ndsledny vyvoj porastu - vzniku husto
zapojenej homogénnej mladiny predsta-
vuje uplnu stratu vhodného habitatu pre
hluchdna. V premenenom hustom lese
hluchan nedokdze lietal, nenachddza
viiom potravu a taktiez straca vyhlad po-
trebny na unik pred preddtormi (Finne
et al. 2000). Predacny tlak mozeme elimi-
noval aj nepriamo - zniZzovanim vyme-
ry (resp. zabranovanim vzniku novych)
rozsiahlych odtazenych ploch a v pripa-
de uz vzniknutych holin zabrani( vzniku
homogénnych hustych porastov.

Turisticky ruch

Napriek vysokym hodnotam HSI v oko-
li turistickych aredlov (Chopok Juh,
Chopok Sever, Donovaly), lokality nie
su vyuzivané hluchdanmi. V tychto oblas-
tiach mézu turistické centrd predstavo-
val barierovy prvok (najmi pocas zimy)
v komunikdcii. Turizmus md vplyv na
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zvy$enie preda¢ného tlaku na hluchédne.
Horské chaty a miesta navstevované [ud-
mi totiz prispievaju k zvySeniu nosnej
kapacity prostredia pre vyznamné pre-
ddtory hluchdnov (napr. ¢elad Corvidae)
(Storch & Leidenberger 2003). Dalsim
vyznamnym negativnym vplyvom je
plasenie. Pre hluchdna je vyruSovanie
kritické v zimnych a jarnych (obdobie
toku) biotopoch a biotopoch rodiniek
s kuriatkami pocas letnych mesiacov -
najmd madj, jun, jul (Ménomi & Magnani
1998). Pri porovnani obsahu stresové-
ho horménu kortikosterénu v truse je-
dincov v blizkosti rekrea¢nych zimnych
aktivit v smrekovych lesoch Thiel et al.
(2011) zistili jeho rastici obsah smerom
od miest s nizkym a strednym vyrusova-
nim az k miestam s vysokou turistickou
intenzitou. Opakované alebo pretrviva-
juce zvysenie kortikosteronu v stvislosti
s vyruSovanim, moze ovplyvnil celkovi
zdatnost jedincov - telesni kondiciu,
imunitu, reprodukciu a prezitie jedincov
(Wingfield et al. 1997). Preto lokality
s vysokou kvalitou habitatu nemusia byt
obyvané hluchanmi, ak je lokalita pod
vplyvom negativnych faktorov posobia-
cich zo Sirsieho okolia (Storch 2002), ¢o
sa prejavilo aj vo vysledkoch mapova-
nia. Negativny vplyvy turismu je mozné
minimalizoval. V niektorych krajindch
(napr. Rakusko, Franctzsko, Nemecko,
Svajciarsko) boli vyvinuté programy
opatreni na obmedzenie ludského vyru-
Sovania (Zeitler & Glanzer 1998).

Vyznam bezzasahovych uzemi

v sieti habitatu hluchana

Pocetné Stidie preukdzali vyznam ne-
obhospodarovanych lesov pre biodiver-
zitu (Bouget & Duelli 2004, Miiller et
al. 2008, Bassler et al. 2012, Lehert et al.
2013). Vysledky nasej stidie potvrdzujuq,
ze pralesy su do velkej miery vyuzivané
hluchdnmi, a preto predstavuji vyznam-
ny prvok v zostdvajucej sieti habitatu
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hluchana. Napriek tomu, Ze pralesy pred-
stavuju najcennejSie lesné ekosystémy,
od roku 2010 bolo vytazenych v Nizkych
Tatrach cca 64 ha pralesov a tlak na ne
stdle rastie (na Slovensku bolo identifiko-
vanych iba 122 pralesovych lokalit s cel-
kovouvymerou 10 104 ha, ¢o predstavuje
len 0,47 % slovenskych lesov, ich rozloha
sa nadalej zmenSuje (www.pralesy.sk)).
V pralesoch a prirodnych lesoch prirod-
né disturbancie, ako napriklad prem-
nozenie podkoérneho hmyzu v pripade
ponechania drevnej hmoty v lese, mézu
v dlh§om casovom meritku pozitivne
podporit populdaciu hluchdna (Teucher
et al. 2011). Podla vysledkov nasej Stidie
aj ,suchy les* (les s odumretou hornou
stromovou vrstvou) vyhovuje ndarokom
na prirodné prostredie hluchdna viac
ako rozsiahle odtazené plochy. Hluchan
tu nachddza jedine¢né tkrytové, ale i po-
travné podmienky.

Moiné rieSenia — hluchanovi-
priatelsky manaZment lesa

Aj ked vysledky tejto stadie potvrdzuji,
ze pralesy a prirodné lesy su najviac
vyuzivanymi habitatmi hluchdna, bez-
zasahové uzemia (prirodné rezervicie)
nie st v sucasnosti dostato¢ne velké
pre poskytnutie dostatku vhodného pri-
rodného prostredia pre zivotaschopnu
populdciu (Grimm & Storch 2000). Tieto
poziadavky zretelne ukazuji, Ze ochra-
na hluchana je mozna iba vo vzijomne
sa doplnajicej sieti systému bezzisaho-
vych rezervdcii a hospodarskych lesov,
v ktorych bude aplikovany hluchdnovi-
priatelsky manazment lesa (Bollmann
2012). V hospoddrskych lesoch moze
byt manazment doplneny o praktické
lesnicke opatrenia na zachovanie toh-
to vtacieho druhu. Konkréine opatrenia
ur¢ené na zveladovanie habitatu hlu-
chdna mézeme rozdelit do troch skupin
podla urovne, na ktorej budia prevede-
né - na urovni krajiny, porastu a stro-
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mu. Opatrenia na arovni krajiny by mali
zahfnat ochranu pralesov a prirodnych
lesov, obmedzenie fragmentdcie vhod-
ného habitatu a zachovanie prepojenia
pomocou koridorov, zabranenie velkop-
losnému odlesinovaniu, zabezpecenie
optimdlnej rozlohy letného a zimné-
ho habitatu (Suchant 2003, Braunisch
& Suchant 2007). Je vSeobecne zndme,
Ze biotopové ndroky hluchdnich rodi-
niek s kuriatkami sa mierne odliSuju
od dospelych jedincov (Summers et al.
2004). Ciasto¢ne to zachytdvaju aj vy-
sledky tejto Stidie (obr. 2), rozdiel je
viditeIny najmid v korunovom zdpoji -
rodinky s kuriatkami vyuzivaji porasty
s niz§Sim korunovym zdpojom a vysSou
pokryvnostou cucoriedky. Je potrebné
klast doraz na ochranu a zachovanie do-
stato¢nej rozlohy reprodukdénych lokalit,
pretoze su zdsadné pre prezitie druhu
(Wegge et al. 2005).

Na urovni porastu vylepSenie hlucha-
nieho habitatu znamena hlavne vychovu
presvetlenejsich lesnych porastov a zvy-
Senie roznorodosti Struktiry porastov.
Hlavné tazisko manazmentu ma byt su-
stredené na prerezavkové az prebierkové
porasty (najdlhsie trvajici efeku), prip. na
kmenoviny, ktoré posobia ako barierovy
prvok v hluchdnich stanovistiach. V do-
spelych porastoch je odporic¢and malo-
plosna tazba (skupinovy clonny rub do
0,2 ha). Dalsie opatrenia zahfiaji udrzia-
vanie a vytvdranie ¢istin, zdokonalovanie
lesnych okrajov, ponechdvanie mftveho
dreva a pod. Na trovni stromu je vhod-
né podporoval vysadbu jedle, hlboko
zavetvené stromy na lesnych okrajoch,
ponechavat prirodzené zmladenie, pod-
porovaf jarabinu a iné pionierske drevi-
ny (Suchant & Braunish 2008). Obzvlast
v ¢isto smrekovych porastoch vyznamnu
tlohu zohrdva stojace mftve drevo, ktoré
je s oblubou hluchdnom vyuzivané na
odpocinok (Mollet 2001). V dnesnej situ-
dcii je nutné aplikoval vhodné opatrenia



smerom von z ploch aktudlneho vyskytu,
tzn. nie v lokalite aktualneho vyskytu,
ale na jej hranici. Je potrebné tieto kroky
uskutoc¢nit, kym je prirodzena populdcia
dostato¢ne velka (MacMillan & Marshall
2003). Konkrétne opatrenia by mali byt
vyuzité najmi pre nalichavua reStaurdciu
uz zna¢ne Clovekom poznacenych a de-
gradovanych lesnych ekosystémov (tzn.
na rozsiahlych odtazenych plochdch).

Velkym nebezpecenstvom pre pre-
zitie kuriatok je pouzitie pesticidov.
Pesticidy pouzivané naboj s podkérnym
hmyzom su zaloZené na baze cyklickych
pyretroidov. Uc¢innou litkou pouzitych
pripravkov je zvidSa cypermetrin. Tato
latka posobi v priebehu niekolkych tyz-
diov, navySe neselektivne, teda usmrcu-
je aj hmyz, ktory tvori zdkladnu potravu
juvenilnych jedincov v prvom mesiaci
zivota (Lakka & Kouki 2009). KedZe
sa pesticidy pouzivaji v c¢ase rojenia
lykozratov (oby¢ajne mdj - august) zasa-
huji najcitlivejsiu fazu v ro¢nom cykle zi-
vota hluchdna - vyvddzanie mladat, pre-
to by ich pouzitie v nidrodnych parkoch
malo by( trestné. V ziadnom pripade ne-
smu byt aplikované podobné prostried-
ky v oblastiach s vyskytom hluchdna.

Je ohrozena slovenska populacia
hluchana horneho?

Nizke Tatry a Velka Fatra by vzhladom
na svoju rozlohu lesov (cca 1132 km?)
mali niest zdrojovi populaciu hluchana
horneho na Slovensku. Zdrojova (,sour-
ce“) populdcia je mimoriadne doélezita,
pretoze prave ona je zodpovednd za
prezivanie druhu v krajine a je zdrojom
nadpocetnych jedincov, ktoré mézu ob-
sadzoval vhodné, novovzniknuté plo-
chy. Okrajové (,sink“) populdcie st na-
opak existen¢ne zdavislé od zdrojovej.
Pri naruseni takejto zdrojovej populdcie
dochddza k poklesu v pocte okolitych
popula¢nych jednotiek (,source-sink
model*) (Pullin 2002). V Studovanej ob-
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lasti sme zaznamenali vyrazné lokdlne
poklesy poctu hluchdna na konkrétnych
lokalitach. Vykonanymi zdsahmi (tazba
dreva, vystavba ciest, pouzitie pestici-
dov) doslo v ramci skimanej oblasti
k priamemu zni¢eniu biotopov hlucha-
na, ndsledne doslo k poklesu poctu
hluchdnov. Aktudlna rozloha vhodného
habitatu podla vysledkov tejto Stidie
nepostacuje pre zivotaschopni populd-
ciu a naviac doslo k fragmentacii zdro-
jovej populdcie, ktord moze ¢asom viest
k uplnemu vyhynutiu tohto druhu na
uzemi Slovenska v buducnosti. Je po-
trebné zabranil dalSej strate vhodnych
porastov a zmenil spoésob manazmentu
na min. 250 km* ZniZovaniu stavu po-
puldcie hluchana sa da zabranit jedine
zastavenim vsetkych negativnych zasa-
hov do ich biotopov, vritane kalamitnej
tazby dreva, budovania ciest, pouZiva-
nia chemikadlii a vystavby zjazdoviek. Na
novovzniknutych holindch, v mladinach
a porastoch ur¢enych na prebierku je
potrebné aplikovat hluchdnovi-priatels-
ky manazment, a tym prinavratil Struk-
tary lesa vhodné pre prezitie hluchana.
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SUMMARY

The area of the Nizke Tatry and Velkd
Fatra Mts. is inhabitated by the core
population of the Western Capercaillie
in the Western Carpathians. Large-scale
Jorestry interventions led to a rapid
decline in the Capercaillie numbers after
the windstorm in 2004. To stop the rapid
decline, complex information about the
quality and extent of suitable habitat is
required, which we provide in this study
using two methodological approaches.
During the years 2011-2012 we
conducted a systematic survey of the
Capercaillie habitat suitability. The
subject of the statistical analysis was
the presence/absence data oblained at
6066 study sites in the model area. To
consider habitat suitability at the level
of forest stands, we used the habiltat suit-
ability index (HSI) (Storch 2002). It was
necessary o verify the HSI concepl in
the Carpathian conditions - to lest the
relationship between the HSI values and
Capercaillie presence data we used the
general linear model (GLM) quasibino-
mial family with logit link function. The
HSI values were divided into 10 intervals
(1 = unsuitable, 10 = excellent). For each
interval we calculated the percentage
of plots with Capercaillie signs and the
Ivlev’s index (Krebs 1989), based on the
relative availability of the plots and their
relative use. We used linear regression
to evaluate the relationship between the
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percentage of plots with Capercaillie signs
and the intervals of HSI. We used the non-
parametric Kruskal-Wallis test to evaluate
the impact of sanitary logging (clear<ut
and unmanaged forest) on the quality of
Capercaillie habitat (expressed by HSI).
We used a post-hoc pair comparison in
the case of different types of sites (clear-
cut, managed forest, primary forest).

Because of the lack of HSI data from
the field, we used a complex SDM model
MaxEnt (Phillips et al. 2006) to create
ahabitat suitability model at the ladscape
level. Out of the original 39 variables, the
application of the MaxEnt model showed
that the Capercaillie presence is best
explained by the following ones: mean
annual temperature, mean precipilation
during July, type of land cover; allilude,
tree species composition, and canopy
closure. The recently created clearuts
were excluded from the analyses using
the Landsat ETM+ data from the year
2012, because according to the resulls of
a field survey, Capercaillies use clear-cuts
only within 50 m_from the forest edge.

The most [requent Capercaillie signs
included feathers (45%), droppings
(36%), directly observed individuals
(16%) and broken egg shells (3%). Only
19 out of 100 capercaillie signs were
assigned to juveniles. Single habilat
variables on plots with Capercaillie
presence (n = 100) and on plots with
Juvenile presence (n = 19) are showed
using histograms (Fig. 2).

The GLM resulls showed a positive
correlation between the HSI index and
Capercaillie signs (p < 0.0001, zero

deviance = 563.4 on d.f. = 665, residual
deviance = 510.54 on d.f. = 664, disper-

sion parameter = 0.9992) (Fig. 3). Linear
regression showed the dependence of
the Iviev’s index on the HSI interval
(F = 5047, df = 1a 8 p <0.0001, adj.
R?=0.85) (Fig. 4). The Kruskal-Wallis test
showed a statistically significant differ-



ence between the HSI ,, in the managed
(mean HSI 0.016) and unmanaged
(0.62) bark beelle affected stands (dry
Jorest) (chi?=65.924, d.f = 1, p <0.0001).
The HSI value in the unmanaged forest
is significantly higher (Fig. 5a). The HSI
values differ between the clearcut (mean
0.016), managed forest (0.534) and the
primary forest (0.664) (chi® = 149.74, d.f.
= 2, p <0.0001, Fig. 5b).

Based on the application of the
MaxEnt model, the area predicted to be
suitable for the Capercaillie was 180 km”
(16% of all forest stands in the study
area), while 952 km? of the forest stands
were predicted to be unsuitable (Fig.1).

The results of our study show that
primary foresls represent very important
habitat patches for the Capercaillie in ils
habitat network. Even the unmanaged
bark beetle affected stands (dry forest)
meetl habitat requirements of the
Capercaillie better than the large-scale
clearculs.

Direct destruction of the Capercaillie
habitat is a resull of forestry measures
(salvage logging, building of new forest
roads, and application of pesticides)
in the studied area, and consequent-
ly, Capercaillie numbers have been
declining rapidly. The current size of the
suitable habitat is predicted to be 180
km?, which is insufficient for a minimum
viable population; furthermore, the
suitable habitat of a potential source pop-
ulation is being fragmented. The threatl
of the core population represents a threal
Jor the whole Slovak population of the
species. A complex management plan for
the Capercaillie areas is highly needed.
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ABSTRAKT

Sumavskd populace tetfeva hludce (Tetrao urogallus) je v soulasnosti jedinou
#ivotaschopnou populaci tohoto druhu v Ceské republice. Jeji pocetnost se pohybuje na
kritické hranici, kdy je mozna jeji dlouhodobd existence. Pro Uspésnou ochranu tohoto
destnikového druhu je nezbytné stanovit velikost a prostorové rozmisténi vhodného
habitatu a miru jeho fragmentace. Uvedené aspekty jsou v této studii feSeny za pomoci

metody maximalni entropie, teorie grafli a simulace potencidlniho pohybu tetfeva. Dle
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vysledk( této studie Ize nalézt nejvhodnéjsi habitatové podminky pro tetfeva v centraini
(“jadrové”) ¢asti Sumavy a nékolika omezené propojenych lokalitdch. Celkova rozloha
potencidlné vhodného habitatu tetfeva ¢ini 503 km?, z nichZ 95 km? nepodléhd cilené
ochrané. Omezené propojeni Ize nalézt pfedevsim mezi populaci tetfeva v jadrové ¢asti
Sumavy a populaci obyvajici Trojmezenskou hornatinu, navic silné zavislé na pfitomnosti
vhodnych biotop(i na bavorské strané Sumavy. Podobné bylo nalezeno velmi slabé
propojeni vhodnych biotop@ v okoli Zelezné Rudy a biotopl nachézejicich se v okoli
Velkého Javoru, Jezerni hory a Mdstku. Fragmentace vhodnych Uzemi je v soucasnosti
silné ovlivnéna dopravnimi komunikacemi a frekventovanymi turistickymi stezkami. Pro
zachovani stdvajici populace tetfeva je zadouci udrzovat rozsahla Uzemi vhodnych
biotopl a jejich vzdjemné propojeni, zabezpelujici UspéSnou vnitrodruhovou
komunikaci. Soucasné je tfeba vénovat vice pozornosti okrajovym a izolovanym
populaénim jednotkam (zejména pokud nepodléhaji cilené ochrané), jejichz zanik by

mohl vést k oslabeni celé populace.

KLICOVA SLOVA

Bavorsky les, Conefor, fragmentace biotopu, Maxent, Sumava, Tetrao urogallus

ABSTRACT

Population of Western Capercaillie (Tetrao urogallus) in Sumava is currently the only
viable population of this species in the Czech Republic. Its abundance varies on the
critical line, enabling its long-term existence. For the successful protection of this
umbrella species it is necessary to determine the size and spatial distribution of suitable
habitat and degree of its fragmentation. We examine these aspects using maximum
entropy method, graph theory and simulation of potential capercaillie movement.
Results of our study indicate that the best habitat conditions for capercaillie are in the
central ("core area") of the Sumava and some of the adjacent locations. The total area
of potentially suitable capercaillie habitat is 503 km?, from which 95 km? is not under
targeted protection. Limited connections was found mainly between capercaillie
populations in the core part of the Sumava Mountains and Trojmezenska area, strongly

dependent on the presence of suitable habitat on the Bavarian side of Sumava.
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Similarly, it was found insufficient connection between suitable habitats near Zeleznd
Ruda and habitats located nearby GroRser Arber, Jezerni hora and Mdstek.
Fragmentation of suitable habitat is strongly influenced by frequented roads (including
touristic trails) affecting the use of habitat, overall vitality and reproduction of
capercaillie individuals. To maintain existing populations of capercaillie it is strongly
desirable to sustain large areas of suitable habitat and their interconnection, providing a
successful intraspecific communication. It is also necessary to devote more attention to
the marginalized and isolated suitable habitats (especially if they are not protected),

whose loss could lead to a weakening of the entire population.

KEYWORDS

Bavarian Forest, Conefor, habitat fragmentation, Maxent, Tetrao urogallus, Sumava

uvoD

Tetfev hluSec (Tetrao urogallus) predstavuje druh se specifickymi ekologickymi
pozadavky, vazany na rozsahlé oblasti zachovalych jehli¢énatych a smiSenych lesd Evropy
a Asie. ZajiSténi odpovidajicich podminek pro tento druh umoZfuje ucinnou ochranu
celého ekosystému horskych lesd ve stfedni Evropé. Jednd se o typicky pfiklad tzv.
,destnikového druhu (umbrella species; Suter et al. 2002, Pakkala et al. 2003). Jeho
preziti je zarukou ochrany pro mnoho dalSich vzacnych a ohrozenych druhd. V
neposledni fadé je tetfev hlusec jednim z kritériovych druhd, zafazenych do pfilohy |,
prilohy 11/2, prilohy 11I/2, smérnice Rady Evropskych spolecenstvi ¢. 79/409/EHS, o
ochrané volné Zijicich ptak. Navzdory tomu jeho poletnost dlouhodobé klesa v celém
arealu rozsireni (Storch 2007). Pokles populace tetfeva hlusce tak indikuje celkovy
negativni a zhorsujici se stav celych spolecenstev.

Jednim z hlavnich dlvod( ohrozeni tetfeva hlusce v jeho evropském aredlu je
fragmentace vhodnych biotopU a s ni Uzce souvisejici ztrata konektivity krajiny (migrace
jedincd napfi¢ zdrojovymi plochami) (Storch 2000, 2007). Pfi fragmentaci dochazi k

rozpadu souvislych ploch biotopl do vétSiho poctu malych plosek, vice ¢i méné
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oddélenych Gzemim jiného charakteru. Jeji negativni dopad je znatelny zejména u
malych, jiZz tak izolovanych populaci preZivajicich v mensich horskych celcich, které jsou
velmi zranitelné vic¢i ndhodnym nepfiznivym jevim. Fragmentace zpUsobuje kromé
ztraty rozlohy biotopd, jejich izolace a zvySeni ekotonalniho jevu i negativni dopad na
genetickou strukturu populace, limituje tok gen(, zvySuje geneticky drift a inbreeding.
To vse nasledné ovliviiuje reprodukéni Uspésnost a mortalitu juvenilnich jedinc(. Jeji
disledky na genetickou rlznorodost se mohou projevit jiz v radu desitek let
(Segelbacher et al. 2008). Na Sumavé a v Bavorském lese, které jsou obklopeny husté
osidlenou a intenzivné vyuZivanou krajinou stfedni Evropy, je proto nutné tento jev
sledovat obzvlast pozorné.

Populace tetfeva obyvajici Sumavu a Bavorsky les je vyjimeénd v rdmci Evropy. V
poslednich desetiletich doslo k zaniku mnohych populaci tetfeva hlusce ve stfedni
Evropé. Populace tetfeva hluice na Sumavé je navic jeho jedinou Zivotaschopnou
populaci v Ceské republice. Pocetnost tetfeva v PO Nationalpark Bayerischer Wald
prosla ve druhé poloviné 20. stoleti zna¢nymi vykyvy. Zatimco v roce 1945 byla
odhadovana na 250 jedincd, v letech 1972—74 to bylo jiz jen 60 jedincl (Scherzinger
2003). Nasledoval projekt na zachranu druhu spojeny s vypousténim odchovanych
jedincd. V letech 1985 az 2000 tak bylo vypusténo celkem 1376 ptak(. Efekt této ¢asti
projektu na divokou populaci tetfeva hlusce v bavorské casti je vSak sporny (Siano
2008), protoze v roce 2006 byla pocetnost tetfeva v bavorském NP odhadnuta stéle jen
na pouhych 30-50 jedinc (Leitl & Lohberger 2006). Sou¢asné doslo na Sumavé v letech
2007 a 2008 k vétrnym boufim (Kyrill a Emma), které silné napomohly rozsahlym
gradacim podkorniho hmyzu (Lausch et al. 2011, 2013). | kdyZ byla nasledné velka cast
dotlenych porostl vytéZzena, ¢ast jich byla ponechdna pfirozenému vyvoji. Vliv
ponechani lesl pfirozenému vyvoji se nakonec ukazal pro populaci tetreva jako
pozitivni, umoziujici mu prezivat i v “suchych” lesich (Réssner et al. 2014). Tyto zmény
biotopl byly doprovazeny vypousténim jedincl z umélého chovu, coz mohlo mit
¢astecny, nikoliv vsak vyznamny vliv (Siano R. & Klaus S. 2013). V roce 2011 odhadl
Bufka (2011) pocetnost na ceské strané pohoti na 200 az 250 jedincu. Velikost populace
tetfeva hluéce na Sumavé a v Bavorském lese se v soucasnosti odhaduje pfiblizné na
500 jedincl (Miller & Rosner 2011, Rosner et al. 2014, Rosner & Leibl 2014) a pohybuje

se na kritické hranici jejiho dlouhodobého preziti, kterou stanovili Grimm a Storchova
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(2000). Nepriznivé ovlivnéni kvality biotop( tetfeva predstavuje bezprostfedni ohrozeni
budoucnosti tohoto druhu v Uzemi. Proto je nutné sledovat a predejit vSem negativnim
jeviim, které by mohly ohrozit jedinou populaci tetfeva hluice v CR. Zakladnim
nastrojem pro Uspésnou ochranu je znalost prostorového fungovani populace, velikosti
vhodnych biotopU a jejich fragmentace (Quevedo et al. 2006). S vyjimkou prace Rosner
et al. (2014) nebyla tomuto tématu dosud vénovana patficna pozornost, zvlasté pak
v pfipadé biotopl, nachazejicich se mimo Uzemi obou narodnich parkd.

Pokud chceme hodnotit vliv fragmentace biotopl na sou¢asnou populaci tetreva
na Sumavé, potfebujeme nejprve prostorové vymezit Uzemi jeho trvalého vyskytu.
Vzhledem k neustalé migraci jedincd a biotopovym zménam je to vSak velmi obtizné,
zvlasté v regiondlnim ¢i globalnim méfitku. Modelovani habitatu (“ecological niche
modeling”) je relativné novy, slibné se vyvijejici pfistup vymezeni podrobnéjsiho aredlu
rozsifeni sledovaného druhu (Franklin 2009, Peterson et al. 2011). Tento areal je
odhadnut z kombinace zaznamd o vyskytu jedincd s environmentalnimi podminkami
prostfedi, obvykle pomoci statistického algoritmu (Elith et al. 2006). Jednim z vysledk{
modelovani je mapa, ve které je splnéni biotopovych narokd daného druhu vyjadreno
indexem vhodnosti biotopu (“habitat suitability index”, HSI). Stanovenim odpovidajici
hrani¢ni hodnoty tohoto indexu je nasledné moziné vymezit vhodna (jadrova) Uzemi
prostorove.

Mira fragmentace jadrovych Uzemi byla hodnocena na zakladé jejich funkéniho
propojeni (konektivity). V ramci toho je brana v potaz nejen velikost a tvar daného
Uzemi, ale i migracni naroky konkrétniho druhu (Uezu et al. 2005). Mezi rGznymi
pristupy pro vypocet funkéni konektivity Uzemi (napf. trasovani cestou nejmensich
naklad nebo populaéni modely) se v posledni dobé stale Castéji prosazuje vyuziti teorie
grafll (Saura & Pascual-Hortal 2007). Teorie graf(i chape krajinu jako sadu uzl( (v nasem
pfipadé jadrovych uUzemi) a jejich propojeni, vyjadfujiciho schopnost organizmu
migrovat mezi nimi (Saura et al. 2011). Tento pfistup umoZriuje hodnotit individudlni
vyznam jednotlivych jadrovych Uzemi v ramci konektivity jejich celé mozaiky a to az na
urovni krajiny velkych méritek (Calabrese & Fagan 2004).

Cilem predlozené studie je posoudit, do jaké miry je populace tetfeva hlusce na
Sumaveé a v Bavorském lese ohroZena fragmentaci prostfedi. Studie Fesf tyto dil&i otazky:

(1) Které z vybranych podminek prostifedi nejvice ovliviiuji soucasné rozsireni tetfeva
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hlusce v této oblasti?, (2) Kde se nachazi potencidlni jadrova Uzemi jeho vyskytu?, (3)
Jakd je soucasna fragmentace jadrovych Uzemi, jeji pficiny a vliv na rozsifeni tetfeva?,
(4) Jakd opatfeni mohou vést k zmirnéni dopadl fragmentace na populaci tetreva

hlusce?

METODIKA
Studijni Uzemi

Vzhledem k soucasnému rozsiteni tetfeva a nutnosti identifikovat propojenost
vSech potencidlné vhodnych biotopl bylo rozhodnuto resSit celou studii v SirSim
prostorovém kontextu. V tomto smyslu bylo jako studijni Uzemi uvazovano celé pohofri
Sumava, a Bavorsky les s pFilehlym Gzemim (Obr. 1). V takto vymezeném tzemf je kromé
narodnich park(l Sumava a Bavorsky les a chranéné krajinné oblasti Sumava vyhlaseno i
nékolik ptacich oblasti soustavy Natura 2000. Na Ceské strané jsou to Ptaci oblasti (dale
jen zkratka PO) Sumava a PO Boletice a na némecké PO Nationalpark Bayerischer Wald
a PO GroRer und Kleiner Arber mit Schwarzeck. Vyjma PO Boletice je v nich tetfev
hlusec vyhlasen pravé jako predmét ochrany. Soucasti vymezeného Uzemi byla i hrani¢ni
¢ast rakouské Sumavy mezi vrcholy Plechy a Smréina, vyhldsend jako evropsky
vyznamna lokalita Béhmerwald und Muhltaler.

Studované Uzemi ma rozpéti nadmorské vysky od 500 do 1456 m. n. m
v nejvyssich partiich a tomu odpovidajici primérny roc¢ni gradient teplot (8 - 3 °C) a
srazek (700 - 1500 mm). Souvisla snéhova pokryvka lezi v nejvyssich polohach vétsinou
120-150 dni. V Uzemi prevazujici lesni porosty tvofi predevSim monokultury smrku

s roztrousenymi zbytky kvétnatych a kyselych horskych bucin.

Popis druhu

Tetfev hlusec je nejvétsim zastupcem celedi tetfevovitych na svété. Optimalni
zivotni podminky nachdzi ve starych (pfirodnich) jehlicnatych a smisSenych lesich s
mytinami a hustym podrostem borGvci, ale i v mladych lesich vzniklych samovolnym
vyvojem. Zakladni predpoklad pro Uspésnou ochranu je zachovani dostatecné rozlohy

vhodného pfirodniho prostrfedi. Tetfev hlusec vyuziva primérné 550 ha (Storch 1995),
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minimalni Zivotaschopnd populace potfebuje 250-500 km2 pro dlouhodobé preziti
(Grimm & Storch 2000, Braunisch & Suchant 2013). Aby populace nebyla
fragmentovana, neméla by byt vzdalenost Uzemi s vhodnymi podminkami vétsi nez 10
km (Storch 1997). Idedlni vzdalenost je do 2,5 km, odpovidajici prdmérné disperzni
schopnosti tetfeva (Hjeljord et al. 2000).

Vyrazna preference biotopll na Sumavé se projevovala u porostd s hustym
porostem bor(vci a starsich vice jak 130 let (Smrckova 2000). Aktualini prizkumy vsak
dokazuji jeho vyskyt i v otevfenych plochach, které jsou vysledkem vétrné smrsti a
nasledné klrovcové gradace. Plochy odumfelého lesa ponechaného k samovolnému
vyvoji jsou tak tetfevem i nadale do urcité miry vyuzivany. Celkové je pro tetfeva
dllezitd pritomnost prostorové malych struktur lesa, jako jsou korenové vyvraty, tlejici
drevo, prirozené zmlazeni a malé skupinky mladych smrk( jako utocisté pfi spani

(MUller & Rosner 2013).

Vstupni data a jejich pfiprava
Druhova data

Nalezova data, jako jeden ze zdkladnich vstupl pro tvorbu modelu rozsireni,
tvofily GPS zaznamy o vyskytu tetfeva v Uzemi, pochdazejici z databaze Agentury ochrany
pfirody a krajiny CR a sprav obou narodnich parkd. Za vyskyt bylo povaZovadno pfmé
pozorovani, nalez trusu ¢i stop tetfeva.

V rdmci kontroly ndlezovych dat byly nejprve odstranény duplicitni zaznamy a
kvali odstranéni vlivu vétrnych boufi v letech 2007 a 2008 (Kyrill a Emma) na charakter
lesnich porostl a tim i rozsifeni tetrfeva, bylo pracovdno pouze se zdznamy o vyskytu
pofizenymi po téchto uddlostech. Ke zmirnéni negativniho dopadu silné prostorové
zavislosti (autokorelace) zaznam( o vyskytu, zpldsobené rozdilnymi metodami jejich
sbéru, byly zdznamy prostoroveé filtrovany do vzdalenost 300 metrd. Tato vzdalenost
byla zvolena jako vhodny kompromis mezi maximalnim moznym sniZzenim autokorelace
(I. MoranQv index) a zaroven dostatecnym pocétem zaznam( pro tvorbu modelu

rozsireni tetreva.

69



Environmentalni data

Druhy typ dat, nutny k modelovani rozsifeni druhu, tvofi environmentalni
podminky prostfedi (dale jen prediktory). Jejich vybér byl vtéto studii podminén
splnénim vSech nasledujicich kritérii: ekologicky vyznam, pfijatelna mira jejich
prostorové zavislosti a prfedevsim dostupnost ve formé prostorovych dat (geodat) pro
celé Uzemi. Ekologicky vyznam jednotlivych prediktor byl ovéfen na zdkladé soucasné
odborné literatury a jejich schopnosti fitovat predikéni model (pomoci Jack-nife testu).
Prostorova zavislost prediktorl byla minimalizovdna vybérem prediktord s pfijatelnou
hodnotou Pearsonova korelacniho koeficientu < 40,6 (Montoya et al. 2009).
NejproblematictéjSim kritériem se ukazala velmi omezena dostupnost prediktorl ve
formé geodat, kterd byla znacné zavisld na zpUsobu a podminkach jejich poskytnuti,
aktudlnosti, strukturni a obsahové shodé s ostatnimi prediktory a predevsim
dostupnosti pro celé tzemi.

Pro tvorbu habitatového modelu byly pfi splnéni zminénych podminek vybrany
nasledujici prediktory: nadmorska vyska (m n. m.), primér mési¢nich srazek za rok
(mm), vzdalenost k urbanizovanému uzemi (m), typ krajinného pokryvu (12 tfid Corine
Land Cover; EEA 2007) a zemépisna Sitka a délka. Kritéria vybéru naopak nebyla splnéna
u téchto prediktord (s odlvodnénim): svazitost (nevyznamnost), orientace lokality ke
svétovym stranam (nevyznamnost), vzdalenost ke komunikacim (nevyznamnost),
primérna rocni teplota (korelace s nadmorskou vyskou a srazkami), topograficky index
(nevyznamnost) a stafi, druhové slozeni a zakmenéni lesnich porostl (nedostupnost).
Vybrané prediktory byly upraveny na shodny prostorovy rozsah, rastrovy format a

rozliSeni (100 x 100 m) v programu ArcGIS 10.3 (ESRI Inc. USA).

Tvorba habitatového modelu

Potencidlné vhodny habitat tetfeva byl modelovan pomoci metody maximalni
entropie, implementované v programu MaxEnt verze 3.3.3e (Phillips et al. 2006;
http://www.cs.princeton.edu/~schapire/maxent/). Tato modelovaci metoda poskytuje
ve srovnani s ostatnimi metodami (napr. bioklimatické modely, regrese, neuronové sité)
velmi dobré vysledky (Gastén & Garcia-Vifias 2011) a diky jeji schopnosti pracovat

vyhradné s prezencnimi nalezovymi daty je v soucasnosti nejrozsifengjsi. Program
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MaxEnt vyuziva principu maximalni entropie k odhadu sady statistickych funkci, které
aproximuji rozsifeni druhu z dat o jejich vyskytu a environmentalnich proménnych
(Phillips et al. 2006). Vysledkem modelovaciho procesu je tedy model vymezujici niku
tetfeva v geografickém prostoru. Stejny pfistup byl pouZit napfiklad k hodnoceni stavu
jadrové populace tetfeva hlusce na Slovensku (Mikolas et al. 2013). Podrobnéjsi
informace o principech, nastaveni a podminkach pouZiti metody maximalni entropie pro
odhad rozsiteni druhu se ve své praci vénuji Phillips & Dudik (2008) a Elith et al. (2011).
Specifické parametry modelu (prah konvergence, pocet iteraci, atd.) byly nastaveny s
ohledem na doporuceni v odborné literatufe (Elith et al. 2011). Pro zajisténi
robustnéjsich vysledkl byl vysledny model primérem jeho deseti opakovani, pricemz
byl dale korigovan stejnym poctem modell testovacich, ziskanych rozdélenim pavodni
sady zaznamU metodou kfizového ovérovani (krosvalidaci).

Predikéni Uspésnost vysledného modelu byla méfena pomoci nezavislé
diskriminacni hladiny AUC (Area Under the ROC Curve), zakladni metriky pro popis grafu
ROC (Receiver Operating Characteristic curve) kfivky (Hanley & McNeil 1982). Hodnotu
AUC predstavuje suma plochy pod ROC kfivkou nabyvajici hodnot od 0,5 do 1, pficem?
hodnoty 0,5 lIze povazovat za ndhodnou predpovéd a hodnoty vys$si ukazuji vysledky
lepsi nez nahodné. AUC hodnoty 0,5-0,7 indikuji $Spatny vykon modelu; 0,7— 0,9 stiedni
vykon a hodnoty > 0,9 vysoky (Pearce & Ferrier 2000).

V dalsim kroku bylo zapotfebi zohlednit ve vysledném modelu rusivy vliv dopravy
a turismu v jadrovych Uzemich na disperzi jedincl. Pro tento Ucel byla navriena
konstantné Sirokd ochranna pasma, pfimo navazujici na liniovy zdroj rusivého vlivu a
jejich uzemi z prostorového modelu vylouceno. Za rusivy zdroj byly povazovany: silnice I.
tf. (300 m na kazdou stranu); silnice Il. a lll. tfidy a Zeleznice (150 m na kazdou stranu);
turistické pési trasy, naucné stezky, lyzarské trasy a cyklostezky (100 m na kazdou
stranu). Pfi ndvrhu Sife ochrannych pasem byl z opatrnosti kladen dlraz predevsim na
zahrnuti citlivéjsich (nejfrekventovanéjsich) usekd komunikaci a turistickych tras, jejichz
rusivy vliv na populace tetfeva byl jednoznacné prokdzan (Raty1979, 1985, Marshall
2005, Summers et al. 2007). Pritomnost téchto faktorl bylo zohlednéna vyjmutim
Uzemi dotcenych pasem z analyzy. Faktor( ovliviujicich Sifi i variabilitu téchto pasem

existuje pfirozené vice napf. pohlavi a vék jedince, ro¢ni cyklus, struktura porostu,
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svazitost terénu, snéhova pokryvka, denni a sezdénni intenzita dopravy, hustota vegetace
v okoli stezek (Coppes & Braunisch 2013).

Hlavnim vysledkem predikéniho modelu je mapa indexu vhodnosti biotopu (HSI -
habitat suitability index). Tento index s rozsahem hodnot 0-1 (resp. 0-100 %)
reprezentuje potencialni vhodnost habitatu pro tetfeva. Pro potfeby dalSich analyz bylo
nutné identifikovat nejcennéjsi biotopy (ddle jen ,jadrova uzemi“). K tomu je zapotrebi
stanovit hranici (,threshold”), ktera rozdéli skalu vhodnosti habitatu do dvou kategorii:
vhodny a nevhodny biotop. Na doporuceni Liu et al. (2005) a Bean et al. (2012) k tomu
byla v pfipadé této prace pouZita hranice uréend shodnym pomérem spravné uréenych
presenci (,sensitivita“) a absenci (,specificita”) tetfeva modelem (,Equal training

sensitivity and specificity”).

Hodnoceni fragmentace a simulace migracnich tras

Vzhledem k roztrousené mozaice vhodnych biotopl a sloZité siti jejich vztah(
jsme k hodnoceni funkéniho propojeni pouzili index pravdépodobnosti konektivity,
vychazejici z teorie graf( (Saura & Pascual-Hortal 2007). Grafem se v tomto pfipadé
mysli soubor ,uzlt“ a ,propojeni”, existujicich mezi dvéma sousednimi uzly. Uzel v
nasem pripadé reprezentuje identifikovana jadrova uUzemi, zatimco propojeni
symbolizuje schopnost druhu $ifit se mezi nimi.

Vybrany index upravuje vlastnosti klasickych krajinnych indexd, 1épe zohlednuje
aktualni zmény v krajiné (napf. ztratu biotopu nebo jeho propojeni) a to bez ohledu na
méfitko jejich posouzeni (Blazquez-Cabrera et al. 2014). Lze ho definovat jako
pravdépodobnost, se kterou se dva jedinci (ndhodné rozmisténi v krajiné) nachazi ve
vzajemné propojenych lokalitach vyskytu, vzhledem k ostatnim lokalitam a jejich
propojeni. Vyznam kazdého vhodného Uzemi, v ramci jejich celkového propojeni, byl
ziskan z rozdilu hodnot indexu spocitaného pro vSechna jadrova Uzemi dohromady a
indexu, do jehoZ vypoctu nebylo toto Uzemi zahrnuto. Zvoleny index nabyva hodnot od
0 do 1, spolu se zvysujici se propojenosti jadrovych Uzemi a jeho vypocet byl proveden
v programu CONEFOR 2.6 (Saura & Thorne 2009; http://www.conefor.org/ ).

S ohledem na lokdalni podminky prostredi a vysledky odbornych studii (napfr.
Hjeljord et al. 2000, Marjakangas & Kiviniemi 2005 nebo Résner et al. 2013) byla

primérna disperzni vzdalenost tetfeva jako nutny vypocetni parametr v této studii
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uvaZzovana vzdalenost 2,6 km. Index konektivity byl nejprve pocitan pro jadrova dzemi
prostorové vymezena zvolenou hranici pravdépodobnosti (33,4 %). Nicméné pro
potfeby podrobnéjsiho posouzeni propojenosti Uzemi s ohledem na jejich kvalitu, byl
index ddle pocitan také zvlast pro kazdy nasledujici interval HSI: 40 %, 50 %, 60 % a 70
%. Ve vSech vypoctech indexu byla vZdy zahrnuta pouze jadrova Uzemi s rozlohou > 5
ha.

Propojenost jadrovych Gzemi byla kromé jejich vzajemnych prostorovych vazeb,
vyjadrenych hodnotou HSI, analyzovdna také pomoci simulace potencidlniho pohybu
tetfeva. Pro tento Ucel bylo nejprve zapotrebi vytvorit frikéni povrch/rastr Gzemi,
pricemz kazda burnka tohoto rastru (tj. 1 ha) vyjadfuje miru energetické narocnosti,
spojené s jejim prekonanim do bunky nasledujici. Frikéni povrch byl v tomto pfipadé
vytvoren prevracenim hodnot HSI, coZ je obecné povazovano za objektivnéjsi zplsob
oproti sou¢asnym pfistupdm (Brown 2014). Uzemi s nejvy$si pravdépodobnosti vyskytu
tak byla v rastru frikéniho povrchu reprezentovdana hodnotami nejnizsimi,
predstavujicimi nizkou ndrocnost migrace prostfedim. Pomoci metody ,trasovani cestou
vytvoreni spojité sité migracnich koridorli pomoci nastroje Linkage Mapper v ArcGIS

(McRae & Kavanagh 2011).

VYSLEDKY

”~

Predikce rozsireni

Pro tvorbu modelu rozsifeni tetfeva bylo ve vysledku pouZito 1053 ze 4453
zaznamU o jeho vyskytu. Na zakladé Jack nife testu bylo nejvice variability téchto dat
(75%) vysvétleno nadmorskou vyskou, prdmeérnymi meésic¢nimi srazkami za rok a typem
krajinného pokryvu. Zbyvajici variabilita nalezovych dat byla v modelu vysvétlena na
zakladé jejich vzdalenosti od urbanizované Uzemi a polohy definované zemépisnou
Sitkou a délkou. Zbyvajici prediktory mély zanedbatelny vyznam v podilu vysvétlené
variability dat a nebyly do vysledného modelu zahrnuty.

Vysledny model mél hodnotu 0,918 AUC (se standardni odchylkou +0,004)

naznacujici vysokou predikéni schopnost. Nejvhodnéjsi biotopové podminky pro tetfeva
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a tim i nejvyssi pravdépodobnost jeho vyskytu se nachazeji v centralni (“jadrové”) ¢asti
Sumavy a nékolika izolovanych lokalitdch (obr. 1). Na zakladé stanovené hranice
(threshold) bylo za potencidlné vhodny habitat pro tetfeva oznaceno Uzemi s hodnotou
> 0,33 HSI. Rozloha tohoto Uzemi, podléhajiciho nékteré z forem legislativni ochrany
(ptadi oblast, ndrodni park nebo chranéna krajinnd oblast), byla 409,4 km? (viz tab. 1).
Uzemi s predpoklddanym vyskytem nepodléhajici cilené ochrané mélo rozlohu 95,08
km? (viz tab. 2). Celkovd rozloha potencidlné vhodného habitatu pro tetfeva hlusce tak

¢ini 504,48 km?2,

N o o
Y
Lam ) & N
%
y

i‘g} Czech Republic

Hartmanice
L]

M X Germany <
PO Sumava? \'\

Rejstejn

Bodenmais 4 3 ™
5o Sraies Stachy \_,\ s
\ K4 o e ‘Im,v, ,\/’
.’:.
Z Austria
Spiegelau 1 Wy =R loral, | .
Weﬂdhéuse%’a; ¢ .‘." 7 b Czech Republic
A S Lo
Grafenau L2 Vola
Germany . . Phili;;ps, 4 >4 HSI
: SR Jo-o04
reyung J o ~
Grainef s % {8 ¥ , : B o.1-0.2
B o o ol 'PO Boletice
Altreichenau, \$ oy Bl o203
AL O /
pis . B, B o3-033
e Sidlo/ Village or town Breitenbergs, JCernd v Posumavi [ Joss-o04
—-—=— Statni hranice / State border }) - 0,4-0,5
\
Ptaci oblast/ Special Protected Areas J - 05-06
/ Predni Vytor
B os-o7
1:650 000 " :
—— T ¥ Austria ~ M o7-o7s
0 5 10 20 km V., p

B

Obr. 1. Mapa vhodnosti biotopu pro tetfeva hlusce, vyjadiena indexem vhodnosti
habitatu (HSI). Uzemi s hodnotou HSI > 0,33 byly identifikovany jako potenciané
vhodny habitat (jadrova Uzemi). Naopak oblasti s hodnotou HSI pod tento prah byly

identifikovany jako potencidlné nevhodné pro jeho dlouhodoby vyskyt tetfeva.

Fig. 1. Habitat suitability map of Western Capercaillie expressed by habitat suitability
index (HSI). Areas with HSI > 0.33 were identified as a potentially suitable (core areas).
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Conversely, areas with HSI under this threshold were identified as a potentially
unsuitable for capercaillie existence in long-therm.

Fragmentace habitatu tetfeva

Jak naznacuje vysledek analyzy propojenosti, v oblasti se nachazi nékolik velkych, velmi
dobre propojenych jadrovych Uzemi (obr. 2, ¢ast A). V nékterych pripadech je jejich
dobré propojeni zachovano napfi¢ vice uvazovanymi variantami s rdznou hodnotou HSI
a tim i celkovou rozlohou jadrovych uzemi (obr. 2, ¢ast B-D). To se tyka predevsim jiz
zminované oblasti v okoli Malé a Velké Mokrlvky, Blatného vrchu a Roklanu. Nicméné
fada vhodnych lokalit je naopak propojena jen velmi omezené. Jde predevsim o vhodné
Uzemi v okoli Zelezné Rudy a Bayerisch Eisenstein a vhodna uzemi v okoli Velkého
Javoru, Jezerni hory a Mlstku. Omezené propojeni Ize nalézt také mezi populaci tetfeva
v jadrové ¢ast Sumavy a populaci obyvajici Trojmezenskou hornatinu. Pravé toto
propojeni je silné zavislé na vhodnych biotopech nachazejicich se na bavorské strané
Sumavy. Vzajemné porovnani miry propojenosti vhodnych biotopd vzhledem k réiznému
stupni jejich kvality naznacuje mozny scénar jejich vyvoje v pfipadé dlouhodobého

pUsobeni negativnich faktord.

Migracnich trasy a koridory

Vzhledem k orientaci Uzemi je vétSina zjisténych migracnich tras a koridor(
orientovana v podélném, severozapadné-jihovychodnim sméru (obr. 3, ¢ast A). Tvar a
umisténi jednotlivych migracnich tras reprezentuje idealni migracni trasu tetfeva
obtiznému stanoveni “jedné idealni trasy” bylo objektivnéjsi stanovit naroc¢nost migrace
prostfedim v ramci migracnich koridor(. Existence a délka koridord a tras se znacné
liSila v zavislosti na uvazované kvalité jadrovych Uzemi (obr. 3, ¢ast B-D). Vysledky této
analyzy, podobné jako vysledky analyzy propojenosti, identifikovaly nékolik relativné
izolovanych jadrovych Uzemi (okoli Velkého Javoru, Jezerni hory, MUstku a Trojmezi) a
kli¢ovou roli bavorské ¢asti Sumavy v zachovani funkéniho propojeni populaci v centraini

Casti a oblasti Trojmezi.
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Obr. 2. Vzajemna propojenost potencidlnich biotop(l tetfeva na Sumavé. Jednotlivé
varianty (A-D) odpovidaji analyze propojenosti Uzemi pocitané pro biotopy s rliznou

urovni kvality (vyjadiené pomoci HSI).

Fig. 2. Connectivity of potential capercaillie habitat in Sumava. Individual variants (A-D)
correspond to the connectivity analysis for different level of habitat quality (measured by
HSI).
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Obr. 3. Predpokladané migraéni koridory tetfeva na Sumavé. Naronost migrace je
vyjadirena v cerveno-zelené Skale. Tenkd prerusovand linie reprezentuje trasu s
nejmensi ndarocnosti migrace (tj. nejpravdépodobnéjsi migracni trasu). Jednotlivé
varianty (A-D) odpovidaji analyze migracnich tras a koridor( pocitané pro biotopy s
rdznou urovni kvality (vyjadiené pomoci HSI).

Fig. 3.Expected migration corridors for capercaillie in Sumava. Migration effort is
expressed by red-green colour scale. Thin dashed line represents a route with the least
migration effort (i.e. the most likely migration route). Individual variants (A-D)
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correspond to the simulation of potential movement analysis for different level of
habitat quality (measured by HSI).

NP
Bavorsky Vsechna
les/NP CHU/ All
PO/SPA NP/NP Bayerisch CHKO/LP PO/SPA PO/SPA protecte

HSI (%) | Sumava % Sumava % er Wald % Sumava % Boletice % Arber ** % d areas

0-0,1 239,7 24,6 97,7 14,3 49,7 20,5 553,1 55 191,4 81,5 8 22.2 807.8
0,1-0,2 136,7 14 110,5 16,2 38,3 15,8 12,3 1,2 29,3 12,5 13 3.6 273.6
0,2-0,3 117 12 97,3 14,3 24 99 71,9 7,2 7,7 33 3.1 8.6 197.0
0,3-0,33 30,6 3,1 33,9 3,5 5,6 2,3 15,7 1,6 - - 1.6 4.4 47.0
0,33-04 51 52 38,4 56 71 2,9 20,9 2,1 - - 2.6 7.3 69.8
0,4-0,5 85 87 65,4 96 15,4 6,3 24,8 2,5 - - 7 194 1135
0,5-0,6 86,7 89 78,7 11,6 21 87 9,7 92 - - 6.5 18.1 115.8
0,6-0,7 62,5 6,4 56,4 83 33,6 13,9 5,2 52 - - 4.4 12.1 99.8
0,7-0,75 4,4 05 4,1 6,1 6,2 2,6 - - - - - - 10.5

ostatni/other* 161,4 16,5 98,6 10,5 41,3 17,1 153,8 15 6,5 2,8 2 4.3 326.3
<0,33
(nevhodny habitat/ 524 53,7 339,4 48,4 117,5 48,5 653 66 228,55 97,2 14 38.9 1325.4

unsuitable habitat)

>0,33
(vhodny habitat/ 289,7 29,7 243,0 41,2 83,2 34,4 60,6 19 - - 20 57 409.4

suitable habitat)

* zastavéna Uzemi a dopravni a turistické trasy/built-up areas and transport and tourist
routes
** PO GroRer und Kleiner Arber mit Schwarzeck

Tab. 1. Rozloha potencialné vhodného habitatu tetfeva v chranénych Uzemich (narodni

parky - NP, ptaci izemi - PO a chranéna krajinna oblast - CHKO) v zavislosti na hodnoté
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HSI (rozloha v km?). Uzemi s hodnotou < 0,33 HSI bylo povaZovdno za potencidlné
nevhodné. Naopak Uzemi s vy3$i hodnotou HSI bylo povaZovano za potencidlné vhodné

pro dlouhodoby vyskyt tetfeva.

Table. 1. Area of potentially suitable habitat of Capercaillie within protected areas
(national parks - NP, Special Protected Areas - SPA and Landscape Park - LP), depending
on the HSI value (area in km?). Areas with HSI > 0.33 were identified as a potentially
suitable (core areas). Conversely, areas with HSI under this threshold were identified as a
potentially unsuitable for capercaillie existence in long-therm.

Ceska
republika/
HSI mimo CHU/HSI outside Czech Némecko/ | Rakousko/
protected areas (%) Republic Germany Austria
0-0,1 1591,2 801,9 543,2
0,1-0,2 15,9 96,4 16,6
0,2-0,3 9 59,9 8,4
0,3-0,33 1,5 16,3 2,5
0,33-0,4 0,04 24,9 3,5
0,4-0,5 0,03 35,9 3,3
0,5-0,6 0,03 18,2 2,2
0,6-0,7 0,02 6,4 0,7
0,7-0,75 - - -
<0,33
(nevhodny habitat/ 1617,6 974,5 570,7
unsuitable habitat)
>0,33
(vhodny habitat/ 0,12 85,29 9,67
suitable habitat)

Tab. 2. Potencidlni vhodnost habitatu pro tetfeva hlusce mimo chranéna Uzemi v

zavislosti na hodnoté HSI (rozloha v km?).

Table. 2. Potential suitability for Capercaillie habitat outside protected areas, depending
on the HSI value (area in km?).

79



DISKUSE

Po&etnost populace tetfeva hluce na Sumavé a v Bavorském lese se pohybuje
na kritické hranici, kdy je moZna jeji dlouhodobd existence. Pokud ma jedina
Yivotaschopna populace tetfeva hluice v CR preZit, je Zadouci udrfovat rozséhla Gzemi
vhodnych biotopl a jejich vzajemné propojeni, které zabezpeci UspésSnou komunikaci
jedincl (Grimm & Storch 2000). Uzemi Sumavy a Bavorského lesa je jednim z mala mist
ve Stfedni Evropé, kde je tento pfistup jesté mozny. Nedostatek informaci o vyuzivani
biotop tetfeva na Sumavé a jejich fragmentaci je jednim z hlavnich problémé pro
planovani ucinné ochrany tohoto druhu. Nase analyza dokazuje, Ze v soucasnosti je
propojeni biotopl tetfeva relativné vysoké, zejména v centrdlni ¢asti. Presto je z Casti
naruseno ztratou dllezitych naslapnych kamen(, ke které dochazi napf. nevhodnym
managementem lesa (téZzba dfeva) Ci vystavbou turistickych aredld, sjezdovek a tras.
Taktéz nase vysledky ukazuji, Ze Uspésné planovani ochrany tetfeva je mozné pouze na
preshrani¢ni drovni. Klicovou roli zde hraje propojeni Trojmezenské populace s populaci
v jadrové ¢asti Sumavy, realizované diky pfitomnosti vhodnych biotopd na némecké

strané (navic mimo Uzemi narodnich parkd).

Habitatové naroky tetreva

Pritomnost tetfeva nejlépe vysvétluje parametr nadmorské vysky, prdmérnych
mésicnich srazek za rok a typu krajinného pokryvu. Nase vysledky se ¢astec¢né shoduji s
vysledky Teuscherové et al. (2011, 2012), kterd modelovala vhodnost biotopl vyhradné
na Uzemi obou sousedicich narodnich parkd. Vzhledem k dostupnosti podrobnéjsich dat
o pfirodnich podminkach, identifikovala jako jednu z nejdllezitéjSich podminek pro
vyskyt tetfeva kromé nadmorské vysky i pfitomnost lezictho mrtvého dreva, holosedi a
skupinového zmlazeni. Studie se shoduji v tom, Ze nejvhodnéjsi biotopové podminky pro
tetfeva se obecné nachdzeji v zachovalych pfirodné blizkych lesich, nejcastéji
situovanych ve vysich partiich (Cada & Svoboda 2011, Svoboda et al. 2012). Tato Uzem
lze obecné povaZovat za pfirozeny biotop tetfeva hlusce. VétSina vhodnych dzemi pro
vyskyt tetfeva na Sumavé podléhd nékteré z forem legislativni ochrany (ptaci oblast,
narodni park nebo chranéna krajinna oblast). Témér % potencidlné vhodného habitatu

vSak neni v soucasnosti zvlasté chranéna a je z pohledu zachovani biotop( pro tetfeva
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nejvice ohrozena. Podle Braunischové a Suchanta (2013) by celkova rozloha vhodnych
Uzemi pro zachovani Zivotaschopné populace méla Cinit minimalné 50 000 ha. Pfesné
této hranice dosahuje podle provedenych analyz rozloha vhodného Uzemi pro tetfeva
hludce na Sumavé a v prilehlé &3sti Bavorského lesa. Je viak nutné dodat, Ze pro
nedostupnost dat nebylo mozné v nasi analyze zohlednit strukturu lesnich porostd, co
by zajisté vylepSilo vypovédni hodnotu modelu, protoZe struktura lesa je pro
dlouhodobé preziti tetfeva zdsadni (Storch 2002). Nicméné analyzu fragmentace Uzemi
(a tim i pfedchazejici predikci rozsifeni tetfeva) bylo pro komplexni pochopeni fungovani
celé populace velmi dalezité provést i mimo Uzemi obou narodnich parkd, kde byl trvaly
vyskyt tetfeva dokdzan. Z tohoto rozsahlého Uzemi, které se rozprostird ve tfech
statech, nebylo moziné ziskat podrobna data pravé o strukture lesa, proto je volba
prediktord pro tvorbu modelu vysledkem tohoto kompromisu. V kazdém pripadé je pro
detailni vymezeni rozlohy vhodnych biotopl nutné provést terénni Setfeni, které vsak
narazi na radu organizacnich problém( jako je nedostatek odbornych pracovnich sil i
financnich prostfedk(. Celkova rozloha skutec¢né vhodnych biotopl je tedy ve
skutecnosti mensi. Predikéni model Ize chdpat jako potencidlné vhodné uUzemi, které
muzZe byt s vysokou pravdépodobnosti tetfevem vyuZzivano za predpokladu, Zze v ném
nebyla struktura nevhodné zménéna (napf. velkoplosnd tézba nebo péstovanim lesa v

hustém zapoji bez bylinné vegetace apod.).

Fragmentace habitatu tetreva

Zjistili jsme, Ze populace tetifeva na Sumavé prezivd v dobfe propojené jadrové
z0ng, kterd je pro néj klicova, stejné jako nékolik mensich populaénich jednotek, v
prijatelné vzdalenosti. Jakékoliv zdsahy do jadrové oblasti pak mohou vést ke zhorseni
podminek celé metapopulace ¢i jejimu vymreni. Vzhledem k tomu, Ze se soucasna
velikost populace tetfeva na Sumavé i rozloha pro néj vhodnych biotopd nachdzeji
pfesné na kritické hranici jeho dlouhodobé existence, je zde tato hrozba obzvlast
aktualni. Okrajové a izolované populacéni jednotky, které ¢asto nejsou uvnitf chranénych
Uzemi, vyZzaduji také vyjimecnou pozornost. lJejich ztratou by mohlo dojit k
nenavratnému ochuzeni genetické informace, coz by se projevilo na celkové genetické
diverzité Sumavsko-bavorské populace (Segelbacher et al. 2003). Pokud je vzdalenost

mezi jednotlivymi populaénimi jednotkami vétsi jak 10 km, s vysokou pravdépodobnosti
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muze dojit k jejich zaniku (Grimm & Storch 2000), protoze jedinci malokdy prelétaji
vzdalenost vétsi jak 10 km (Storch 1995). V takovém pfipadé pak nedochazi ke
komunikaci okrajovych populaci s populaci jadrovou (zdrojovou), ze které byly okrajové
populace “dotovany” nadpocetnymi jedinci (Pullin et al. 2002)

Nejvyraznéjsim faktorem, ktery zplsobuje fragmentaci v jadrové oblasti, je
pfitomnost frekventovanych stezek. Ty jsou ostatné vseobecné povaZovany za jeden
z nejvyznamnéjsich negativnich faktor(, ovliviujici mimo jiné celkovou vitalitu a
reprodukci jedincl (Coppes & Braunish 2013, Thiel et al. 2011, Storch et al. 2003).
Nicméné nepfedpokladdame, Ze by fragmentace turistickymi stezkami mohla mit vliv na
samotny tok genl v ramci jadrové populace. Negativni vliv turistickych stezek na tetfeva
muze byt ¢astecné eliminovan napfiklad udrzovanim hustych linii strom( podél stezek,

které brani sitreni hluku a odrazuji turisty od opousténi stezek (Coppes & Braunish 2013)

Migracni trasy a koridory

Z hlediska ochrany druhu je zcela klicové zachovani moznosti migrace mezi
jadrovou oblasti a oddélenymi castmi. Pro potifeby podrobnéjsiho posouzeni
propojenosti Uzemi jsme vytvorili mapu predpokladanych migracnich koridor( tetreva
Podle této mapy je mozné urcit zakladni sméry migrace mezi nejblizSimi oblastmi
vyskytu tetfevdl na Sumavé a v Bavorském lese a uréit hlavni problematickd mista pro
vnitrodruhovou komunikaci.

Problematické lokality z hlediska zachovani komunikace, kterymi jsou predevsim
oblast kolem Zelezné Rudy a Bayerisch Eisenstein (tj. lokality Velky Javor, Jezerni hora,
MUstek) a také oblast mezi jadrovym Uzemim vyskytu a populaci obyvajici
Trojmezenskou hornatinu, je moZné fesit rozsifenim rozlohy a zachovanim kvality
stavajicich vhodnych stanovist coby “naslapnych kamen(” o minimalni velikosti 50 ha
(Bollman et al. 2011). Stejné tak je nutné eliminovat jakékoliv zaméry, které by
komunikaci v téchto mistech mohly narusit. Celkové vsak zatim nedoslo k vyznamné
genetické diferenciaci jednotlivych ¢asti populace, nebot obcasné vétsi presuny na
Sumavé a v Bavorském lese pravdépodobné doka?i zajistit dostate¢nou vyménu gend
napfic¢ jednotlivymi populacemi a genetickad fragmentace je dosud minimalni (Résner et

al. 2014).
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ENGLISH SUMMARY

Western Capercaillie (Tetrao urogallus) is listed under Annex |, Annex 11/2, Annex
[11/2 of the European Communities Directive no. 79/409/EEC on the conservation of wild
birds. Despite its status, its population is decreasing almost across whole European
range. The population decline of this umbrella species indicates an overall negative and
deteriorating condition of mountain forests. One of the main reasons threat to the
capercaillie in the European area is the loss and fragmentation of suitable habitat. The
population of Western Capercaillie in Sumava is currently the only viable population in
the Czech Republic. For the successful protection of this species, it is necessary to
determine the size and spatial distribution of suitable habitats and degree of its
fragmentation. None of this, however, has been done yet in the studied area.

We modelled capercaillie habitat suitability for the Sumava National Park and
Bavarian Forest using a species distribution modelling (SDM) approach. Given that our
data were a presence-only (collected among 2009-2014), we used maximum entropy
modelling implemented in freely available software Maxent. We then identify suitable
habitat and evaluate the importance of each individual patch for maintaining overall
connectivity of capercaillie habitat. To do this, we calculated Probability of Connectivity
Index using Conefor 2.6 software (based on graph theory). Finally, we simulated the
potential movement of capercaillie across habitats using cost-weighted distance

analysis (calculated in Linkage Mapper tool).
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Capercaillie presence was best explained by altitude, average monthly
precipitation and land cover (explained 75 % of data variability). The remaining
variability of capercaillie occurrences was explained by distance from urbanized areas,
and the position defined by latitude and longitude. The resulting model had 0.918 AUC
value (with standard deviation + 0.004), indicating excellent predictive ability. Best
habitat conditions for the capercaillie (measured by Habitat Suitability Index) is located
in the central ("core") area of the Sumava and some of the adjacent locations (Fig. 1)
The area of capercaillie suitable habitat, under current protection (National Park,
Landscape Park-abbreviated as CHKO or Special Protected Areas), was 409.4 km? (see
Tab. 1). The area of suitable habitat without targeted protection was 95.08 km2 (see
Tab. 2).

In study area is located several large, well-connected, capercaillie suitable
habitats (e.g. near Mald and Velkd Mokrlvka, Blatny vrch and Roklan. Conversely,
limited connections can be found between capercaillie populations in the core part of
the Sumava Mountains and Trojmezenskd area. As our results indicate, this linkage is
currently strongly dependent on suitable habitats located on the Bavarian side of
Sumava. Similarly, we found insufficient interconnection between capercaillie habitats
near Zelezna Ruda and habitats located nearby GroRser Arber, Jezerni hora and MUstek.
Mutual comparison of the four connectivity analysis, differed by the degree of
capercaillie habitat quality, suggests a possible connectivity change scenario if negative
factors affect capercaillie population in long-term (Fig. 2). The existence and length of
potential migration corridors between habitats varied based on the movement
resistance in the rest of study area (Figure 3)

The population of capercaillie in Sumava and Bavarian Forest survives in mainly
and well-connected core area and some crucial smaller population, within a reasonable
distance. Any negative interventions (e.g. large-scale logging, building ski resorts or
excessive tourism) in the core area can lead to worsening of conditions across the
capercaillie metapopulation or its extinction. Marginal and isolated population units,
which are often not located into protected areas, also require extraordinary attention.
We believe that successful protection of capercaillie in Sumava is possible only at cross-

border level.
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Abstract

Habitat destruction and fragmentation are major drivers of local and global extinctions
and information about the distribution and connectivity of suitable habitat for species
of conservation concern is therefore important. Capercaillie (Tetrao urogallus), Europe’s

largest grouse species are increasingly threatened as the species is highly sensitive to
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habitat fragmentation. The Carpathian Mountains are one of the last strongholds of
capercaillie in Europe, yet drastic changes in forest management and harvesting levels
since the 1990s may have affected capercaillie negatively. To assess these impacts, we
modelled capercaillie habitat across the Carpathians, using a species distribution
modelling approach. We then use this model to quantify the impact of clear-cutting,
mapped from Landsat satellite images, on habitat distribution and functional
connectivity between 1985 and 2010. Capercaillie presence was best explained at the
landscape scale by variables relating to climate, topography, forest composition and
configuration, and the distance to roads and settlements. The total area of suitable
habitat was 7,510 km?2 in 1985, but 1,109 km? of this habitat was lost until 2010 due to
large-scale logging. Surprisingly, the loss of suitable habitats was higher inside protected
areas (574 km?) than outside (535 km?). Functional connectivity, measured by the
Equivalent Connected Area (ECA) index, declined by approximately 33% since 1985.
Together, this suggests that suitable capercaillie habitat in the Carpathians is
increasingly fragmented, with many patches likely not sufficiently large to sustain viable
populations. Larger areas with a high habitat suitability were also often far apart from
each other, suggesting connectivity is critical for ensuring capercaillie persistence across
the Carpathians. To protect capercaillie, forest management in important capercaillie
areas should be adapted and include conservation goals, for example by refraining from
large-scale clear-cutting, including salvage logging following insect outbreaks. Our study
suggests capercaillie in the Carpathian Mountains are increasingly threatened by
intensive forest management and highlight how habitat modelling and connectivity

analyses can inform landscape-scale conservation planning to mitigate these threats.

Keywords

Capercaillie, Umbrella species, Habitat fragmentation, Forest disturbances, Species

distribution modelling
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1. Introduction

Biodiversity continues to decline despite global and national commitments to
halt these losses (Butchart et al., 2010; Mace et al., 2010). Forests harbor the majority
of biodiversity, and deforestation and forest harvesting therefore continue to be major
threats, especially in the tropics (Gustafsson et al., 2012). In the temperate zone, forest
extent has been increasing recently (FAO FRA, 2010), yet so have natural disturbances
(Schelhaas et al., 2003; Seidl et al., 2014) and harvesting intensity (Bottcher et al., 2012;
Levers et al. 2014; UNECE and FAO, 2011). How this increase in natural and
anthropogenic forest disturbances affected biodiversity, however, remains weakly
understood.

In Central and Eastern Europe, the social and political changes after 1990
triggered major changes in forest management (Baumann et al.,, 2011; Simpson and
Prots, 2010). Most importantly, this has led to a transition from clear-cutting to close-
to-nature forestry and a growing interest in forest multi-functionality in many regions.
However, the transition period has also been characterized by widespread clear-cutting
following ownership changes, as well as illegal logging and overharvesting, and
improper disturbance management (Knorn et al.,, 2012a; Schulze, 2002). This is
worrisome as Eastern Europe still possesses extensive areas of old-growth forests,
forest that were converted to intensively managed monocultures in much of Western
Europe in the past (Johann, 2006; Paillet et al., 2010). The recent trend of increasing
harvesting in Central and Eastern European forests is therefore worrisome, and this
region seems to hold considerable potential to intensify further (Levers et al., 2014),
which would induce additional pressure on biodiversity (Brockerhoff et al., 2008).

The Carpathian Mountains, stretching into seven countries in Central and
Eastern Europe, constitute one of the largest remaining continuous forest ecosystems
in Europe (Gurung et al.,, 2009). The Carpathians also foster exceptional biodiversity,
including many endemics, and many plants and animals of conservation concern
(Grodzinska et al.,, 2004; Kuemmerle et al., 2010). However, pressure on forest
ecosystems in the Carpathians has been increasing lately, with substantial clear-cutting,
in part linked to the restitution of forests to former owners in some countries, as well as

widespread salvage logging following windthrows and insect outbreaks (Griffiths et al.,
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2012; Griffiths et al., 2014; Knorn et al., 2012; Main-Knorn et al., 2009). Although the
protected area network in the Carpathians has been increasing substantially since the
breakdown of socialism, many protected areas do allow for large-scale harvesting
within their boundaries, or harvesting has been carried out illegally within them or prior
to their designation (Knorn et al., 2012a; Kuemmerle et al., 2009). Thus, despite the
outstanding ecological value of the Carpathian natural forest ecosystems, large-scale,
clear-cutting diminishes these forests over large regions in the Carpathians (e.g.
Griffiths et al., 2014; Knorn et al., 2012a; Kuemmerle et al., 2009).

Of particular conservation concern in this context is the loss of old-growth
forests. The Carpathians harbor most of Europe’s remaining temperate old-growth
forests, and these forests are of outstanding importance for forest biodiversity and
most red-listed forest species (Moning and Miuller, 2009). Despite their high
conservation value though, old-growth forests are continued to be clear-cut in several
regions in the Carpathians (Knorn et al. 2012b). As managed forests differ significantly
from old-growth forests in their species composition, structure, and ecological
functioning, the intensification of forest management in old-growth forests, especially
clear-cutting, threatens biodiversity (Wallenius et al., 2010; Wilcove et al., 1998).
Understanding how old-growth forest losses affect the habitat availability and the
connectivity of species of conservation concern at the landscape scale is therefore
important for effective conservation planning (Fahrig, 2003; Helm, 2015; Laita et al.,
2011; Uezu et al., 2005).

To evaluate landscape level impacts of forest management on biodiversity, we
selected an endangered umbrella species, capercaillie (Tetrao urogallus), as a surrogate
for forest biodiversity connected to old-growth forests in the Carpathians (Saniga et al.,
2003). The capercaillie is the biggest (ca. 4.8 kg) bird of the grouse family. Capercaillie
distribution in central Europe is restricted to the mountain zone, and therefore is highly
fragmented (Storch, 2007). Capercaillie are associated with natural, open-canopy
forests with rich ground vegetation cover (Suter et al., 2002), and they are highly
sensitive to habitat loss and fragmentation (Mikolas et al., 2015). Viable capercaillie
populations require ca. 250 km? - 500 km?of connected suitable habitat (Braunisch and
Suchamt, 2013; Grimm and Storch, 2000), conditions that are difficult to maintain in

most areas of Europe. Inter-patch dispersal is thus critical to the persistence of
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capercaillie meta-populations, yet capercaillie move only over short distances, rarely
exceeding 10 km, with an average dispersal distance of less than 3 km (Hjeljord et al.,
2000; Storch, 2000). Large-scale clear-cutting has thus the potential to substantially
affect meta-population connectivity. Capercaillie are for this reason an ideal model
species to assess the effects of habitat loss on functional connectivity across broad
scales (Pascual-Hortal and Saura, 2008). The Carpathian Mountains represent one of the
remaining strongholds of capercaillie in Europe, yet how the recently intensifying forest
harvesting has affected capercaillie habitat suitability and connectivity has not been
studied.

Habitat suitability models are widely used to guide decision-making in
capercaillie conservation (e.g. Bollmann et al., 2005; Braunish and Suchant, 2008; Graf
et al, 2005; Storch, 2002). Models from different European regions, however,
sometimes show diverging results. For example, in the German Alps the major
determinant of capercaillie habitat selection was bilberry cover (Storch, 1993), whereas
a direct response of capercaillie to bilberry cover could not be confirmed for the Swiss
Alps (Bollmann et al., 2005) and canopy openness was the most important variable
there (Bollman et al., 2005; Graf et al., 2009). Similarly, in the Black forest in Germany,
habitat corresponded significantly with soil conditions (Braunish and Suchant, 2008),
whereas in the Bavarian and Bohemian forest elevation, dead wood, clear-cut areas and
young coniferous forest where important predictors of capercaillie habitat (Teuscher at
al.,, 2013). Therefore, more studies of capercaillie habitat are needed, especially at
broader spatial scales and for areas where habitat suitability remains so far unassessed
such as in Eastern Europe. Moreover, as in fragmented landscapes low connectivity
between suitable habitat patches threatens capercaillie populations, connectivity
assessments should complement habitat assessments (Quevedo et al., 2006;
Segelbacher et al., 2003). Yet, such an assessment has so far not been carried out for
any area in Eastern Europe. The Carpathian Mountains, with its still widespread old-
growth forests (Veen et al., 2010) and naturally occurring (not reintroduced as in many
places in Western Europe capercaillie populations) could become a stronghold for
capercaillie, but adequate data on capercaillie habitat and distribution are currently

missing.
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We used species distribution models, connectivity analyses, and a satellite-based
assessment of forest harvesting to study habitat change for capercaillie are a species of
high conservation concern and a surrogate for forest biodiversity. In this context, to

address three main research questions:

(1) What are the factors characterizing capercaillie habitat in the Carpathians?
(2) What is the spatial pattern of suitable capercaillie habitat in the Carpathians?
(3) What was the effect of forest harvesting since 1985 on capercaillie habitat

distribution and connectivity?

2. Methods

2.1. Study area

Our study area encompassed the entire Carpathian Ecoregion, as delineated by
CERI (2001), covering ca. 220,400 km?. Elevation ranges between 100 — 2,655 m above
sea level, and the climate is temperate-continental. Temperature, precipitation, and
wind patterns change markedly with elevation and latitude, with lower temperatures
and higher rainfall at higher altitudes and in the north. Summer precipitation ranges
from 600 mm/year in the lowest parts to over 2000 mm/year at the highest elevations,
and annual average temperatures ranges from -2 °C to 10 °C (UNEP, 2007). In natural
vegetation of the Carpathians mesophytic deciduous broad-leaved and mixed
coniferous-broad-leaved forests, mesophytic and hygromesophytic coniferous and
mixed broad-leaved-coniferous forests and thermophylous mixed deciduous broad-
leaved forests dominate. In the highest elevations, sub-alpine and oro-Mediterranean
vegetation (forest, scrub and dwarf shrub communities) occurs (Bohn et al., 2004).The
timberline also differs by latitude — from approximately 1,600 m in the northwestern

Carpathians to about 1,850 m in the Southern Carpathians.
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Forest management in the Carpathians

In all Carpathian countries, shelterwood, selection cut and clear cut
management systems are applied, though extent of their use differs. Clear cut area
usually must not be larger than 3 ha, though various modes are specified in national
legislations. Specific systems such as special purpose cut (Slovakia, Hungary and
Poland), conservation cutting (Romania), etc. are applied in protective and special
purpose forests to reach a desired stand structure. In addition, sanitary felling is applied
in an increasing extent across the Carpathians, and largely reduces the efficiency of the
earlier mentioned management systems (Merganicova et al., 2013).

Forest management in the Carpathians has undergone diverse changes since the
year 1990, when social system in the region had changed. For example extent of forests
managed using clearcutting system has been significantly reduced, particularly in the
Western Carpathians (in Slovakia from 85 to 29 %). At the same time, forest restitution
brought undesired overharvesting and other unsustainable practices, which have been
particularly pronounced in Ukraine, Romania and Serbia (Merganicova et al., 2013).

According to the legislation, the naturally disturbed forests should be salvaged
even in the protected areas with no respect to biodiversity and other forest functions
(Kfenova and Kindlmann, 2015) and with the combination with illegal logging
(Kuemmerle et al., 2009) and planned timber harvesting, the logging is the dominant
disturbance in the Carpathian forests and by far the most important reasons for forest
cover loss in the Carpathians (e.g. Griffiths et al., 2014; Knorn et al.,, 2012a, 2012b;
Kuemmerle et al., 2009), which often results in large transformations of natural spruce
forests and destruction of the capercaillie suitable habitat. Also forests under highest
conservation regime have been salvaged logged in many cases in the study area.
According to data obtained in the field, the natural disturbed forests left with no
intervention comprise less than 10% of all detected disturbances (Svoboda
unpublished). On this basis we assume the forest disturbances mapped from the
Landsat satellite imagery be forest logging (see chapter 2.5).

In terms of the impact of forest management on capercaillie, we selected
clearcuts larger than 1 ha, considered as unsuitable for capercaillie (Storch, 2002).
Contrarily, natural disturbances such as windthrows and insect outbreaks do not

necessarily represent a threat to capercaillie unless salvage logging is carried out
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(Mikolas et al., 2013). Without post-disturbance logging, natural disturbances might
even have a positive effect on capercaillie populations (Rdsner et al., 2014; Teuscher et
al., 2013). This difference in the effect of natural disturbances without salvage logging
and large-scale clear-cutting (including salvage logging) can easily be explained.
Clearcutting usually removes 100% of the canopy with few or no trees left (<5 trees/ha).
Natural disturbances, however, rarely lead to more than 70% canopy loss and in natural
or old-growth forests (where capercaillie densities are highest in the Carpathians)
canopy loss rarely exceeds 30% (Svoboda et al.,, 2014, Trotsiuk et al., 2014). Thus,
natural disturbances create open forest, which is preferred by capercaillie, where

salvage logging and clearcutting removes forests.
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Fig. 1. Photographs documenting the effect of leaving naturally disturbed forests (A) and
their large-scale salvage logging (B) on capercaillie occurrence (Photos: Karol Kalisky).
Capercaillies are still inhabiting forests attacked by barkbeetle (A), but they do not find
suitable habitats in the large-scale clearcuts (B). However, forest logging is the

dominant forest disturbances in the study area even in the national parks.

2.2. Species data

We gathered capercaillie data during a ca. 150 day of field campaign during
2010-2013. Based on maps and direct enquiries of local and regional experts (forestry
administrations, administrations of national parks), capercaillie core areas in the
Carpathians were selected in Romania, Ukraine and Slovakia. We avoided the Polish
Carpathians, where currently a capercaillie release project is ongoing which could bias

the capercaillie presence data. In total, we collected data on 29 mountains in the
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Western, Eastern, and Southern Carpathians. In each mountain in the higher elevation
where capercaillie are currently present (over 600 m a.s.l.), we randomly selected on
average five transects, depending on the area of mountains (in smaller mountains we
selected only three transects and in larger mountains we selected from six to seven
transects). We collected capercaillie presence data throughout the year along 5-km
transects (in total, 725 km of transects were walked). Coordinates of presence localities
were recorded by GPS where direct (e.g. sightings, songs, drumming, etc.) or indirect
(e.g. feces, feathers, etc.) evidence of capercaillie we observed. We collected together
447 occurrence points, which we afterwards reduced by using a minimum distance of
300 m between presence localities to reduce spatial autocorrelation and pseudo-

replication.

2.3. Predictor variables

To develop a habitat suitability model, we selected variables that are known to
influence capercaillie occurrence based on the literature (Braunish and Suchant, 2007;
Graf et al.,, 2005) and that were available for the entire Carpathians. We checked for
collinearity among predictors and if candidate variables had a Pearson correlation
coefficient > 0.70 (Dormann et al., 2013), we retained only those variables that were
deemed ecologically more relevant. Our full model included nine variables, grouped
into four categories (climate, topography, land cover and human-disturbance). All
variables were generated at a target grid of 100 m x 100 m for the entire Carpathian
Ecoregion and re-projected to an equal-area coordinate system

Climate variables included average annual temperature and precipitation
obtained from the WorldClim dataset (Hijmans et al., 2005). Regarding topography, we
calculated a terrain ruggedness index, which quantifies the total elevation change
across a given area (Sappington et al., 2007). We did not include elevation because of
high collinearity with our climate variables and because vegetation belts change
markedly with latitude in the study area. In terms of land cover, we included a map
containing cropland, grassland, settlements, and forest, which may strongly affects
capercaillie distribution (Braunish and Suchant, 2007; Graf et al., 2005; Storch, 2007).
These datasets were based on the classification of region-wide, radiometrically

consistent and cloud-free Landsat-based image composites at 30 m resolution (Griffiths
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et al., 2013), and we summarized the majority land cover per 100 m grid cell. Based on
this map, we derived three (Euclidean) distance variables: distance to cropland,
grassland, and settlements. To further assess the importance of forest fragmentation in
our models, we used morphological image segmentation to obtain forest fragmentation
variables (Soille and Vogt, 2008). Using the Guidos software (Vogt, 2015), each forest
pixel was categorized as either “core (i.e., only forest neighbors)”, “edge”, “perforated
(i.e., edge inside larger forest patches)” or “islet (i.e., patches consisting of edge forest
only)” forest, using 100-m edge width. We also included the proportion of forest cover
within 100 m x 100 m grid-cell variable (Griffiths et al., 2014). Euclidean distance to
major roads and railways and distance to settlements were included to evaluate

possible role of human disturbance. All variables were prepared and analyzed in ArcGIS

10.2 (ESRI Inc., USA). For details about the variables see Table 1.

2.4. Habitat suitability models

We mapped capercaillie habitat suitability in the Carpathians using a species
distribution modelling (SDM) approach. Given that our data were a presence-only
dataset, we used maximum entropy modelling (Elith et al., 2011; Phillips et al., 2006),
widely considered as one of the most powerful presence-only SDM methods (Elith et al.,
2011; Warren and Seifert, 2011). Maximum entropy is a machine-learning approach,
based on contrasting the distributions of environmental variables (e.g., climate,
topography, land cover) at the presence locations with those at randomly chosen
background (i.e., pseudo-absence) locations (Phillips et al., 2006; Phillips and Dudik,
2008). Maximum entropy modelling thus estimates species’ distributions given the
constraint that the expected value of each environmental variable matches its empirical
average derived from the occurrence points (Elith et al., 2011).

We used the freely available software Maxent (ver. 3.3.3k;
http://www.cs.princeton.edu/~schapire/maxent). To assess the robustness of our
model, we used a 10-fold cross-validation with a maximum of 2,000 iterations. We used
a randomly selected background sample of 10,000 points. As our field surveys did not
cover all areas in the Carpathians, we restricted background point selection (Phillips and
Dudik, 2008; Merow et al., 2013) and allowed background points only for areas above

the minimum elevation where capercaillie were detected in our surveys (e.g. > 600 a. s.
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l.). Other measures to avoid over-fitting the model included the (default) regularization
parameters (Phillips and Dudik, 2008), and incorporating only linear, quadratic, and
hinge features (Merow et al., 2013).

To evaluate model fit, we used the area under the curve (AUC) of the receiver
operating characteristic (ROC) plot (Phillips et al., 2006; Elith et al., 2011). This
threshold-independent metric measures the ability of the model to distinguish between
true presence and absence sites (Hanley and McNeil, 1982). The AUC metric ranges
from O tol, where a score of 1 represents a perfect fit of the data and values above 0.5
indicate a better fit than a random model. We also assessed variable importance by
single-variable model as well as a jackknife procedure that test changes in AUC when a
variable is considering in a model compared to a model without this variable. Finally, we
calculated variable response curves that illustrate how a particular variable relates to
habitat suitability. Using our model, we predicted capercaillie habitat suitability across
the whole Carpathian region, using a logistic link function to convert the raw output

values into a relative habitat suitability index (HSI) ranging between 0 and 1.

2.5 Forest disturbance datasets

To identify forests that were disturbed recently, we used a satellite-based
dataset from Griffiths et al. (2014). This dataset provides forest disturbances, defined as
full or near-full canopy removal, at five year intervals between 1985-2010 based on a
classification of Landsat TM/ETM+ image composites at a resolution of 30 m. Using
several thousands of individual images, first a set of Carpathian-wide reflectance
composites, as well as metrics capturing spectral variability, were derived (Griffiths et
al.,, 2014). Next, random forests were used to perform a change classification to map
forest disturbance across the Carpathians, using an extensive training dataset. The
resulting map captures the past 25 years of forest cover dynamics with a minimum

mapping unit of 0.27 ha and with an overall accuracy of 86%.

2.6. Assessing the effect of forest harvesting on capercaillie habitat

Disturbances mapped here comprise both, natural disturbances as well as clear-

cutting. Given that national legislation in all countries we investigated require damaged
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wood to be removed instantly after disturbances to prevent post-disturbance insect
outbreaks (mainly in case of Norway spruce) and to avoid additional damage to
commercially valuable timber, and that such a practices in many cases area also carried
out for forests inside protected areas (Kfenova and Kindlmann, 2015; Mikolas et al.,
2015), we assume all forest disturbances mapped from the Landsat satellite imagery to
represent logging (Griffiths et al., 2013; Knorn et al., 2012; Kuemmerle et al., 2009). We
summarized the percentage of disturbed forest per 100 m x100 m gridcell. Finally, we
also assessed how capercaillie habitat was lost within protected areas (PAs) or special
protection areas (SPAs). A layer of protected areas came from the Carpathian
Environment Outlook database and layer of special protected areas from European
Environment Agency.

To quantify the impact of clearcutting on capercaillie habitat availability and
connectivity since 1985, we first identify high-quality capercaillie habitat. To do so, we
converted our relative habitat suitability index into a binary map of suitable and
unsuitable habitat selecting only areas above a suitability threshold of 0.2, which
represented the value where the sum of sensitivity and specificity was maximized, as
suitable. This type of threshold produces robust predictions compared to alternative
thresholds and is not sensitive to the prevalence of occurrence (Liu et al., 2013).
Moreover, this threshold is also particularly attractive in a conservation planning
context, when errors of omission are often of higher concern compared to errors of
commission (Jiménez-Valverde and Lobo, 2007; Liu et al., 2005).

We then compared our capercaillie habitat map with the area of forest
disturbances mapped by Grifffiths et al. (2014). To do this, we considered three types of
habitat change scenarios, reflecting different assumptions about how disturbances
would affect capercaillie habitat change from 1985 to 2010. In the first scenario
(scenario 1: realistic scenario), we assumed neither clearcutting practices, which
typically result in the full removal of the canopy, nor afforestation, which typically
results in dense, monoculture stands, to lead to open, capercaillie-friendly forest
(Storch, 2002). We therefore regarded all areas of disturbed forest as unsuitable for
capercaillie in the mid-term, and masked all disturbed areas from Griffiths et al. (2014)

from our habitat map, without considering potential regrowth as dense young forest is
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unsuitable for capercaillie in the mid-term (Storch, 2000). Based on our experience and
the literature, this represents a realistic scenario.

To assess the potential impact of changes in forest management following
clearcutting, we also calculated two alternative scenarios. These scenarios assume that
disturbed forest would be managed in a capercaillie-friendly way (which is currently
almost never the case in The Carpathians), which would, for example, mean no
intervention in the case of natural disturbances and thus natural regeneration or forest
management to generated open-canopy stands. Our scenario 2 considers regrowth of
the (capercaillie-friendly) forests five years after a disturbance. Our scenario 3,
considers (capercaillie-friendly) forest regrowth 10 vyears after a disturbance. These
alternatives do currently not happen at a large scale in the Carpathians. As with
scenario 1, we masked the area of disturbed forest from the habitat suitability map, but
added the area of regrowing forest for each time period and gridcell.

This resulted in a series of habitat suitability maps for each time series in 5-year
intervals from 1985 to 2010. We then used these habitat maps to assess changes in
capercaillie habitat connectivity. In our assessment, we considered only habitat patches
larger 2 km?, which is approximately the minimum home range size (132 ha) identified
in telemetry studies (Storch, 1995). To evaluate the importance of individual habitat
patches for maintaining overall connectivity in the capercaillie habitat network, we used
the Probability of Connectivity (PC) Index (Saura et al.,, 2011) calculated using the
Conefor 2.6 software (Saura and Torné, 2009; http://www.conefor.org). This graph-
based index quantifies functional connectivity at the landscape scale, ranging from O
(low) to 1 (high). PC is defined as the probability that two species randomly placed
within the landscape fall into habitat areas that are connected, given a set of n habitat

patches and links among them (Saura and Pascual-Hortal, 2007). PC is computed as:

PC=(2"i=1*Y"=1 aiajpi) /AL (1)

where ag; and g; are the areas of habitat patches i and j, respectively; pj is the maximum
product probability of all possible paths between patches i and j and A; is the total area
of the study region. The relative importance of each habitat patch, expressed as dPC, is

than obtained from a percentage change of PC computed for a graph with and without
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this patch (Saura and Torné, 2009). We evaluated the importance of individual habitat
patches at different median dispersal distances, representing the movement ability for
juvenile (2.5 km) to adult (10 km) capercaillie (Hjeljord et al., 2003; Storch &
Segelbacher, 2000) in intervals of 2.5 km.

We also quantified changes in overall capercaillie habitat connectivity from 1985
to 2010 using the Equivalent Connected Area (ECA) index, because it complements PC
well (Saura et al., 2011). It is computed as the square root of the numerator of the PC

index:

ECA=V(3"=1*>"=1 aia;pij) (2)

ECA is defined as the area of a single forest patch (maximally connected) that would
provide the same value of the PC metric as the forest pattern existing in a given area

(Saura et al., 2011).

3. Results

3.1. Distribution of suitable capercaillie habitat

In total, 395 presence locations were selected for our capercaillie habitat
suitability model in Carpathians, of which 172, 162 and 61 were sampled in the
Western, Eastern and Southern Carpathians, respectively. The AUC value for our
Maxent model was 0.942 (with a standard error £0.014), which indicates a high model
fit and predictive ability of the model (Pearce and Ferrier, 2000).

Based on our variable importance tests, climate and land use/cover were the
most important variables in our model, whereas topography was less important.
Average annual temperature and precipitation, proportion of forest, and forest
fragmentation were the most important variables determining capercaillie habitat
selection in the Carpathians, with a combined relative contributions > 87%. As response
curves indicate (see Fig. 2), habitat suitability for capercaillie increased with an

increasing proportion of forest. Capercaillie preferred core and perforated forests
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compared to small islets of forests, and capercaillie avoided areas with intensive human
pressure (i.e., higher suitability in areas away from settlements, roads and railways, or
cropland). On the other hand, extensive land-use in the form of grazing on mountain
meadows created forest openings that were preferred by capercaillie, as measured by
our variable distance to grassland. Terrain ruggedness had the lowest relative
contribution for the habitat suitability model, and capercaillie preferred more rugged

areas over topographically more homogeneous areas.
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Fig. 2. Variable response curves for capercaillie (Tetrao urogallus) in the
Carpathians based on our maximum entropy model (sorted from high to low
importance). The relative habitat suitability index ranges from 0 to 1, while the range of
environmental variables is shown on the x-axis. Spatial pattern of forest consist of five

components: background (0), core (1), islet (2), perforation (3) and edge (4).

Predicting capercaillie habitat suitability showed large areas of highly suitable
habitat across the highest parts of Carpathians (Fig. 3). Based on this map, we identified
three main capercaillie areas where larger patches of highly suitable habitat occurred,

located in the Western, Eastern and Southern Carpathians. Unfortunately, none of the
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individual habitat patches was larger than minimum area identified for a viable
capercaillie population (>500 km?; Braunisch and Suchant, 2013) at any time during
1985 to 2010. Based on the threshold we chose (i.e., sum of sensitivity and specificity),
we found a total of 7,510 km? (3.4% of the area of the entire Carpathians) to be suitable
for capercaillie (Table 2). Most of this area was located in Romania, followed by Slovakia
and Ukraine. In contrast, no patches of suitable habitat were found in Hungary (Fig. 3).
Comparing habitat suitability across time, the area covered by suitable habitat patches
decreased from approximately 3.4% of the total Carpathians area in 1985, to about

2.6% in 2010.
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Fig. 3. Capercaillie habitat suitability map for the Carpathians.

Comparing forest disturbance patterns with our map of forest harvesting
showed that since 1985, 1,109 km? (i.e., 15%) of the suitable habitat for capercaillie

were affected by the forests disturbances until 2010. This was most evident in the

108



Western and Eastern part of Carpathians (close-up frame A and B in Fig. 4), in the Low
and High Tatra Mts. (Slovakia, Poland) and the Maramures and Rodna Mts. (Romania).
The impact of forest disturbances on capercaillie habitat differed considerably across
countries (Tab. 1). The biggest loss of suitable habitat was found in Romania (e.g.
especially along the Ukraine border). Although, capercaillie habitat covers
approximately similar area in Ukraine and Slovakia, his loss in Slovakia was one times

greater. In contrary, minimal habitat loss were found in Czech Republic and Poland.

Suitable capercaillie habitat (km?) Loss of suitable capercaillie habitat (km?)
PAs SPAs Unprotected Total PAs | SPAs | Unprotected Total
Czech Republic 9 9 0 9 1 1 0 1
Hungary 0 0 0 0 0 0 0 0
Poland 305 97 32 350 33 10 4 39
Romania 1,142 1,469 1,964 3,720 233 273 260 565
Slovakia 1,483 1,380 133 1,797 256 211 18 325
Ukraine 498 -—- 1,135 1,633 48 -—- 131 180
Total 2,939 | 1,713 2,129 7,510 | 571 | 495 413 1,109

Table 1. Area of available suitable capercaillie habitat and the impact of forest
disturbance on suitable habitat between 1985 and 2010 in the Carpathians. Legend: PAs

= protected areas, SPAs = Special Protected Areas.

A substantial part of all suitable capercaillie habitat we predicted occurred

within Protected areas (47%) or Special protection areas (39%). This was most evident
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in Romania (in case of SPAs) and Slovakia (in case of PAs). The largest area of suitable

habitat located in Protected areas were found in Slovakia, which strongly contrasted

with Ukraine, where the amount of capercaillie habitat were similar. Surprisingly, our

results showed that habitat loss in some countries was higher within protected areas

compared areas outside protected areas (Tab. 1). This was most evident in Slovakia by

PAs (79% versus 5.5%) or SPAs (65% versus 5.5%). An opposite situation was found in

Ukraine by PAs (27% versus 73%).
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Fig. 4. Forest disturbance patterns between 1985 and 2010, which almost exclusively

represent clearcutting and post-disturbance salvage logging, compared to capercaillie

habitat in the Carpathians. Two close-up frames focus on the Low and High Tatra

Mountains (A) and the Maramures region in Romania (B).
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3.2. Connectivity of capercaillie habitat

Our connectivity analyses identified three distinct clusters of capercaillie habitat
patches, situated in the Western, Eastern, and Southern Carpathians. As shown Fig. 5,
the total number of habitat patches and their relative importance for connectivity
varied substantially between 1985 and 2010. Measured by dPC, the importance of
many habitat patches continuously decreased from 1985 to 2010 according to our
results (Fig. 5) due to the decline in the total capercaillie habitat available. This process,
accompanied by a decline of dPC, was most evident in the Western and Eastern
Carpathians. For example, the area of Capercaillie habitat with very high (dPC > 30)
connectivity importance declined from 996 km? in 1985 to 282 km? in 2005, and we did
not find any habitat patch with this importance value in 2010. Conversely, the area of
weakly connected capercaillie habitat patches increased from 2,360 km? in 1980 to

2,750 km? in 2010.
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Fig. 5. Change in the importance of individual capercaillie habitat patches between 1985
and 2010 (as measured by dPC) for median dispersal distance of capercaillie from 2.5 to

10 km.
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The importance of individual habitat patches also increased with median
dispersal distances from 2.5 km to 7.5 km, but increasing the dispersal distance further
to 10 km had only a minimal effect (Fig. 6a). Increasing dPC values here indicate higher
capercaillie habitat connectivity.

Assessing overall trends in habitat connectivity since 1985 using the ECA
connectivity metric showed connectivity successively declined since 1985 (Fig. 6b),
indicating a permanent loss of functional connectivity of capercaillie habitat in the
Carpathians. This loss was independent of the scenario we assessed. The biggest loss (-
10.6%) of capercaillie habitat connectivity in Carpathians occurred in the most recent
time period we assessed (2005—2010, Fig. 6¢). The result of a continued and marked
decrease in overall connectivity of the capercaillie habitat network during the 25 years
we analyzed was also persistent across all median dispersal distances we assessed (Fig.

6d).
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Fig. 6. Connectivity of capercaillie habitat patches in Carpathians between 1985 and
2010. a) results of dPC at various dispersal distances and time periods; b) change in
overall connectivity of suitable capercaillie habitat across different post-disturbance
forest recovery scenarios; c) loss of capercaillie habitat connectivity measured by dECA
(difference in ECA values between time period); d) ECA dynamics across different

dispersal distances and time periods.
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4, Discussion

The persistence of capercaillie critically depends on the size, spatial configuration,
and quality of suitable habitat patches. The Carpathian Mountains represent one of the
few remaining strongholds of capercaillie in Europe, but landscape- to ecoregional-scale
data on capercaillie habitat are missing, which is a major obstacle towards designing
and effective conservation strategy for this endangered species. Our habitat suitability
analyses revealed factors that broad-scale capercaillie distribution in the Carpathians
was mainly determined by climate, land-cover and human disturbance variables. Our
findings indicate the Carpathian Mountains have ample suitable capercaillie habitat, and
thus a high potential capercaillie carrying capacity. However, the spatial pattern of
suitable habitat was fragmented and a viable capercaillie population will thus likely only
occur as a meta-population, with connectivity between habitat patches being of critical
importance. Our finding show that a large proportion of suitable habitat has been lost
due to logging, and that this has led to a substantial decline in the functional
connectivity of the capercaillie habitat network over the last 25 years is worrying in this
respect. Even inside protected areas, including both national parks and special
protection areas designed under the EU legislation, logging has been a source of major
capercaillie habitat loss. Safeguarding capercaillie in the Carpathians therefore critically
depends on a rapid and profound shift to capercaillie-friendly forest management
practices in the remaining areas that harbor capercaillie. This should include an
immediate stop of large scale clear-cutting of old-growth forests and a more effective
protection of the remaining larger patches of suitable capercaillie habitats. Likewise, a
shift towards more capercaillie-friendly forestry in areas critical is needed. This could
include selective harvesting methods that result in more open forests or the
afforestation methods that transform logged areas into potential suitable habitat.
Conservationist and forest managers jointly need to size existing opportunities to lessen
the negative impact of large-scale logging on this charismatic umbrella species.

Capercallie habitat selection has so far only been assessed in Western Europe
and Scandinavia, and no study so far assessed a region as large as the Carpathians
(220,400 km?. Existing habitat suitability studies (e.g. Bollmann et al., 2011; Braunisch et

al., 2010; Graf et al., 2005; Pascual-Hortal and Saura, 2008), found suitable capercaillie
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habitat to be determined by similar factors than those observed in our study. For
example, capercaillie habitat suitability at the landscape scale was mainly characterized
by climate conditions (i.e., average annual precipitation ~ 1000 mm, average annual
temperature ~3 °C) directly associated with coniferous or mixed forests, and a ground
vegetation rich on bilberry, a species critical for capercaillie survival (Storch, 2002).
Likewise, habitat suitability increased with an increasing proportion of forest and
capercaillie preferred core and perforated forests compared to small forests islets,
which broadly agrees with the findings of Bolmann et al. (2011) who demonstrated that
patch size was the most important predictor of capercaillie presence. Capercaillie
obviously avoided areas with intensive human pressure (e.g. settlements, roads,
railways, or cropland) in our study, factors which have previously been shown to
negatively affect capercaillie elsewhere (Storch and Leidenberger, 2003; Thiel et al.,,
2011). However, there were also some notable differences, particularly in the apparent
response of capercaillie towards different non-forest land use, with a preference for
low-intensity land use (e.g., grazed mountain meadows) when patches were embedded
in a wider forest landscape, which none of the other landscape scale studies observed.
Mountain grazing might maintain suitable habitat conditions by the creation and
maintenance of forest openings and edge conditions, which are suitable for capercaillie
reproduction (Hancock et al., 2011; Klaus et al., 1989).

A striking finding from our study was the strong avoidance of capercaillie of
roads, with suitability increasing away from roads. Habitat fragmentation by roads is
widely recognized as a major threat to biological diversity (Trombulak and Frissell, 2000)
because roads accelerate habitat degradation via logging, and increased hunting,
poaching, and tourism, all of which negatively affects many species in the Carpathians
(Selva et al.,, 2011), including capercaillie. Maintaining large forested areas without
roads should be a priority of capercaillie conservation. However, hundreds of kilometers
of new forest roads are currently being built in the Carpathians, supported by EU
funding, and even inside protected areas. This will doubtless increase access to formerly
remote old-growth forests, and likely result in new conservation challenges for these
areas.

While our model provides important insights into regional- to landscape scale

habitat selection, performed well, and was based on the most extensive capercaillie
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occurrence dataset ever collected in the Carpathians, a few factors of uncertainty need
mentioning. First, although we tried follow the instruction of Elith et al. (2011) or
Yackulic et al. (2013), selection of some MaxEnt parameters can be still relatively
subjective (Merow at al., 2013). Second, our model did not directly include variables
which would characterize suitability at finer grain, such as canopy closure or the quality
of ground vegetation (e.g. bilberry cover), all of which are main predictors of
capercaillie occurrence at the stand level (Storch, 2002). These variables were not
available for the entire Carpathians, suggesting that our results that the actual suitable
habitat area could be even smaller than what we found, if these variables would be
considered. While our model provides a useful basis for pinpointing potential
capercaillie areas, stand-level conservation planning should therefore be
complemented with habitat assessment in the field (Graf et al., 2005), prior to the
implementation of potential management plans.

Our capercaillie habitat map, the first for the Carpathians, showed that suitable
habitat is highly fragmented. None of the patches or networks of patches we identified
in this study had sufficient habitat to maintain a minimum viable population size, which
has been estimated to require suitable habitat in the order of 250 — 500 km? (Braunisch
and Suchant, 2013; Grimm and Storch, 2000). Long-term persistence of capercaillie is
therefore only possible in the form of metapopulations, similar to other umbrella
species in the Carpathians (Kuemmerle et al., 2010) and would only be possible through
maintaining and increasing landscape-scale habitat connectivity. Our habitat suitability
model clearly shows two distinct capercaillie populations, one in the Waestern
Carpathians and one in the Eastern and Southern Carpathians, spatially isolated from
each for already a long time period, as suggested by a recent study of capercaillie
genetics in the Carpathians (Klinga et al., 2015).

Our findings suggest that logging of old forests has further eroded connectivity
within these larger populations, as capercaillie habitat has shifted progressively to
higher elevations and more isolated areas, and habitat fragmentation increased. For
example, in the Western Carpathians, the connectivity of the core population of
capercaillie decreased significantly due to massive salvage logging after the 2004 storm
event (Fig. 4, inset A). This loss of habitat area and connectivity should be considered a

major threat for capercaillie persistence in this geographically isolated region (Mikolas
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et al.,, 2013; Saniga, 2003). Similalry, on the Romania-Ukraine border (Maramures
region), intensive harvesting, at least in part related to the restitution of forest land as
well as illegal logging, has decreased the connectivity of capercaillie habitat there
throughout our entire study period (1985-2010) (Fig. 4, inset B), and the core
population also became more fragmented. Within the eastern-southern Carpathian
population, the connectivity was naturally low, but not as low as between the western
and eastern populations (Fig. 5). While a recent genetic study indicated that gene flow
between the southern (i.e. Romanian) and eastern (i.e., Ukrainian) populations was not
yet disrupted (Klinga et al. accepted), the erosion of functional connectivity we found is
highly worrisome, especially considering that much habitat there occurs outside
protected areas. The remaining capercaillie habitats in the transition zone between the
Southern and Eastern Carpathians should therefore be strictly protected (e.g., non-
intervention or special habitat maintenance measures), to avoid a sub-division of this
capercaillie population into two isolated populations.

In sum, our results suggest that capercaillie populations in the Carpathians are
increasingly threatened by habitat loss and fragmentation via large-scale logging — as
well as current afforestation measures which are rendering logged areas unsuitable for
capercaillie. Particularly alarming is the rate of loss inside protected areas, suggesting
that the contribution of protected areas to sustain capercaillie populations is lower than
would be possible with more strict and more effective protection (Tab. 1). Many
protected areas in the Carpathians allow logging inside their boundaries. For example,
suitable capercaillie habitats are being harvested in EU-designated special protection
areas (SPA) where capercaillie is a priority species. As a result, capercaillie populations
have already disappeared in some SPA in the Western Carpathians, and populations in
other SPA there will likely follow in the coming decades, because of very low
population’s densities, increasing habitat loss, and growing isolation. Two key problems
contribute in major ways to the patterns we found. First, salvage logging following
natural disturbances (e.g. storms) is mandated by all Carpathian countries, thus
converting potentially highly suitable capercaillie habitat into unsuitable habitat.
Second, corruption and illegal logging are still a problem in some areas in the
Carpathians, where large scale logging takes place without major differentiation

between protected and unprotected areas (Bouriaud, 2005; Knorn et al.,, 2012b;
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Kuemmerle et al., 2009). Clearly, law enforcement to protect natural areas and
threatened species lacks behind in some Eastern European countries compared to
Europe’s West (Schoukens and Bastmeijer, 2014), likely at least in part due to
corruption and political loyalties (Irland, 2008; Irland and Kremenetska, 2009; Kfenova
and Kindlmann, 2015). Other major problems are the insufficient oversight and
enforcement of the EU Directive on the Conservation of Wild Birds, and investments of
EU rural development funds to support building new forest roads into large forested
areas (Kfenova and Kindlmann, 2015), leading to the destruction of natural and old-
growth forest in SPA and national parks (Knorn et al., 2012a, 2012b).

A number of management recommendations arise from our work. Our results
suggest, that landscape perspective and the connectivity is critical for ensuring
capercaillie persistence across fragmented habitats in the Carpathians. The main
conservation goal should be protection of existing suitable habitats and the stepping
stones, which loss might result in genetic isolation (Segelbacher at al., 2003). For this
aim, combination of non-intervention and active management measured is required in
the Carpathians (Bollman et al., 2012). First, logging and building of new forest roads in
all forests actively used by capercaillie should be prohibited in the Carpathians, because
the population is currently very fragmented inhabiting “islands” of suitable habitats and
usually too small and sensitive towards intensive logging (Mikolas et al., 2013; Mikolas
et al.,, 2015; Saniga, 2003). Second, active management can be used on large-scale
clearcuts and in young stands, to foster suitable habitats that were lost due to clearcuts.
The active management should not be used in the actively inhabited habitats, but on its
borders, to enlarge and connect the existing habitats. A step to achieving this would be
to establish capercaillie non-intervention reserves larger than 1,400 ha (Bollmann et al.,
2011), comprising from actively used capercaillie habitats. Within these reserves,
distance between suitable capercaillie habitats should not exceed 5 km and connected
suitable habitats should give together at least of 250 - 500 km? in size for viable
populations (Braunisch and Suchant, 2013; Grimm and Storch, 2000; Storch et al.,,
1997). To achieve high connectivity, smaller “islands” of suitable habitats which work as
stepping stones are critically important (Segelbacher et al., 2003), and these stepping
stones should not be smaller than 50 ha (Bollmann et al., 2011). Active management

measures can be used also in order to create such stepping stones — convert unsuitable
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dense stands into suitable open-canopy forest by intensive thinning of young stands
(Broome et al., 2014; Mac Millan and Marshall, 2004). One of the important problems is
the salvage logging of naturally disturbed forests by wind or beetle. In order to protect
the capercaillie population, salvage logging should be not conducted across larger
areas, because the naturally disturbed forests fulfils important habitat requirements
(Fig. 1, Beudert et al., 2015; Mikolas et al., 2013; Rossner et al., 2014). The proposed
landscape scale conservation strategy will help not only the capercaillie, but also a wide
range of mountain forest-dependent species and overall biodiversity (Pakkala et al,,

2003; Suter et al., 2002).
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Table 1. Environmental variables used in modelling capercaillie habitat suitability in the

Carpathians.

Variable category | Description Unit Data source
Climate Average annual mm WorldClim
precipitation
Average annual °C WorldClim
temperature
Topography Terrain ruggedness index | Calculated from DEM
(0-1) | according to Riley at al.
(1999)
Land cover Distance to cropland m Calculated from land cover
data created in Griffiths et
al. (2013)
Distance to grassland m Calculated from land cover
data created in Griffiths et
al. (2013)
Proportion of forest % of | Griffiths et al. (2014)
area
Morphological spatial 5 Calculated as in Vogt et al.
pattern of forest classes | (2007) from land cover data
created in Griffiths et al.
(2013)
Human Distance to settlements m Calculated from land cover
disturbance data created in Griffiths et
al. (2013)
Distance to roads and m Derived from

railways

OpenStreetMap
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Deforestation and fragmentation of forests worldwide are negatively impacting biodiversity. The caper-
caillie (Tetrao urogallus) is an endangered umbrella species of montane forests in central Europe. Despite
its status, it has largely been overlooked in forest management planning in the Carpathian Mountains, a
biodiversity hotspot within the European Union. Previous investigations of timber management effects
on capercaillie have shown contradictory results within Europe; habitat loss and fragmentation due to
intensive forest management have been implicated in population declines, while other studies have sug-
gested neutral or positive effects. In Romania, recent changes in forest management have shifted from
extensive, selective logging to intensive clearcutting; this change provides the opportunity to assess
the effects of harvesting on capercaillie numbers across a full range of forest management intensities,
thereby addressing discrepancies in the literature. Across the Southern and Eastern Carpathian moun-
tains from 2009-2011, we used spring counts of capercaillie males at leks to evaluate the impact of forest
management, other human activities, and habitat at two spatial scales - stand (~2 ha) and landscape
(~300 ha). At the landscape level, the proportion of forest clearcuts and intensity of tourism had signif-
icant negative effects on the number of capercaillie males in the lek. In contrast, low intensity selective
logging had a positive effect at the local stand (lek) level. Large scale (landscape level) forest clear-cutting
had a negative effect on the capercaillie population - areas comprised of clearcuts of 30% reduced male
lek counts by 76%. The protection of intact mature and old-growth forests, and forest management prac-
tices that emulate natural disturbance processes are recommended to support habitat of this critical
umbrella species and associated biodiversity.
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been devoted to alternative harvest strategies and associated man-
agement to retain forest species within landscapes (e.g. Franklin

1. Introduction

Over the past century, global declines in mature forested area
(Hansen et al., 2013) and biodiversity related to habitat loss, frag-
mentation, and overexploitation are causing increased concern
among natural resource managers and conservationists (Wilcove
et al., 1998). Large-scale clear-cutting of forested landscapes has
driven the vast majority of forest species losses (Lamberson and
McKelvey, 1992; Wallenius et al., 2010) and much attention has
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and Johnson, 2012). In areas such as central Europe that histori-
cally have been heavily forested but now have limited and increas-
ingly fewer areas of old-growth forest cover (Mackey et al., 2014),
identifying management impacts and alternatives is a priority.
Here, we use the capercaillie, Tetrao urogallus, to evaluate the
effects of logging old forests on mating habitat selection. The
capercaille is considered an umbrella species within the region
and an indicator of structurally rich forest conditions (Suter
et al, 2002). Capercaillie populations in central Europe have
declined rapidly in recent decades (Storch, 2007a). Identifying



M. Mikolds et al. / Forest Ecology and Management 354 (2015) 26-34 27

forestry practices that may aid in maintaining viable population
levels of this species within forested landscapes are vital to ensure
their persistence in the landscape alongside many other species
commonly represented in these habitat types.

Capercaillie inhabits forests of Eurasia, and they are associated
with extensive natural, old-growth or young open canopy forests,
characterized by high levels of structural heterogeneity, particu-
larly, multistoried tree layers and abundant cover of ericaceous
understory shrubs (Bollmann et al., 2005; Klaus et al., 1989;
Storch, 2002; Suter et al., 2002). Because capercaillie is strongly
associated with open canopy forest and has a relatively large home
range, it is considered an indicator species for high biodiversity and
protection of its habitat will benefit other old-growth forest spe-
cies as well (Pakkala et al., 2003; Suter et al., 2002).

Lek sites, where males display in spring, are particularly vulner-
able to disturbance by humans and may be readily abandoned, as is
common with many species of grouse with this mating system (e.g.
Hess and Beck, 2012; Klaus et al., 1989). Anthropogenic activities,
especially the intensification of forest management, have resulted
in the significant loss and fragmentation of suitable capercaillie
habitat in many parts of western and central Europe (Storch,
2007a). In many European countries, capercaillie populations are
now artificially maintained using release projects, specialized habi-
tat management measures, or predation control (Klaus, 1997;
Marshall and Edwards-Jones, 1998; Siano and Klaus, 2013;
Storch, 2000). Capercaillie is a red-listed species in Annex 1 of the
EU Birds Directive in most European countries, and it is a specific
designated feature of many of the Natura 2000 sites (Storch,
2007a).

One of the remaining strongholds of capercaillie populations in
central Europe is the Carpathian Mountains that stretch from the
Czech Republic east to Ukraine and extend to southern Romania.
The Carpathian Mountains possess one of the largest areas of
old-growth and natural forests in Europe with thriving populations
of brown bears (Ursus arctos), lynx (Lynx lynx), grey wolves (Canis
lupus), european bison (Bison bonasus) (Veen et al., 2010), and, his-
torically, a stable and self-sustainig capercaillie population.
Historic land uses, such as grazing and selective logging, main-
tained habitat conditions suitable for capercaillie (Hancock et al.,
2011; Klaus et al,, 1989). However, management practices have
changed in the last few decades, with more large scale clearcuts
and associated landscape fragmentation taking place, mainly due
to new post-communist forest restitution laws (privatization of
forest lands) and increasing accessibility by new forest roads
(Knorn et al., 2012a,b).

Habitat loss and fragmentation related to logging activities have
been shown to negatively impact the reproductive success of
capercaillie in boreal forests (Lakka and Kouki, 2009). Similarly,
in western and central Europe, a decline of capercaillie populations
also has been linked to habitat loss through fragmentation and log-
ging (Storch, 2007a). In contrast, recent evidence from boreal for-
ests indicates that the capercaillie is relatively tolerant to
changes in forest management regimes and populations will per-
sist in the long term, even in landscapes with large-scale clearcut-
ting (Miettinen, 2009; Wegge and Rolstad, 2011). However,
capercaillie distribution in boreal forests is continuous and not as
fragmented as in other areas of Europe (Storch, 2007a), and boreal
forest regeneration patterns and dynamics is different compared to
temperate regions of Europe.

Given clear declines of capercaillie associated with intensifica-
tion of forest management over the last two decades, the main
objective of this study was to identify the most important predic-
tors influencing capercaillie male numbers in the leks in the
Southern and Eastern Carpathians. We focused on stand and land-
scape features surrounding lek centres where mating occurs
because they are critically important for sustaining local
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populations (Miettinen et al,, 2005; Picozzi et al., 1992; Saniga,
2003). Specifically, we were interested in how human land use,
intensity of forest management, habitat fragmentation, and loss
of suitable habitat affect capercaillie abundance at the display
grounds. Outcomes from this study highlight threats to capercaillie
and identify forest management practices compatible with conser-
vation goals.

2. Methods
2.1. Study area

Across the Southern and Eastern Carpathians within Romanaia,
we sampled forests of 11 separate mountains. The potential size of
suitable habitats (mountain forests with elevation >1000 m above
sea level) was estimated on 190,113 ha; total area of all studied lek
centres (1 km radius around the lek centres) was 6594 ha. The cli-
mate of Romania ranges from temperate to continental, and cold
winters and high precipitation are typical for mountainous areas.
The mean winter temperature is —5.2 °C with mean winter precip-
itation of 355 mm, while mean summer temperature is 13.9 °C and
summer precipitation of 1095 mm in the study area (Toader and
Dumitr, 2005).

2.2. Capercaillie population in the study area

Based on hunting surveys across Romania, the total population
of Capercaillie was estimated to be ~10,000 birds as of 2007
(Storch, 2007b). During our the study period, hunting of capercail-
lie was legal in Romania; however, since 2012, hunting of caper-
caillie has been prohibited, although ongoing illegal hunting may
still have serious effects on capercaillie populations in some
regions. The lek centres studied were located at altitudes ranging
from 1320 to 1722 m above sea level. The prevalent vegetation
type was Norway spruce (Picea abies (L.) Karst.) forest (86%), mixed
European larch (Larix decidua Mill.)-Norway spruce forest (9.5%),
and mixed Norway spruce-Silver fir (Abies alba Mill.)-European
beech forest (Fagus sylvatica L.) (4.5%).

2.3. History of forest management in the study area

The capercaillie habitats in the Carpathians are mostly high ele-
vation natural forests with old-growth characteristics, such as
large amounts of dead wood, elevated root plates, and
multi-cohort open canopy stands (see the Appendix). Only 9% of
the lek centres occurred in areas of naturally regenerated open
canopy stands (~60 years old) resulting from abandonment of
grazing of montane pastures. In the past, all stands were difficult
to access and forest management was predominantly selective
single-tree or group logging made by the shepherds who used
the surrounding mountain pastures during the summer (Huband
et al., 2010). Forest management practices changed considerably
in the studied area after the collapse of communism in 1989.
New forest roads were built into formerly inaccessible areas and
large areas of state forest were restituted to prior owners resulting
in increased forest harvesting at large spatial scales (Griffiths et al.,
2014; Knorn et al., 2012a,b). In addition, some forested areas were
officially categorized as pastures, thus enabling owners to make
large clearcuts without any control, and illegal logging has
occurred during the post-communist era. Extensive clearcutting
forestry has also occurred in protected areas, such as national
parks. Based on remote sensing data (Landsat imagery; Table 1,
Griffiths et al., 2014), in our study plots the mean percentage of
clearcuts after 1990s in protected areas is higher (24.6%), com-
pared to unprotected areas (16.4%). Based on the forest ownership
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Table 1

Forest extent and losses in each study plot (N = 21, plot size = 314 ha) with mean values (italicized) representing subregions of the Southern and Eastern Carpathians in Romania
2009-2011. For every study plot the maximum number of capercaillie males lekking in the display ground (centre of the study plot) and maximum number of females recorded
during the spring season are reported. The top portion of the table shows the values in study sites with no protection regulations while the bottom portion shows the protected

study sites.
1985-1990 1990-2010 1990-2010 1990-2010 Conservation status Male numbers Female numbers
Clearcut (ha) Forest (ha) Clearcut (ha) Forest (ha) Clearcut (%) Average forest loss
0 3141 12.96 301.14 —-4.1 16.40% No protected 7 <
0 239.85 6.3 234.54 -1.7 4 2
0 240.57 33.21 207.36 -10.6 2 2
3.06 304.65 178.47 129.24 —55.8 2 0
0 135.09 9.27 125.82 3 3 1
0 283.32 45.81 23823 —-14.4 1 2
1.89 267.93 6.48 263.34 -15 3 3
1.26 291.42 108.18 184.5 34 1 1
495 253.62 75.51 183.06 -22.5 1 1
1.24 25895 5291 207.47 ~164
21.78 165.69 19.62 167.85 0.7 21.14% Protected 3 1
0 303.03 135.72 167.31 -43.2 4 2
9 237.42 3.6 242.82 1.7 1 1
1.44 281.34 123.57 159.21 -389 3 1
0 266.85 22581 41.85 -71.6 1 1
0 212.22 119.97 92.61 -38.1 1 2
8.19 224.19 77.04 155.34 -21.9 2 1
0 277.65 5.67 272.88 -1.5 2 1
61.47 200.34 3.06 258.75 18.6 2 3
7.02 130.23 51.39 85.86 -14.1 2 1
17.01 297.36 132.48 181.89 36.8 6 8
1.08 258.03 27.99 231.12 -8.6 9 4
10.58 237.86 77.16 171.46 21.14

data (Abrudan, 2012) in our study plots, 43% were private and 57%
owned by state. For the whole of Romania (as of early 2013), over
4.4 million hectares of state, public, and private forest lands were
administered by state and experimental forest districts, with a fur-
ther 1.7 million hectares of forest land administered by private for-
est districts (Marinchescu et al., 2014). It is evident that changes in
ownership have resulted in changes in forest management and
structure across multiple scales (Griffiths et al., 2014; Knorn
et al, 2012a,b)

2.4. Data sampling

2.4.1. Study design

Clearcutting has been widely documented to lead to local extir-
pation of capercaillie (Storch, 2007b). Our objective was not to doc-
ument population declines, but rather to identify forest practices
that would permit persistence of capercaillie. Therefore, we sam-
pled forest conditions representing a range of no harvest to partial
harvest within the known range of capercaillie. Using capercaillie
distribution and density maps provided by the Forest Research
and Management Institute of Romania (ICAS), localities with the
highest capercaillie densities across 11 mountain ranges were
intensively surveyd in a 1 km radius area (314 ha), which was con-
sidered to be the average territorial area used by capercaillie males
during the lekking period (Storch, 1995). We identified 21 lek cen-
tres in Fagdras (n = 4), Rodnei (n = 4), Harghita (n = 3), Maramures

(n=3) Piatra Craiului (n=1), Bucegi (n=1), Diham (n = 1), Prisciu
(n=1), Hasmas (n=1), Calimani (n=1), and Piatra Mare (n=1)
(Fig. 1.).

2.4.2. Data collection

Capercaillie males gather in lek centres to display and compete
for females; within display grounds, males establish display terri-
tories spaced ~50 m apart. Counting of males at lek centres is a
widely used technique across many species of grouse to monitor
population trends (Miettinen et al., 2005; Picozzi et al., 1992;
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Saniga, 2003). During the daytime period, they remain within a
radius of approximately 1km of the lek centre (Storch, 1995).
Plot locations, defined by lek centres, were determined by the posi-
tion of the alpha capercaillie male; GPS coordinates recorded after
birds finished displaying during each visit. These lek centres are
usually located in the same sites annually and may be used for sev-
eral decades (Klaus et al., 1989). Lek surveys were conducted from
March to May during 2009-2011 with two visits per season; the
maximum counts were used in the analyses. Surveys were per-
formed from 03:00 to 09:00, and all observed or heard capercaillie
males were recorded. During the day we returned to look for signs
and display stances, which helped to clarify the capercaillie male
numbers in the leks.

2.4.3. Environmental data and scale consideration

To understand drivers of capercaillie abundance we collected
data on three principal types of data: habitat, forest management,
and human activity, excluding forest management activities
(Table A1). Data were restricted to stand scale and landscape scale;
stand scale measurements were defined as an 80 m radius circular
plot (2.1 ha), and landscape scale as a 1 km radius area (314 ha) to
evaluate broader scales impacts, such as forest management and
intensity of tourism. Landscape scale considerations were also
defined by distance based variables for habitat or human activity
variables (e.g. distance to the closest building, water spring, etc.).

2.4.4. Habitat measurements

Habitat characteristics were measured in the lek centres during
the summer months. We used an extensive list of site characteris-
tics to evaluate possible lek centre preferences in the
under-researched part of the species distribution in Southern and
Eastern Carpathians. The variables recorded included topography,
surface type, main canopy characteristics, understorey, ground
vegetation, dead wood, soil, habitat use by large herbivores, human
land use, type of forest management, and the landscape; for a com-
plete listing, see Table Al.
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Fig. 1. Locations of the studied lek centres.

2.4.5. Forest management

Forest management activities were evaluated at the stand and
landscape levels. At the stand scale, selective logging intensity
was measured based on percent canopy removal and presence of
forest roads within 80 m plot radius (2.1 ha). At the landscape
scale, clearcut estimates were based on the proportion of the
1 km radius (314 ha) plot area that was clearcut within the previ-
ous five years (since 2005) and larger than one ha. A detailed list of
variables and an explanation of variable scales are provided in
Table A1 and Table 2, respectively.

2.4.6. Impact of (non-logging) human activity

To evaluate human land use intensity, activities were defined
based on maps and direct enquiries of local and regional experts
(administrators of national and natural parks, forestry administra-
tors, and local shepherds), similar to Rosner et al. (2013). Every
activity was classified on a scale from 0 to 5 to define intensity,
with ‘0’ being the least intensive and ‘5’ being the most intensive
(Table 2). The tourist activity was evaluated for the peak tourist
period that included weekends during the winter/spring period;
it was based on the number of tourists who visited the 314 ha plot.

Table 2
Detailed description of the scales of measured variables.
0 1 2 3 4 5
Intensity of tourism (314 ha  No tourism <10 person/day 10-50 people/day 50-100 people/day ~ 100-150 people/day >150
plot) people/day
Selective logging intensity Non- Presence of a forest road,  Cuttings in the lek Cuttings 1-15% Cuttings 15-30% Cuttings >30%
(2.1 ha plot) managed no cuttings in the lek centre <1%
forest centre
Intensity of grazing (314 ha No grazing  Grazing of <15 standard Grazing of 15-150 Grazing <15 Grazing of 15-150 More than
plot) livestock units irregularly  livestock units livestock units livestock units regularly 150 livestock
irregularly regularly units
Intensity of hunting (314ha  No hunting  Legal hunting of 1 Legal hunting of 1 Legal hunting of 1 Legal hunting of more Illegal hunting
plot) capercaillie per 15 years capercaillie per capercaillie per than 1 capercaillie per
10 years 5 years 5 years
Spatial distribution of Homogenic  Obscure clusters Small clear clusters Large clear clusters  Small orientated clusters Large
vegetation clustering (ID)  matrix orientated
(2.1 ha plot) clusters
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The number of tourists was based on information from
administrators of national and natural parks and tourist centre
administrators (e.g. ski-lift companies, mountain cottages owners).
Distance-based variables, such as distance to the closest buildings,
and distance to closest road, were also used to evaluate human
activity and presence.

2.5. Statistical analyses

Because a large numbers of explanatory variables were mea-
sured for a relatively small sample size (n=21), the number of
explanatory variables was reduced prior to analyses to avoid prob-
lems with collinearity (Dormann et al., 2013). Principal component
analysis (PCA) on correlation matrices of landscape characteristics
(12 variables), the cover of individual species in the tree layer (7
variables), the shrub layer (11 variables), and the herb layer (27
variables) was used to reduce the dimensionality. The broken stick
model was used to identify the number of non-trivial principal
components (Jackson, 1993). This selection process resulted in
one principal component (PC) for the landscape characteristics,
two PCs for the tree layer, two PCs for the shrub layer, and four
PCs for the herb layer (see Table A2).

The relationships between capercaillie numbers and environ-
mental characteristics were analysed using generalized linear
models (GLM; McCullagh and Nelder, 1989). In addition to the
latent variables described above, the remaining variables (see
Tables A1 and A2) were then combined to form a list of candidate
predictors. An exhaustive best-subset regression procedure was
employed in search of the most parsimonious model (McLeod
and Xu, 2009). Poisson distribution and logarithmic link-function
were used within GLMs to relate numbers of males in the lek cen-
tres with the predictors. The Bayesian information criterion (BIC)
was used for model selection. Due to the limiting number of
degrees of freedom, only those models with a maximum of 5
explanatory variables were considered in the analyses.
Parameters of the final model were tested using likelihood ratio
tests (Crawley, 2007), and the model fit was assessed using
McFadden’s (pseudo) determination coefficient (McFadden,
1973). Standardized regression coefficients were calculated to
facilitate direct comparisons across significant predictors, regard-
less of differences in the scale of the predictors. The relative impor-
tance of explanatory variables on capercaillie abundance was
assessed by variation partitioning (Borcard et al., 1992). The
deviance explained by each variable was expressed as a percentage
of the total variation, represented by the deviance of a null model.
Partial regression plots and effect plots were constructed to depict
partial relationships in the final model (Fox, 2001). Partial regres-
sion plots allowed us to visualize the effect of each predictor after
adjusting for all the other predictors in the final model. Effect plots
display fit for each partial relationship while the other predictors
are fixed at mean values. All analyses were performed in R (R
Development Core Team 2010) using the bestglm (McLeod and
Xu, 2011) and vegan (Oksanen et al., 2011) packages.

3. Results

Active capercaillie leks were not found within recent clearcuts
and they were not detected where clearcutting exceeded 62% of
the surrounding landscape (314 ha) (Fig. A1). Almost all lek centres
were situated in forests with old-growth characteristics and lim-
ited anthropogenic influence (see Table Al). Only two lek centres
were situated in younger forests, but these were in fact abandoned
pastures and not clearcut areas. The average forest cover in the
314 ha plot was 187 ha (60%), with a range between 79 ha (25%)
and 301 ha (96%); the remaining areas were covered by mountain

139

pastures or clearcuts. The average number of capercaillie males
counted in the lek centres was 2.9 (SD=2.15), and the average
number of females was 2 (SD = 1.8) (see Table 1.)

The best model to explain the number of male capercaillie at lek
centres contained three variables: the proportion of clearcuts at
the landscape scale and intensity of tourism negatively influenced
male capercaillie numbers, but selective logging intensity at the
stand scale had a positive effect (Table 3). The overall model signif-
icantly explained 62.8% of the deviance (1(23) =17.27,p<0.001), and
partial regression plots indicated the model provided a reasonable fit
to the data (Fig. 2a-c). Based on standardized regression coefficients,
the effect size of landscape scale clearcuts was largest. Variation par-
titioning indicated that >37% of the deviance in male numbers could
be explained by the proportion of clearcuts; holding the effect of
other variables constant, clearcuts of 30% reduced male lek counts
by more than four times (Fig. 2d). The deviance attributable to tour-
ism and selective logging intensity amounted to 31% and 20%,
respectively. Differences between no (0) and intensive (5) tourism
and selective logging indicated a 4.4-fold decrease and a 3.7-fold
increase in male lek counts, respectively, when other factors were
held constant (Fig. 2e-f).

4. Discussion

Of all the studied variables, three anthropogenic factors had the
highest influence on capercaillie numbers: the proportion of clear-
cuts, intensity of tourism, and selective logging. Romania has expe-
rienced massive socio-economic and institutional change over the
past 25 years (Knorn et al., 2012a,b) that has impacted ownership
and human land use, such as forestry and tourism. Negative effects
of emerging land use (increased forest exploitation and tourism)
were evident, while historic forest practices were positively related
to capercaillie numbers. The average capercaillie male numbers per
lek were similar to numbers detected in other regions, where long
term declining population trends were detected (e.g. Zawadzki and
Zawadzka, 2012; Saniga, 2012).

4.1. Capercaillie and forest harvesting

The effects of forest harvesting on capercaillies depend on the
intensity and extent of harvesting practices (Klaus, 1991). The
selective logging intensity in the lek centres had a positive effect
on capercaillie male numbers. In dense managed stands, selective
logging reduces canopy cover in a manner similar to small-scale
natural disturbance processes, which makes the forest canopy
more open and increases structural heterogeneity of the stand
(Broome et al, 2014; MacMillan and Marshall, 2004).
Multistoried tree layers with gaps and abundant cover of erica-
ceous understory shrubs may improve summer forage and cover
from predators for capercaillies. Although our results did not show
a significant relationship between number of capercaillie males
and bilberry cover, the capercaillie habitats typically contained
extensive patches of bilberry; based on other studies, we do know

Table 3

Parameters of the final GLM model showing relationships between the number of
capercaillie males in the lek centres and the proportion of clearcuts, intensity of
tourism, and intensity of forest management. Standardized regression coefficients (),
regression coefficients (b), standard errors (se), test statistics () and probabilities (p)
are displayed.

Parameter f b Se % p
Intercept 2.036 0.187 44.54 <0.001
Proportion of clearcuts -0.41 —0.048  0.009 14.32 <0.001

Intensity of tourism -0.22 -0.296  0.071 9.86 0.002
Selective logging intensity 0.24 0262  0.083 5.35 0.021
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Fig. 2. Partial regression plots (a, b, ¢) and effect plots (d, e, f) demonstrating the multivariate relationship between number of males in the lek centres and the proportion of
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that bilberry is an important habitat component (eg. Wegge and
Rolstad, 2011; Hancock et al., 2011; Storch, 2002, 1993).

At the landscape scale, the proportion of clearcuts surrounding
the lek centres had an exponential negative effect on capercaillie
numbers (Fig. 2d), as suitable habitats are lost and fragmented
by clearcuts. The relationship between habitat fragmentation and
extinction has been demonstrated to be highly non-linear
(Fahrig, 2003), thus, the presence of clearcuts also has broader
implications to population and metapopulation dynamics through-
out the region.

Our results are in contrast with the findings of studies con-
ducted in the boreal zone (Miettinen, 2009; Wegge and Rolstad,
2011); they observed that capercaillie were tolerant to clearcutting
across the landscape because capercaillie were also able to use
open canopy middle-aged plantations (>30 years old) with bilberry
ground cover. The findings of these studies cannot necessarily be
applied to central Europe or the Southern and Eastern
Carpathians, which are all outside the boreal zone. Capercaillie dis-
tribution in central Europe is very fragmented compared to the
boreal zone; capercaillie persist here in patchy populations embed-
ded in a mountainous landscape (Storch, 2007a). In fragmented
conditions of central Europe it is very difficult to maintain viable
capercaillie populations, which require ca. 250 km? and an esti-
mated 470 interacting capercaillie individuals (Grimm and
Storch, 2000). Inter-patch dispersal is very important for the per-
sistence of capercaillie, thus, high habitat connectivity is important
for metapopulation dynamics. In the Carpathians, suitable caper-
caillie habitats are a mere small 'habitat band’ of coniferous dom-
inated forest situated between mountaintops and the deciduous
forests of lower altitudes. In case of intensive clearcutting, alterna-
tive forest nearby which represents suitable capercaillie habitat is
thereby naturally limited. When stepping stones are lost and habi-
tat connectivity is disrupted by clearcuts on large spatial scales, as
in this study, migration of individuals between populations could
be severely limited and population persistence may be threatened
because small isolated populations are unlikely to survive
(Segelbacher et al., 2003). These factors has lead to extinction debt
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in other small and isolated metapopulations (Pullin, 2002). In addi-
tion, the typical management practices in central Europe do not
enable creation of open canopy forest structure suitable as caper-
caillie habitat (Bollmann et al., 2005). Plantation establishment
after clearcutting is mandatory in central Europe; the result is very
dense forest canopies with very little ground vegetation, particu-
larly critical bilberry cover (Vaccinium myrtillus L.), which provides
food for adults, invertebrates for chicks, and hiding and thermal
cover (Hancock et al., 2011; Storch, 1993).

The negative landscape level effect of large clearcuts on caper-
caillie numbers was significant and outweighed the positive effects
of selective logging intensity. These clearcuts cover large areas and
might almost completely remove the narrow spruce forest vegeta-
tion belt in some areas. Unlike smaller clearcut patch harvesting
that creates fine grain forest fragmentation that may be suitable
for capercaillie in the boreal forests (Sirkid et al., 2011), large clear-
cuts cause long-term loss of habitat with no alternative options of
suitable habitats in the surrounding forests where the birds could
migrate. Increased harvesting using clearcuts practices are largely
related to restitution laws implemented after the collapse of com-
munism in 1989; forest harvesting increased sharply in two waves
around 1995 and 2005 (Knorn et al., 2012a). Clearcuts recorded in
our study (younger than 5 years) in the capercaillie habitats coin-
cide with the second wave of harvesting after 2005. The area of
suitable habitats is declining and becoming more fragmented as
a result of large-scale clearcuts in the Carpathians, with little dif-
ferentiation in forest management practices between protected
or non protected areas (Knorn et al., 2012a).

4.2. Capercaillie and tourism

The negative effect of intensive tourism (e.g. ski resorts) on
capercaillie and other bird populations has been reported in many
regions (e.g. Moss et al., 2014; Rosner et al.,, 2013; Thiel et al,,
2011). Human disturbance may influence metapopulation dynam-
ics and contribute to genetic impoverishment in small populations
(Moss et al., 2014). For example, collisions with ski-lift cables may



32 M. Mikolds et al./ Forest Ecology and Management 354 (2015) 26-34

increase capercaillie mortality. Intensive tourism can negatively
influence brood success because it increases levels of the stress
hormone corticosterone, which influences reproduction and sur-
vival (Thiel et al., 2011). Also, areas frequented by people have
increased carrying capacity for a family of avian predators - the
Corvidae; ravens, crows and jays favour human inhabited areas
(Storch and Leidenberger, 2003). Recent increased use of snowmo-
biles and off-road vehicles concentrated near tourist recreation
areas may have the most negative effects, as they may cause seri-
ous yearlong disturbances to the capercaillie in many regions. To
offset the effects of tourism on capercaillie populations, sufficiently
large habitat patches that provide good hiding cover and buffers
from touristic areas and roads should be established and main-
tained (Newsome and Moore, 2012). Increased use of selective har-
vesting can help to achieve this. Further, by planting dense
vegetation bordering frequented tourist paths, the probability of
people leaving marked trails and disturbing capercaillies would
be reduced (Coppes and Braunisch, 2013).

4.3. 0ld growth forests as refuge

Old-growth forests are the primary habitats for capercaillies
(Klaus et al., 1989) and it was shown already for the Carpathians
as the main capercaillie habitat type (Saniga, 2003). The habitat
characteristics of most of the studied lek centres were typical of
old-growth forests — large amounts of dead wood, elevated root
plates, multi-cohort open canopy stands, etc. (Table A1). The struc-
ture of these forests is a result of natural disturbance regimes char-
acterized by windthrows and bark beetle outbreaks, which are
usually infrequent, moderate- to high-severity disturbances that
influence forest structure across all spatial scales - tree, stand,
and landscape (Svoboda et al., 2014; Trotsiuk et al., 2014). These
disturbances create canopy gaps and forest edges of different sizes
(Fraver and White, 2005), which provides suitable habitats for
capercaillie. These types of stands are currently just a small frac-
tion of the landscape in central Europe (Wesolowski, 2005), thus,
they play a key role for the preservation of capercaillie populations
and many other species in the Carpathians. There has been a clear
trend in the large-scale destruction of mountain spruce forests,
including old-growth and natural forests across the whole
Carpathian region over the past few decades (Griffiths et al.,
2014; Knorn et al., 2012a,b; Kuemmerle et al., 2009, 2007), and
the natural mountain forest community is endangered. The
long-term survival of the species is therefore reliant on the viabil-
ity of core areas to serve as refuges.

5. Conclusions and implications for forest management

Our study indicates that extensive human land use, such as low
intensity selection harvesting, can have positive effects on caper-
caillie, but large-scale clearcutting and intensive tourism can also
have very negative effects. Measures to conserve the umbrella spe-
cies capercaillie will benefit a wide range of other forest species
and better preserve a wide range of ecosystem functions and ser-
vices (Balvanera et al., 2006; Suter et al., 2002). Our results indicate
that even protected areas do not ensure the protection of threat-
ened species and their habitats in the Carpathian region
(Table 1). This can only be changed if the priority in protected areas
is the conservation of biodiversity and prioritization of
non-extractive ecosystem services rather than timber production
as in typical commercial forests.

Conservation and forest management goals should be based on
a multi-scale approach. Commercial forest management in rele-
vant areas should be modified to emulate natural disturbance pro-
cesses across multiple scales. With single-tree selection, group
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selection, conversion of spruce to mixed species, increasing large
snag densities, and creating a multi-layered canopy at the stand
level, foresters can accelerate the development of suitable natural
forest habitats (Franklin et al, 2002). Sufficient areas (cca
250 km?) of quality habitat are necessary foundations for viable
capercaillie populations (Grimm and Storch, 2000), thus, manage-
ment planning for viable populations should be in accordance with
broader relationships at the landscape scale to ensure a
sufficiently-sized mosaic of suitable habitats and connectivity
between habitat patches (Graf et al., 2009; Segelbacher et al.,
2003). To ensure the long-term survival of capercaillie populations
in the Carpathians, it is necessary to conduct further assessments
of the suitability of existing capercaillie habitats (e.g. create a habi-
tat suitability model) and identify the optimal extent of suitable
habitat and its connectivity (Braunisch and Suchant, 2008). The
habitat suitability model should be adapted regionally, because
species - habitat relationships may differ between regions, due
to different site conditions, vegetation types, and successional pro-
cesses (Graf et al., 2005), as exemplified by differences in capercail-
lie habitat use in Norway and central Europe. Management at the
landscape scale should include the protection of old-growth for-
ests, the restriction of fragmentation and large-scale deforestation,
to ensure a more ecologically sustainable forestry model in central
Europe.
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Abstract

Various evaluation approaches have been used to assess performance of species
distribution models. Partitioning the original data of species occurrences to develop
evaluation datasets is currently the most widespread approach. Unfortunately, such
test data is not temporally independent. Some recent studies, however, have claimed
that this approach provides overly optimistic model assessments compared to the

generally recommended independent evaluation, wherein species occurrence data, for
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example, comes from different years or field surveys. To verify these claims, we used
presence—absence data for 24 wintering waterbird species which was gathered in the
Czech Republic during mid-January as part of the worldwide International Waterbird
Census. To ensure the robustness of our analysis, we tested differences between
temporally dependent and independent evaluation using six common modelling
techniques (two regression-based, three machine-learning, and one consensus) by
means of four evaluation metrics (true skill statistic, kappa statistic, overall accuracy,
and area under the receiver operating characteristic curve). Surprisingly, we found that
performance of these two evaluation approaches varied substantially among all
modelling techniques and evaluation metrics used. Our results indicate that
overestimation of a model’s performance may be strongly affected by the selected
technique and evaluation metric. Therefore, assessment of species distribution models
needs to be carefully evaluated using several modelling techniques as well as accuracy
metrics and should consider the effect of their selection on model performances. If
there are no appropriate temporally independent data, evaluation using unbiased data
coming from an adequate and correctly divided original dataset may also be used to

create effective model selection tools.

Introduction

Species distribution modelling (SDM) is a tool widely used in studies of ecology,
biogeography and conservation biology. It combines species occurrences and
environmental data to predict species’ distribution in space and time (Elith and
Leathwick 2009). Over the past decade, an increasing number of studies have dealt with
certain methodological problems of SDM (e.g. incorporating new statistical techniques,
selecting variables, removing spatial autocorrelation), but several important limitations
still remain (e.g. Araudjo and Guisan 2006, Zimmermann et al. 2010). Authors of SDM
studies frequently mention the need to evaluate the accuracy of models using

temporally or spatially independent datasets and to understand the differences
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between the results thus obtained compared to those from using dependent datasets
(Araujo and Guisan 2006, Roberts and Hamann 2012, Eskildsen et al. 2013).

Nevertheless, most authors of SDM studies have evaluated their models’
performance using dependent datasets (Araujo et al. 2005, Peterson et al. 2011). That is
the case mostly because collection of independent data can be time-consuming and
costly (Newbold et al. 2010). Evaluation datasets are usually obtained by partitioning
the original dataset using, for example, k-fold cross-validation, randomization or
bootstrapping (Fielding and Bell 1997). These datasets are not fully independent either
temporally or spatially (Peterson et al. 2011), however, and are more suitable for model
verification (ability to fit the training data) than for the authors’” mostly preferred
evaluation (ability to predict events with independent test data; Araujo and Guisan
2006). Furthermore, using different data derived from the same original dataset to
calibrate (train) and evaluate (test) SDM models may produce an overly optimistic
predictive performance (Araudjo et al. 2005, Roberts and Hamann 2012, Eskildsen et al.
2013) due to a presence of temporal, spatial, environmental or taxonomical biases in
the original dataset as a whole (Newbold 2010). Overfitting occurs when a model fits
the training data too closely (in environmental space) and therefore fails to predict
independent evaluation data accurately. This may impact substantially on the credibility
of such SDM results and their applicability in environmental practice (Araujo and Guisan
2006, Franklin 2010).

Several examples of independent evaluation of species distribution models can be
found in recent literature. The independent evaluation datasets were developed from
occurrence records collected in the past (Roberts and Haman 2012, Smith et al. 2013)
or from the next survey period (Araujo et al. 2005, Eskildsen et al. 2013, Ko et al. 2013).
Furthermore, such data can come from different regions (Aradjo et al. 2005, Segurado
et al. 2006), spatial resolutions (Araujo et al. 2005, McPherson et al. 2006), or types of
field survey method (Elith et al. 2006, Newbold et al. 2010). To date, only a few studies
have investigated how a temporally independent evaluation may influence the
assessment of a model’s performance or, alternatively, made a comparison of different
evaluation approaches. Even these studies deal with the issue only in the context of
climate change (Araujo et al. 2005, Crimmins et al. 2013), hindcasting (Roberts and

Haman 2012) or presence-only data (Ko et al. 2013). Still lacking are investigations as to
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how independence of data influences species’ current geographic distribution,
modelled using commonly more suitable presence—absence data.

In this study, we took advantage of the great potential offered by presence—absence
data from the International Waterbird Census (IWC) for predicting the distribution of 24
bird species in central Europe. The main objectives were to examine if and how the
selection of a temporally dependent versus independent evaluation may influence the
assessment of a model’s performance. To ensure the robustness of our analysis, we
explored these questions using six common modelling techniques via four evaluation

metrics.

Materials and methods

Species and environmental data

To explore the differences between dependent and independent evaluation
datasets, we used waterbird species data collected in the Czech Republic (a central
European country) as part of the worldwide IWC. This volunteers-based census is
carried out every year in mid-lanuary, which is generally the coldest period of winter
and when wintering species congregate conspicuously (Ridgill and Fox 1990, Dalby et al.
2013). IWC is one of the longest running and most extensive harmonized biodiversity
monitoring programmes in the world (Gillissen et al. 2002). It also encompasses one of
the most comprehensive biological datasets available (Maclean et al. 2008). In this
annual survey, volunteers count waterbirds at predetermined dates and sites (in the
Czech Republic since 1966).

One of the most important principles in the IWC methodology is standardization,
such that the same sites are covered in the same manner each winter, thereby
maximizing the validity when comparing counts from site to site and year to year
(Gillissen et al. 2002). For the purposes of this study, we selected presence—absence
data from two different time periods: 2004—2008 and 2009-2013. To minimize spatial
autocorrelation and pseudoreplication, we used a minimum distance of 1 km between

count sites. Overall, 24 bird species ecologically dependent upon wetlands (Wetlands
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International 2012) were selected. These include grebes, Great Cormorant, herons,
Mute Swan, Greylag Goose, ducks, rallids, gulls, White-tailed Eagle, Common Kingfisher,
White-throated Dipper and gull species (see, e.g., Musil et al. 2011, Musilova et al.
2014). The three gull species Larus argentatus, L. cachinnans and L. michahellis were
termed ‘large gulls’ due to problems with identification in the field (Rose 1995, Musil et
al. 2011). The complete list of those species used can be found in Supplementary
material Appendix 1, Table 1.

Our set of predictors included variables of climate, topography and habitat with a
grid resolution of 100 x 100 m. Winter climate was represented using climate variables
from the WorldClim project database (Hijmans et al. 2005), as commonly used in SDM.
These data were rescaled from 30 arc seconds (~1 km?) resolution. To account for
topographic conditions in the study area, we used altitude and slope as predictors
derived from the NASA Shuttle Radar Topography Mission (SRTM) and available from
USGS Global Data Explorer (http://gdex.cr.usgs.gov). Five habitat variables were derived
from the national Corine Land Cover database (EEA 2007) as proportions of each land
cover type (level 1) within a 5 km radius around each pixel. These predictors included
urban areas, agricultural areas, forest and semi-natural areas, wetlands, and surface
and running waters. Based on a cross-correlation matrix, we removed highly-correlated
variables (R >0.6; Montoya et al. 2009) and retained only those ecologically most
relevant for the selected species (Moudry and Simova 2013). In the end, we retained
just five variables for the study: mean temperature (°C) and precipitation (mm) in June,
altitude (metres above sea level), and proportions (%) of artificial surfaces and water
bodies in each study area. The data were analysed and prepared in ArcGIS 10.2 (ESRI
Inc. USA).

Modelling species distributions

Due to the specificity of data and modelling circumstances, the use of various
modelling techniques can produce very different results (Thuiller et al. 2009, Franklin
2010). We therefore selected a representative set of techniques which are widely used
in SDM studies and require presence—absence records of species occurrence. We
included two regression techniques: the generalized linear model (GLM; McCullagh and

Nelder 1989) and the generalized additive model (GAM; Hastie and Tibshirani 1990);
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three machine-learning techniques: generalized boosted models (GBM; Friedman
2001), random forest (RF; Breiman 2001), and artificial neural network (ANN; Lek and
Guegan 1999); as well as the consensus (sometimes called ensemble) method (CONS;
Araujo and New 2007). All techniques were implemented using the BIOMOD2 package
(Thuiller et al. 2009) within the R environment (R Development Core Team 2014).
Generalized linear models consist in a flexible and parametric statistical technique
that can handle various non-normal error structures, such as binomial presence—
absence. As described by numerous studies (Guisan and Zimmermann 2000, Elith et al.
2006), they usually provide good predictive success. The second regression-based
technique, GAM (a non-parametric extension of GLM), allows for more complex
response shapes to be considered and uses a smoother fit for non-linear functions.
GBM (also known as boosted regression trees, BRT), meanwhile, is able to fit complex
non-linear relationships using a large number of simple models and combining them
into a final model (Elith et al. 2008). This machine-learning technique was ranked best in
a large study (Elith et al. 2006) that compared 16 different modelling techniques.
Random forests (RF) is a promising technique in SDM (Prasad et al. 2006) which
generates hundreds of trees forming a ‘forest’. Each tree is grown by randomly
choosing a training dataset and is updated at each available training case (Breiman
2001). ANN, the final machine-learning method used in this study, constitutes an
alternative way to generalize linear regression functions (Venables and Ripley 2002).
Due to their ability to approximate any smooth function, ANNs are very flexible and
widely used in SDM studies (Heikkinen et al. 2006). The sixth chosen technique, CONS,
consists in a type of consensus method which decreases the predictive uncertainty of
single models by combining their predictions (Aradjo et al. 2005). The five previous
single models were first created separately for each species and then combined into a
consensus model using average probabilities of species occurrence. This modelling
approach has been shown to provide significantly better prediction than do the single
models or other consensus methods (Marmion et al. 2009, Comte and Grenouillet
2013). More detailed information about these techniques and their application in SDM

is described by Franklin (2010).
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Model evaluation and comparison

To train models, we randomly selected 75% of the presence—absence data for
individual species in 2004—2008. For model testing, we used two different approaches.
In the first (temporally dependent), we used the remaining 25% of data from 2004—
2008, which approach is frequently used to obtain testing datasets in SDM (Franklin
2010). In the second approach (temporally independent), we tested model
performance using data from another time period (2009-2013). These models,
including both training and testing, were repeated five times (in the case of
independent evaluation using each of five years separately) and their results were
averaged.

We assessed the accuracy of these models using four evaluation metrics that
investigate different aspects of predictive performance. These include area under the
curve (AUC) of the receiver operating characteristic plot, true skill statistic (TSS), kappa
statistic (KAPPA), and overall accuracy (ACCURACY). All the metrics except AUC (a
threshold-independent metric) require conversion of model predictions into presence—
absence maps and are generated from the confusion matrix (Fielding and Bell 1997).
For this purpose, we selected a threshold recommended by Liu et al. (2005) at which
the sum of sensitivity (ability to predict presences) and specificity (ability to predict
absences) is maximized.

AUC measures the ability of the model to distinguish between sites where the
species were found (present) versus those where they were not found (absent; Hanley
and McNeil 1982). This frequently used metric ranges from 0 to 1, with a score of 1
representing a perfect fit of data and values above 0.5 indicating a better-than-random
fit (Elith et al. 2006). TSS is the sum of sensitivity and specificity minus 1 and has a
similar range of scores as does the kappa statistic (Allouche et al. 2006). A second
threshold-dependent metric, Cohen’s kappa, measures the accuracy of the model by
the difference between the observed agreement and chance agreement. This metric
ranges from -1 to +1, where a score of O or less indicates a performance no better than
random and a score closer to +1 signifies excellent agreement. Finally, we calculated
accuracy (i.e. overall accuracy) as a single overall performance measure, computed as
the proportion of observed presences—absences which are predicted correctly (Liu et al.

2011).
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The differences between temporally dependent and independent evaluation were

tested for each pair of modelling techniques using Student’s paired t-test. We then

compared the performance of all the techniques according to the four different

accuracy metrics using analysis of variance (ANOVA) and multiple comparisons (Tukey’s

test).

Results

Model accuracy varied substantially among the different evaluation approaches,

performance metrics and modelling techniques (Fig. 1).
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Figure 1. A comparison of the predictive performance of five single models and one

consensus method in terms of four evaluation metrics (AUC, TSS, KAPPA and

ACCURACY) and two evaluation approaches using temporally dependent (white boxes)

and independent (grey boxes) datasets. The boxes represent the median and 1st and

3rd quartile values. Whiskers indicate maximums and minimums. Abbreviations: GLM,
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generalized linear model; GAM, generalized additive model; GBM, generalized boosted
models; RF, random forest; ANN, artificial neural network and CONS, consensus

method.

As shown in Table 1, only KAPPA consistently showed a significantly better
performance by models evaluated using the dependent dataset (except for the RF
models), which could indicate model overfit. Conversely, the TSS and ACCURACY
metrics showed the greatest disparity between the two evaluation approaches across
all model techniques. From the perspective of techniques, only GAM and CONS
performed significantly better according to all performance metrics for models
evaluated using the dependent dataset. RF showed better predictive performance on
the independent evaluation dataset, although not significantly so in the cases of the

ACCURACY and KAPPA metrics.

GAM GLM GBM ANN RF CONS

AUC T d(**%) e %) (**%) (**%) d(**)
(P=0.382)

TSS | d(***) d(***) n.s. n.s. i(*%%) d(***)

(P=0.959)  (P=0.285)

KAPPA | d(**¥) d(**%) d(***) d(***) e, d(**%)
(P=0.829)

ACCURACY | d(*) i(**) n.s. i(***) n.s. d(***)
(P=0.607) (P=0.260)

Table 1. Comparison of two evaluation approaches using four performance metrics and
calculated for six different modelling techniques. In the first approach (d = temporally
dependent), we evaluated model performance using 25% of data randomly selected
from 2004-2008. In the second approach (i = temporally independent), we evaluated
model performance using data from another time period (2009-2013). The difference
between these approaches was tested using Student’s paired t-test (***P < 0.001, **P

<0.01, *P < 0.05, n.s. = non-significant).
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Our results show that the six modelling techniques had different effects (ANOVA, P <
0.001) on model performance as measured using TSS, AUC and KAPPA, but this was not
significant in the case of the ACCURACY metric (P > 0.05). In addition, these results were

the same for both evaluation approaches (Table 2).

AUC TSS

GLM GAM GBM RF  ANN CONS GLM GAM GBM RF  ANN CONS
GLM - ns. NS, *E*oong Kk GLM - ns.ons. **Yoong kX
GAM | **x* - n.s. * ns. ns. GAM | ** - ns. *fYons, *
GBM n.s. ** - ns. ns. ns. GBM | n.s.  ** - ns. ns. ns.
RF n.s. *** ns. - ¥ ns RF n.s. *** ns. e o -
ANN ns. *** ns. ns. - *x ANN | nss. *** ns. ns. - *E
CONS | *** g *%xx  #kx  kxx ) CONS | *** g #%%x kkk ko }
KAPPA ACCURACY

GLM GAM GBM RF  ANN CONS GLM GAM GBM RF  ANN CONS
GLM - ns. ns. *E* oo Kk GLM - ns. NS ns. ns. ns.
GAM * - ns.  *fons. FX GAM | n.s. - ns. ns. ns. ns.
GBM n.s. * - n.s. n.s. n.s. GBM | n.s.  n.s. - n.s. n.s. n.s.
RF n.s. * n.s. - FEXns, RF n.s. n.s. n.s. - ns. ns.
ANN n.s. *** ns. ns. - ok ANN | ns. ns. ns. n.s. - n.s.
CONS | *#x 3wk ok ok sdoxsk - CONS| n.s. ns. ns. ns. ns. -

Table 2. Multiple comparisons of six different modelling techniques for 24 waterbird
species using four accuracy metrics (AUC, TSS, KAPPA and ACCURACY). Differences
between model accuracy validated using dependent datasets are presented in the
lower left part of each table, whereas models validated using independent datasets are
presented in the upper right part of the table (Tukey’s test; ***P < 0.001; **P < 0.01; *P

< 0.05; n.s. = non-significant).

The consensus method (CONS) provided, together with GAM (for dependent
datasets) and RF (for independent datasets), significantly better results than did the

other techniques (except in the case of the ACCURACY metric). However, the results of
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CONS did not differ from those of GAM or RF (except for as measured by KAPPA in the
case of dependent evaluation). Evaluated using dependent datasets, the GLM, GBM, RF
and ANN models had similar performances and showed no differences amongst them (P
> 0.05). The remaining techniques used for independent evaluation (GLM, GAM, GBM
and ANN) also did not differ. Overall, we found ANN to be the technique performing
poorest when using independent evaluation datasets, except for GLM in terms of TSS
and surprisingly CONS in terms of ACCURACY. The ACCURACY metric did not show

significant differences among the six techniques and evaluation approaches (P > 0.05).

Discussion

The main aim of our study was to test whether using temporally independent or
dependent evaluation would influence the performance assessment of presence—
absence species distribution models. Interestingly, the results of these two evaluation
approaches varied widely among the six different modelling techniques and four
performance metrics (in most cases significantly so). Therefore, we cannot confirm the
concerns of some researchers that using the same presence—absence data for model
training as for testing can be presumed to provide an overly optimistic model
assessment. Dissimilar findings have been reported by Aradjo et al. (2005) and
Dobrowski et al. (2011), who examined four techniques using AUC for assessment, and
by Eskildsen et al. (2013), who considered two techniques and four different sets of
predictors (measured by AUC and TSS). Instead, Roberts and Hamann (2012) found in
their comprehensive hindcast study only little evidence of model overfit among their 12
techniques (as measured by AUC, sensitivity and specificity) and concluded that
dependent evaluations also constitute a valuable approach. In the case of a presence-
only technique (MaxEnt), Ko et al. (2013) found no difference between these evaluation
approaches among six evaluation metrics. In our study, only two out of the six
modelling technigues (CONS and GAM) showed significantly better results from
temporally dependent testing across all four performance metrics and indicated a

tendency to provide overly optimistic prediction. The performance of the remaining
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four techniques varied substantially, and some of them surprisingly obtained better
model fits on the independent dataset (e.g. RF and ANN). We found no performance
differences between the two types of evaluation datasets in only 6 out of the 24
possible technique and metrics combinations. This allows for the possibility, therefore,
that the model overfit identified in previous studies could have occurred as a
consequence of the accuracy metrics used. Moreover, results from using various of
these metrics may substantially differ because they focus on different aspects of model
performance (Mouton et al. 2010).

Performance assessment using the appropriate statistical criterion is the key step
when quantifying the predictive ability of species distribution models (Fielding and Bell
1997). For this purpose, we selected four performance criteria. To provide a more
detailed explanation of the divergent performance patterns, we need to examine each
of the evaluation metrics separately. Even though we found considerable variations in
AUC values between dependent and independent evaluations, these also occurred in
the cases of TSS and ACCURACY across the investigated modelling techniques. In
comparison with earlier studies, AUC identified significant model overfit in the case of
GAM that was similar to that observed by Araujo et al. (2005), Dobrowski et al. (2011)
or Eskildsen et al. (2013), but a finding to the contrary occurred in the case of RF
(Dobrowski et al. 2011). Some authors, however, have considered this threshold-
independent metric to have some major limitations and that its use as a single
performance metric may be inadequate (Austin 2007). Allouche et al. (2006)
demonstrated the advantage of AUC and TSS consisting in their stability under varying
degrees of prevalence. That was confirmed in our study. Prevalence (the proportion of
sampled sites where the species is recorded as present) can strongly affect the
performance of species distribution models (Marmion et al. 2009, Santika 2011). Only
Cohen’s kappa (one of the most popular metrics in SDM) revealed a significantly higher
predictive performance by the majority of the modelling techniques when tested using
the dependent dataset. We nevertheless cannot conclude (in comparing with the
results of other metrics) that Cohen’s kappa is able to detect an overly optimistic model
assessment on a consistent basis. While ACCURACY had the tendency to detect overfit
by similar techniques like AUC, it showed the greatest inconsistency in comparison with

the other accuracy metrics. Furthermore, our findings (r? ranging from 0.62 to 0.81) are
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in contradiction to those of Fielding and Bell (1997), who reported that ACCURACY is
not dependent on species prevalence. Possible solutions to avoid the negative impacts
of prevalence can be the partitioning of the original dataset to balance the best
proportion (around 0.5) of presences and absences (Franklin 2010) or data resampling
(Liu et al. 2005). Fortunately, the remaining metrics used in our study showed only a
marginal effect from prevalence. As we have demonstrated, different accuracy metrics
may vary substantially among temporally dependent and independent evaluation and
thus it can be misleading to interpret model performance with any single evaluation
metric on its own. Moreover, model quality is influenced not only by the particular type
of performance criterion but also (among other things) by the modelling algorithm
selected.

Another possible explanation for performance variation between evaluation
approaches could be that modelling techniques differ in their ability to summarize the
relationships between species occurrences and environmental variables (Seguardo and
Arauljo 2004). Many studies have confirmed this issue by comparing the results of
different presence—absence techniques (e.g. Elith et al. 2006, Pearson et al. 2006,
Thuiller et al. 2009). For instance, against the remaining techniques, the consensus
method and GAM showed on independent evaluations the best model performance as
measured by all accuracy metrics (as similarly reported by Crimmins et al. [2013]). Also,
Pearce and Ferrier (2000) had found overfitting to be a significant problem when using
regression techniques, albeit one that could be reduced by stringent significance tests
in stepwise algorithms. CONS together with RF also generally achieved the more
accurate projection on independent datasets (except as measured by ACCURACY). This
is in agreement with previous findings indicating that using multiple algorithms
provided more robust and accurate predictions than did any other single method
(Araudjo and New 2007, Marmion et al. 2009, Comte and Grenouillet 2013). Similarly, it
has been reported that one of the key advantages of RF is its zero tendency to model
overfit (Culter et al. 2007). Although Araujo et al. (2005) had found that ANN provided
the most accurate independent and/or dependent evaluation compared to GLM or
GAM, in our study ANN provided the poorest performance (albeit not always
significantly so). Only according to the ACCURACY measure were the performances of

all techniques similar, and then even for both evaluation approaches. Overall, in view of
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the differences within our results, or in comparison with other presented studies, it is
difficult to select an appropriate algorithm, to be able to compare it with others, or
even to single out any particular one as generally the best. Instead, it would be more
appropriate to assess model accuracy using multiple techniques (Seguardo and Araujo
2004), to simply average them (Grenouillet et al. 2011), or to create a consensus model
(Marmion et al. 2009).

Overfitting has been found to be a crucial and longstanding problem in species
distribution modelling (Araudjo and Guisan 2006, Radosavljevic and Anderson 2014). As
our findings indicate, this issue may not be caused only by using a dependent evaluation
dataset (as authors usually have stated) but it could be influenced also by technique and
the metrics used. It is important to note that model overfit may also be caused by other
aspects of modelling, e.g. from sampling bias, from employing many predictor variables,
or when modellers allow a high level of model complexity (Anderson and Gonzalez
2011). The effect of sampling bias on model overfitting has been particularly
investigated in recent studies, mostly on presence-only data (Boria et al. 2014,
Radosavljevic and Anderson 2014). Besides temporal independence, researchers should
simultaneously verify whether their original occurrence dataset did not suffer from any
spatial, environmental or taxonomical biases.

In this study we demonstrated that the performance of presence—absence models
evaluated using temporally dependent and independent datasets differs substantially
among various modelling techniques and accuracy metrics. We conclude that using a
temporally dependent evaluation dataset will not necessarily provide an overly
optimistic model assessment. Thus, temporally dependent evaluation can also be
effective in creating model selection tools if temporally independent data is not
available. Our results draw attention to the need for comprehensive studies that will
investigate evaluation procedures more broadly, and also, in a methodological context,

help to improve species distribution models.
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Supplementary material Appendix 1

Table 1. List of the 24 waterbird species investigated in this study. Numbers of presence

/ absence sites (965 in total) between 2004-2008 of individual species are given.

Common name Scientific name Present Absent
Black-headed Gull Chroicocephalus ridibundus 164 801
Common Coot Fulica atra 350 615
Common Goldeneye Bucephala clangula 118 847
Common Gull Larus canus 68 897
Common Kingfisher Alcedo atthis 359 606
Common Moorhen Gallinula chloropus 154 811
Common Pochard Aythya ferina 121 844
Common Teal Anas crecca 140 825
Eurasian Wigeon Anas penelope 99 866
Gadwall Anas strepera 53 912
Goosander Mergus merganser 315 650
Gray Heron Ardea cinerea 701 264
Great Cormorant Phalacrocorax carbo 473 492
Great Crested Grebe Podiceps cristatus 58 907
Great Egret Ardea alba 152 813
Greylag Goose Anser anser 74 891
large gulls Larus spp. 122 843
Little Grebe Tachybaptus ruficollis 287 678
Mallard Anas platyrhynchos 784 181
Mute Swan Cygnus color 563 402
Smew Mergellus albellus 38 927
Tufted Duck Aythya fuligula 216 749
White-atiled Eagle Haliaeetus albicilla 115 850
White-throated Dipper  Cinclus cinclus 603 362
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5. KOMENTAR K VYSLEDKUM DISERTACNI PRACE

Predkladana disertani prace si klade za cil seznamit jejiho ¢tenafe s problematikou
modelovani druhové distribuce (SDM) a jejimi hlavnimi aspekty. Cilem praktické ¢asti je
vyuZzit potencidl tohoto pristupu k predikci rozsifeni vybranych druhl ptak( a soucasné
zkoumat jeho moznosti v jejich praktické ochrané. Pravé detailni znalost o geografické
distribuci druht v prostoru je zakladem pro planovani jejich ochrany, predpovidani jejich
ne/vyskytu a porozuméni ekologickym a evolu¢nim ciniteldm, které ovliviiujici druhovou
diverzitu (Franklin 2009, Peterson et al. 2011). Vzhledem k neustale se ménicim
pfirodnim podminkdm, uréujicim rozsifeni druh na Zemi, si tato problematika zasluhuje
patficnou pozornost.

Ve své reSersni Casti zdmérné prace seznamuje Ctenafe s problematikou SDM
v SirSich souvislostech, nez by bylo vzhledem k jejimu tématickému zaméreni zapotrebi.
Ddvodem je dosud minimalnimu povédomi o této problematice v podminkach Ceské
Republiky a snaha poskytnout pokud mozno uceleny pohled na jeji teoreticky zaklad,
véetné pochopeni samotného modelovaciho procesu. V tomto vychazim ze své
zkuSenosti, kdy nebylo lehké zorientovat se v nepfeberném mnoZstvi prevainé
zahranicnich zdroji a nalézt jednoduchy a zaroven uceleny popis dané problematiky. |
presto je vSak (vzhledem k teoretické obsahlosti feSené problematiky) reSersni ¢ast této
prace pouze jakymsi shrnutim, odkazujicim na podrobnéjsi informace ve formé
odbornych studii.

PfestoZe jednotlivé odborné studie sleduji rozdilné cile, shodné fesi a diskutuji
vyuziti potencidlu SDM pro praktickou ochranu ptacich druhl, nicméné obecné
vyuzitelného pro vétsinu zivocisnych nebo rostlinnych druhd. Vtomto smyslu byl ve
vétsiné studii zamérné vybran jako modelovany druh tetfev hlusec (Tetrao urogallus).
Vyskyt tohoto destnikového druhu (,umbrella species”) totiz indikuje vyskyt mnoha
dalsich druh( (Casto vzacnych a ohroZenych) ¢i kvalitativni vlastnosti biotopl. To je
ostatné i ddvod, pro¢ je predmétem ochrany celé fady chranénych Gzemi. Urcita
robustnost vysledkd prace je dana i volbou modelovacich Uzemi rdznych prostorovych
méfitek ¢i lokalizace (Ceskd Republika, némeckd strana Sumavy, Polsko, Ukrajina,

Madarsko, Rumunsko).
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Ackoliv je v prilozenych studiich vyuzZito k dosazeni vytyéenych vysledk( rlznych
metod a postupl, nize uvedeny komentar se zaméfuje predevsim na ty, které Uzce
souvisejici s problematikou modelovani druhové distribuce. Komentar samotny navic
nema ambice duplikovat poznatky (resp. diskusi) jednotlivych studii, ale pouze je

tematicky propojit do ucelené studie.

Prvni studie (¢lanek I., kapitola 4.1) se snaZi odpovédét na otdzku, zda je pro tetfeva
na Slovensku jeSté misto? Aktudlnost otazky dokazuje fakt, Ze v soucasnosti dochazi k
rapidnimu Ubytku vhodného biotopu tohoto destnikového druhu na Slovensku,
nejcastéji vlivem intenzivni asanacni tézby lesnich porostl (Obr. X), narusenych v roce
2004 vétrnou smrsti. Dil¢imi cili této studie bylo: (1) vyhodnotit vliv kalamitnich
asanacnich opatfeni na kvalitu biotopu a vyskyt tetfeva, (2) zjistit potencialni distribuci
tohoto druhu na uzemi Nizkych Tater a Velké Fatry (jakozto jediného jadrového uzemi
tetfeva na Slovensku, tj. v Zadpadnich Karpatech) a (3) ovéfit pouzitelnost metodiky
indexu vhodnosti biotopu (HSI) dle Storcha (2002), vyuZitelné pro planovani
managementu lesa.

Vysledky nasi studie potvrzuji nejvy$si hodnoty HSI v pralesnich porostech, nizsi
rozliseni kalamitnich ploch na zpracovanou kalamitu (vytéZené plochy) a suchy les, byly
vyrazné vyssi hodnoty HSI prokazany pravé v suchém lese. Tento vysledek podporuje
argument, ze i suchy les mize skytat alternativné vhodné prostredi pro tetfeva, namisto
jeho kompletni asanace. Pravdivost tohoto argumentu dokazuji napf. vysledky studii
z Bavorského lesa ¢ Sumavy (Teuscher et al. 2013; Rdsner et al. 2014).

Na zdakladé prostorového modelu jsme odhadli potencidlni rozlohu vhodného
biotopu tetfeva na 180 km? (tj. 16 % lesnich porostd) modelovaného Gzemi. Vzhledem
k miniméIni pozadované rozloze 250 km? (Grimm & Storch 2000), nutné
k dlouhodobému zachovani jadrové populace tohoto druhu, je rozloha biotopu
Slovenské populace nedostatecna. To je zpUsobeno predevsim soucasnym
managementem lesa (intenzivni velkoplosna tézba, vystavba cestni sité a rekreacnich

aredll nebo pouzivani pesticidd), diky kterému dochazi ke zvySovani fragmentace
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soucasnych biotopl tetfeva a tak i ohrozeni jeho celoslovenské populace. Oproti dalsim
predkladanym studiim (¢lanek Il. a IV.) bylo v pfipadé této modelovano rozsifeni tetfeva
v Uzemi, vymezeném hranicemi narodnich parkd. Dle Grenouillet et al. (2011) by mélo
byt rozsifeni druhu modelovano v pokud mozZno Sirsim (idedlné celém) aredlu jeho
rozsifeni. Diky tomu jsou v modelu zahrnuty rozmanité podminky prostfedi, souhrnné
reprezentujici areadl modelovaného druhu. Casto jsou viak hranice modelovaného Gzemi
uméle vytvoreny (napr. dle hranic statd ¢i chranénych Uzemi), predevsim kvali
nedostupnosti ¢i nelplnosti potfebnych vstupnich dat v celém aredlu rozsiteni druhu.
Vysledek model tak mUZe poskytovat vice zkreslené ¢i omezené informace. V pfipadé
této studie byla rozloha modelovaciho Gzemi omezena pouze pro Uzemi Nizkych Tater a
Velké Fatry a to pravé kvili nedostupnosti dat o vyskytu a charakteristice lesniho
porostu. Nicméné ve studii IV. byla potencidlni distribuce tetfeva modelovana v celém
aredlu jeho Karpatského rozsifeni. Vysledek neprostorového modelu GLM potvrdil
pozitivni vztah mezi indexem vhodnosti biotopu a vyskytem pobytovych znakd a ovéfil
funkénost Storchovy metodiky jeho vypoctu pro Uzemi Slovenska. To je dllezZité
napfiklad ve chvili, kdy nas zajima distribuce tetfeva na uUrovni samotného porostu,
kterd je oproti prostorovému modelu obvykle presnéjsi a méla by ho idedlné dopliovat.

Vzhledem k soucasnému stavu zdrojové populace tetfeva na Slovensku je klicové
zamezit dalsi ztraté rozlohy jejiho biotopu, zejména kvali jesté stale probihajici
velkoplo3né asanacni tézbé, diky které bylo od pocatku vytéZeno vice jak 10 000 ha lesa.
Soucasné je tfeba nastolit pro tetfeva tzv. pratelsky management (napf. Bollmann
2012). V opacném pripadé lze ocekavat dalsi fragmentaci soucasné metapopulace
tetfeva na Slovensku (resp. v Zapadnich Karpatech), kterd prohloubi genetickou izolaci

okrajovych populaci a pfi dlouhodobém plsobeni i jejich zanik.

Druha studie (Clanek IlI., kapitola 4.2) tematicky i Casové navazuje na poznatky
ziskané z modelovani rozsifeni tetfeva na Uzemi Nizkych Tater a Velké Fatry (¢lanek ) a
vyuziva vysledku predikéniho modelu k analyze miry fragmentace jeho biotopu na
Sumavé a Bavorském lese. Podnét ke zpracovani této studie pochdzel od Spravy

Narodniho parku a CHKO Sumava, kterd byla sou¢asné zadavatelem plvodni odborné
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studie, zpracované Ceskou spolenosti ornitologickou v zafi roku 2014. Ptedkladany
¢lanek shrnuje a rozviji poznatky plvodni studie, na jejiz tvorbé se navic podilel i Ludék
Bufka, Jan Hora, Miroslav Salek a Zdené&k Vermouzek. Vysledky maji slouZit pro
rozhodovani statnich organ(i o usmérfiovani lidskych aktivit v Pta&i oblasti Sumava a pro
planovani opatfeni pro zachovani populace tetfeva na stavajici Urovni, pfipadné pro
zlepSeni jejiho stavu. Studie Fesi tyto dil¢i otdzky: (1) Které z vybranych podminek
prostfedi nejvice ovliviuji soucasné rozsireni tetfeva hlusce v této oblasti?, (2) Kde se
nachazi potencialni jadrova Uzemi jeho vyskytu?, (3) Jakd je soucasna fragmentace
jadrovych uzemi, jeji pfic¢iny a vliv na rozsiteni tetfeva?, (4) Jakd opatifeni mohou vést
k zmirnéni dopadd fragmentace a zajisténi komplexni ochrany populace tetfeva hlusce.
Potencidlni geografickd distribuce tetfeva byla nejvice ovlivnéna nadmofskou
vyskou, prdmeérnymi meésicnimi srazkami za rok a typem krajinného pokryvu. Tyto
vysledky se shoduji s vysledky Teuscherové et al. (2011, 2012), kterd modelovala
vhodnost biotopd vyhradné na Uzemi obou sousedicich narodnich parkd. Na rozdil od
Teuscherové, ktera do modelu zahrnula i nékteré porostové charakteristiky (jako napf.
druh a stafi porostu, pfitomnost mrtvého dreva, atd.), byl nds model postaven pouze na
obecnéjsich environmentalnich prediktorech. Hlavnim dlvodem tohoto postupu byla
nutnost predikce vyskytu tetfeva pokud moZzno v celém aredlu jeho aktudlniho rozsireni.
Dle vysledk( této studie lze nalézt nejvhodnéjsi habitatové podminky pro tetfeva v
centralni (“jadrové”) €asti Sumavy a nékolika omezené propojenych lokalitach. Celkova
rozloha potencidlné vhodného habitatu tetfeva ¢ini 503 km?, z nichz 95 km? nepodléha
cilené ochrané. Analyza konektivity dokazuje, Ze v soucasnosti je propojeni jednotlivych
populaci tetfeva relativné dobré. To plati zejména ve zmifiované centralni ¢asti pohof,
kde se nachazeji nejvhodnéjsi biotopové podminky v podobé zachovalych pfirodée
blizkych lest (Cada & Svoboda 2011, Svoboda et al. 2012). Nicméné Fada z nich byla
podobné jako na Slovensku (studie I.) zasazena v neddvné minulosti vétrnymi bouremi.
Vysledkem byla vasnivd a dosud neutichajici medidlni i politickd diskuse o formé a
zpUsobu naslednych ochranarskych opatfenich. | pfes relativné dobré propojeni biotopt
panuje opravnéna obava z dalsiho zvySovani miry jejich fragmentace a ztraty dllezitych
naslapnych kamen( propojujicich jednotlivé subpopulace. To je zplsobeno predevsim
nevhodnym managementem lesa (tézba dfeva) ¢i vystavbou turistickych areal(,

sjezdovek a tras (Kfenova & Kindlmann 2015). Tyto ddvody jsou navic témér identické
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ve veétsiné postsovétskych zemi (vice v ¢lanku Il1.). Dllezitym vysledkem této studie je
potvrzeni klicové role vhodnych biotopl vyskytujicich se na némecké strané (navic
mimo Uzemi narodnich parkd) ve funkénim propojeni Trojmezenské populace s populaci
v jadrové &asti Sumavy. Tato skutecnost podporuje obecné zndmy fakt, Ze Uspéiné
pladnovani ochrany (nejen) tetrfeva je mozné pouze na preshranic¢ni trovni.

| vtomto pfipadé jde o dosud posledni Zivotaschopnou populaci tohoto druhu
(v Ceské Republice), kterd se pohybuje na kritické hranici jeji existence. Vzhledem
k dllezité roli, kterou tento druh plini, je jeho ohrozeni fragmentaci tfeba detailné

zkoumat.

V ramci treti studie (¢lanek lll., kapitola 4.3) jsme se primarné zabyvali vlivem tézby
lesa na fragmentaci biotopu tetfeva v Karpatech. Podobné jako v pfedchozich studiich,
byl jako modelovy druh opét vybran tetfev hlusec, citlivy na zménu fragmentace
prostredi. Pfestoze pohofi Karpat predstavuje dosud jeden z nejvétSich a nejcenéjsich
lesnich ekosystémd v Evropé, dochazi v ném po padu komunismu k velkym zméndm ve
vyuziti krajiny. Ty se nejcastéji projevuji ve zpUsobu lesniho hospodafeni a
dramatickému narustu tézby dreva. Vysledkem téchto zmén je narlst fragmentace
lesnich ekosystému za poslednich 25 let a s ni zaroven Uzce spojeny pokles biodiverzity.
Diky rozsahlému terénnimu mapovani napfi¢ 29 pohotimi, poskytuji vysledky nasi studie
dosud nejpodrobnéjsi informaci o rozsifeni tetfeva v celém Karpatském ekoregionu (na
rozdil od studii I. a IV.). Cilem této studie bylo odpovédét na otazky: (1) Které faktory
charakterizuji biotop tetfeva v Karpatech?, (2) Jaké je prostorové rozmisténi vhodnych
biotopl v ramci Karpat?, (3) Jaky vliv méla tézba lesnich porostl od roku 1985 na
zastoupeni vhodnych biotopU a jejich vzajemné propojeni?

Vysledky této studie podrobné popisuji a diskutuji vliv faktor prostredi na urovni
krajiny na distribuci tetreva v Karpatech. PfestoZze se reakce tetfeva na tyto faktory
napfi¢ rznymi regiony pfilis nelisi (napf. Graf et al. 2005; Braunisch et al 2010;
Bollmann et al. 2011), pfindsi tato studie nové poznatky ohledné jeho reakce na
intenzivni/extenzivni vyuZiti krajiny. Podobné byly zkoumany preference tohoto druhu

na prostorovou strukturu lesa. Zaroven je vsak tfeba zminit, Ze podobné jako ve studii Il.
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a IV. nebyly do modelu zahrnuty proménné popisujici napfiklad hustotu zapoje ¢i
charakter pozemni vegetace, zasadné ovliviujici rozsifeni tetfeva.

PrestoZze Karpaty dosud skytaji dostate¢nou rozlohu vhodnych biotopd, mira jejich
funkéniho propojeni (nejen pro tetfeva) se v poslednich 25 letech trvale snizuje. Vyvoj
tohoto fenoménu a jeho vliv na populaci tetfeva v Karpatech byl hlavnim cilem
predkladané studie. V ramci ni jsme kvantifikovali dopad lesnich disturbanci v Karpatech
mezi lety 1985 - 2010 na vyvoj rozlohy a propojeni potencidalné vhodného biotopu
tetfeva. K tomuto Ucelu jsme vyuzili data o zmapovani lesnich disturbanci, pochazejici ze
studie Griffithse et al. (2014). PrestoZe pfirozené disturbance (napf. vétrna boure,
kdrovcova kalamita) nepredstavuji narozdil od antropogenich prfimé ohroZeni tetfeva
(studie I.), ve svém dUsledku je jimi postizené Uzemi pro tetfeva podobné nevhodné. To
je zplUsobeno soucasnou evropskou legislativou, kterd ve vétsiné pripadd nafizuje
provést na pfirozené disturbovanych plochdch asanacni téZbu, vramci niz jsou
postizené porosty vytézeny (Kfenova & Kindlmann 2015). Jak naznacuji vysledky studie
I, takové plochy jsou pak pro tetfeva vyrazné nevhodnéjsi, nez ponechani zasazenych
porostd samovolnému vyvoji. Z uvedeného je evidentni, Zze hlavnim ddvodem ztraty
lesnich biotopl v Karpatech je predevsim jejich tézba. Ke stejnému zavéru ostatné
dochazi i Kuemmerle et al. (2009), Knorn et al. (2012) nebo Griffiths et al. (2014).
Napriklad v Rumunsku se od roku 1985 zménsila rozloha potencialné vhodnych biotop(
0 15 %, v pfipadé Slovenska dokonce o 18 %. V ramci celych Karpat byl pokles rozlohy
15 %. Vyjdeme-li z procentualniho zastoupeni vhodnych biotopl v rdmci celych Karpat,
jejich rozloha se za poslednich 25 let sniZila z 3,2 na 2,6 %. Na zakladé nasich vysledk(
Ize identifikovat tfi hlavni, prostorové oddélené, populace tetfeva v Karpatech, které
muzeme pro zjednoduseni pojmenovat jako ,zapadni“, ,vychodni” a ,jizni“. Nejvétsi
genetickou izolovanost Ize nalézt mezi populaci zapadni a vychodni, o ¢emz svéddi i
studie Klingy et al. (in press). Z jeho studie navic vyplyva, Ze prestoze se obé populace
stdle vice geneticky odlisuji, vzajemny tok genl mezi nimi nebyl dosud prerusen. Pokud
se vsak bude jejich izolovanost i nadale prohlubovat (jako tomu bylo mezi lety 1985-
2010) Ize ocekavat, Ze to bude mit negativni dopad zejména na populaci v zapadnich
Karpatech, ktera je jiz v soucasnosti na hranici dlouhodobého preziti (viz vysledky studie

l.). Zacatek obdobného trendu lze sledovat i mezi vychodni a jizni populaci tetreva
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v Karpatech, na jejimz pomezi (hranice Ukrajiny a Rumunska) probiha od roku 2005
intenzivni téZba.

ZvysSovani fragmentace potencidlné vhodnych biotopl tetfeva od roku 1985 do
soucasnosti potvrzuji i vysledky analyzy konektivity. Dle ni se s redukci rozlohy vhodnych
biotopl snizuje i vyznam jednotlivych plosek vramci jejich celkové mozaiky.
Zjednodusené feceno, ubyva biotopl s nejlepsimi podminkami pro tetfeva a zvySuje se
rozloha téch, které jsou pro néj alespon ¢astecné vhodné. Stejnych zavérd lze dojit i
v pfipadé zvyseni uvazované migracni vzdalenosti tetfeva.

Pokracovani v soucasném trendu tézby lesnich porostl povede k dalsi fragmentaci
populace tetfeva a zdroven negativné ovlivni i celkovou biodiverzitu Karpat. Zvlasté
alarmujici je skute¢nost, Ze se tento trend vyskytuje i na Uzemi chranénych oblasti.
V tomto smyslu se ukazuje spojeni techniky modelovani druhové distribuce s analyzou

konektivity jako slibny nastroj k identifikaci tohoto problému na drovni krajiny.

Ztrdta a degradace prirodnich biotopl je hlavni divodem ohrozeni ¢i vymreni
mnoha vzacnych druhd. V poradi ¢tvrta studie (¢lanek IV., kapitola 4.4) resi pfriciny a
dopad tohoto problému na tetfeva v Rumunsku. Studie svym obsahem tématicky
upfesnuje a rozviji poznatky ziskané z prvni a tfeti studie. Jejim cilem tak bylo zjistit, jaké
faktory (pusobici na lokalni Urovni) nejvice ovliviuji poetnost tetfeva. V tomto smyslu
Slo predevsim o zjisténi vlivu antropogenich faktor( (napf. intenzity turismu a lovu nebo
zpUsob managementu lesa). Vzhledem ke stéle pretrvavajicim nazorovym rozdillim a
vyrazné zméné ve zpusobu lesniho hodpodareni v postsovétskych zemich je toto téma
velmi aktualni. DOkazem aktualnosti tématu je pravé probihajici vefejna a politicka
diskuse v Rumunsku, fesici neucinnost opatreni, které maji zabranit dalSimu narUstu
(mnohdy nelegélni) velkoplosné tézby.

Vysledky regresniho modelu potvrdily zadsadni vyznam antropogenich faktord, ve
vysvétleni distribuce tetfeva. Konkrétné $lo o pomér lesnich holin, intenzitu turismu a
selektivni tézbu lesa, které dohromady vysvétlili 63 % variability modelu. Zatimco prvni
dva zminované faktory ovlivhiovali pfitomnost tetfeva negativné, aplikace selektivni

tézby méla za nasledek vyssi pocetnost jedincl. Je evidentni, Ze byl vliv negativnich
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faktor(l vyrazné zesilen diky socioekonomické a institucidlni zméné, kterd v Rumunsku
za poslenich 25 let probéhla (Knorn et al. 2012a). Pravé ta méla vyrazny vliv na zménu
vlastnictvi a zpUsobu lesniho hospodareni, podobné jako nardst turismu.

Z4adné z aktivnich tokaniét se nenachézelo na Uzemf holose&i ¢i jejich majoritnim
zastoupeni v jeho okoli (r = 1km). Zaporny vliv holoseci byl ostatné dokazan i ve studii |.
Nase vysledky jsou vSak v rozporu s poznatky Weggeho a Rolstada (2011) z Norska, dle
kterych je tetfev tolerantni kvelkoplosné tézbé, protoze je schopen prezivat
v porostech stfedniho véku s podrostem bortvci. Domnivame se vsak, Ze tyto vysledky
nelze uplatnit v podminkach Karpat, lezicich mimo boredini zdénu. Vzhledem
k negativnimu vlivu holoseci (ktery navic vysvétlil nejvice variability modelu), a jeho
dlouhodobému narlstani (viz vysledky studie IIl.), Ize s nejvétsi pravdépodobnosti
oCekavat dalsi zhorSovani Zivotnich podminek pro tetfeva v Karpatech. V tomto smyslu
jde predevsim o narUst fragmentace jeho biotopu, zabranujici vzajemné vymeéné gend
napfic¢ subpopulacemi.

Jedno zrfeSeni vedoucich ke zlepsSeni stavajici situace predstavuje ndvrat
k plvodnimu (extenzivnimu a pro tetfeva ,pratelskému”) zplsobu hospodareni v lese.
Tim je napfiklad obnoveni vybérové tézby, kterd se v Rumunsku v minulosti prevazné
uplatiiovala (Hancock et al., 2011) a kterd ma dle nasich vysledkd prokazatelné kladny
vliv na vyskyt tetfeva. Pravé tento zplsob obhospodafovani lesa supluje pfirozené
lokaIni disturbance, zvysujici strukturdlni rznorodost porostu (Broome et al., 2014,
MacMillan and Marshall, 2004).

Negativni dopad intenzivniho turismu na ptaci populace dokazuji kromé nasich
vysledk( i vysledky Thiel at al. (2011) nebo Rdsner et al (2013). Pdsobeni tohoto
negativniho faktoru zvysuje hladinu stresovych hormon( a mUzZe se projevovat snizenou
reprodukéni schopnosti a v kone¢ném dasledku i uhynutim jedince. Castym ddvodem je
nadmérné vytizeni turistickych tras a s nim spojené vyrusovani tetfeva v dobé jeho
reprodukce. Dal$im z dGvodu je nadmérny predacni tlak, zpisobeny zvySenym vyskytem
predator( v blizkosti lidského osidleni (Storch & Leidenberger 2003). Extrémnim
pripadem vsak mlze byt i samotna kolize jedincd s lyzarskym vlekem. Tyto a jiné dlvody
ohroZeni tetfeva turismem jsou sifeji popsany ve studii I..

Pfedkladand studie uzavirda téma rozsifeni tetfeva v podminkach stredni a

vychodni Evropy. Soucasné je dosud prvni publikovanou studii, zkoumajici toto téma
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v Rumunsku, podobné jako ve studii I. navic ve dvou prostorovych méfitcich. Jeji
vysledky naznacuji, Zze extenzivni vyuzivani krajiny, na rozdil od intenzivniho mize mit
pozitivni exekt na rozsifeni tetfeva a tim i fadu dalSich druh(. Studie zaroven poukazuje
na negativni vliv velkoplosné tézby lesa a nadmérného turismu na populaci tetreva

v Karpatech.

Posledni studie v poradi (¢lanek V., kapitola 4.5) fesi jako jedind problematiku
modelovani druhové distribuce vyhradné z metodologického hlediska. Zabyvali jsme se
v ramci ni vlivem casové ne/zavislé validace modelu na jeho predikéni schopnost. Pro
vysvétleni: ovéfeni modelu pomoci ¢asové zavislé sady dat je realizovdno rozdélenim
plvodni sady (presencnich ¢i presenéné-absencnich) dat a na jedné je model
natrénovan, na druhé nasledné ovéren. V pfipadé ovéreni modelu ¢asové nezavislymi
daty je model natrénovan napt. na datech z jednoho ¢i vice let a nasledné ovéfen na
datech zjiného Casového obdobi. Zaméreni studie reflektuje dlouhodobou potfebu
uzivatel SDM objasnit tento dosud blize neprozkoumany, presto vsak intenzivné
diskutovany vztah. PrestoZe vétSina uZivatell SDM vyuzivd v soucasnosti k validaci
(ovéreni) jejich modelu casové nebo prostorové zavisly vzorek dat, je tento postup
dlouhodobé kritizovan (napf. Araudjo et al. 2005, Peterson et al. 2011). Néktefi autofi se
totiz domnivaji, Ze pouziti stejné datové sady k trénovani i testovani modelu mlze vést
k celkovému nadhodnoceni predikéni schopnosti modelu a tim i zkresleni vysledku celé
analyzy (Newbold 2010; Roberts and Hamann 2012; Eskildsen et al. 2013). Do jaké miry
je tato obava opravnéna? Respektive, je absence pouziti ¢asové nezavislého vzorku dat
limitujicim faktorem v predikéni Uspésnosti modelu? V ramci této studie jsme fesili
uvedené otazky svyuZitim presencné-absencénich dat, pochazejicich zjednotného
programu s¢itani vodnich ptakd (International Waterbird Census; IWC) v rdmci CR.

Vysledky prekvapivé ukazuji vyrazné nekonsistentni Uspésnost predikce napfic
obéma zplsoby ovéreni modelu (¢asové ne/zavisly) a soucasné raznymi zpUsoby jejiho
méreni (4 presnostni metriky). Pouze v pfipadé metriky KAPPA byla presnost predikce
signifikantné vyssi u modeld s nezdvislou validaéni sadou, coz pravdépodobné vypovida

o chybném nadhodnoceni jejich vysledku. Odlisné vysledky uvadi naopak Araujo et al.
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(2005) a Dobrowski et al. (2011), ktefi u vSech ¢tyf pouzitych modelovacich technik
zaznamenali u validace zavislym vzorkem vyssi hodnoty AUC. Roberts & Hamann (2012)
naopak zaznamenali minimalni rozdily mezi obéma validacnimi pfistupy (pfi pouziti 12
rlznych modelovacich technik) a oznacili oba zplsoby validace za potencidlné vhodné.
V pfipadé pouziti vyhradné presencnich dat a metody maximalni netropie nebyl rozdil (a
tim i nadhodnoceni vykonu modelu) také prokazan (Ko et al. 2013). Pravé MaxEnt byl
pouzit v predchozich ¢tyfech nasich studiich (z dfive uvedenych ddvodd), ve kterych byl
model vidy ovérfen na Casové zdvislém vzorku dat. | vnich jsme byli nuceni kvali
omezené velikosti nalezovych dat k tomuto typu validace modelu pfistoupit. Z vysledkd
nasi studie je evidentni, Ze spiS neZ ne/zavislost validacni sady je Uspésnost predikce
ovlivnéna vybérem modelovaci techniky nebo pfesnostni metriky.

A jaky mohou mit nase poznatky prakticky vyznam v modelovani (nejen) ptacich
druh(? Pomérné zasadni, jelikoz vétsSina SDM studii vyuziva kvUli nedostatku lepsich dat
k ovéreni modelu vyhradné Casové nezavisla data, kterd dle nasich vysledkl nutné
nemusi zhorsit jeho kvalitu. Je vSak tfeba mit na mysli, Ze i takova data mohou
obsahovat jiné, prostorové, environmentalni ¢i taxonomické chyby. V tomto smyslu jde
napf. o historické zdaznamy vyskytu pochazejici z muzejnich shirek ¢i data sbirana
plvodné k jinému ucelu (Newbold 2010). Pravé tyto chyby pak mohou ovlivnit kvalitu
modelu vyrazné vice, nez Casova zaujatost vstupnich dat (Roberts & Hamann 2012).
Nicméné v pfipadé validace modelu pomoci Casové zavislych dat je tfeba dbat na
adekvatni rozdélenim plvodni sady dat na trénovaci a testovaci mnozinu, napfriklad
pomoci nékteré z metod popsanych v kapitole 3.4. Videalnim pfipadé je pak tfeba
zajistit, aby se kazdy zaznam ucastnil jak trénovani modelu, tak jeho ovéreni (podobné

jako ve studii ll. a lll.).

Vérim, Ze predkladané studie vhodné demonstruji rozlicné zpUsoby vyuZziti
problematiky modelovani druhové distribuce v praktické ochrané ptacich druhd.
V tomto sméru se SDM ukazuje jako slibny ndstroj pro zkoumani vztahu mezi druhem a
jeho prostfedim, s velkym potencidlem v ochranarské praxi. Soucasné je vsak tfeba

poznamenat, Ze v zadném pripadé nejde o jediny (natoz zcela objektivni) zplsob, jak
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napf. vymezit rozsiteni vybraného druhl. Z principu véci totiz ani sebelepsi model
nedokdze popsat slozZité komplexni vztahy mezi druhem a jeho prostfedim a vZdy bude
lepSim Ci horsim zobecnénim skutecné reality. Ve snaze pfiblizit model co nejvice realité

je tfeba dbat na ziskani dobrého teoretického zakladu problematiky.
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6. ZAVER

Detailni znalost o geografickém rozsifeni druhu v prostoru je nezbytna k porozuméni
ekologickym a evolu¢nim ciniteldm, které ho ovliviiuji a je cennym podkladem pro jejich
praktickou ochranu. Modelovani druhové distribuce (SDM) je v soucasnosti jednim ze
slibné se vyvijejicich pristupl, jak rozsifeni druhl v prostoru predpovidat. Tento pfistup
umoziuje modelovat potencidlni niku druhu zrelativné omezeného mnozZstvi
nalezovych a environmentalnich dat a byl dosud Uspésné vyuZzit pfi feSeni celé fady
ekologickych a biogeografickych otazek, reflektujici v fadé pripadl naléhavy ochranarsky
problém. Predkladana disertacni prace si kladla za cil seznamit jejiho ctenare
s problematikou modelovani druhové distribuce a jejimi hlavnimi aspekty. Cilem
praktické ¢asti prace bylo vyuzit potencial tohoto pfistupu k predikci rozsifeni vybranych
druh( ptdkd a soucasné zkoumat moznosti jeho vyuziti v praktické ochrané.

Predkladané studie davaji na prikladu vybranych ptacich druhd odpovéd napftiklad
na to, které faktory ovliviuji jejich rozsifeni a jak na né druhy reaguji. V tomto smyslu se
studie zabyvaji predevsim vlivem negativnich faktor( (jako napf. managementu lesa
nebo fragmentace krajiny) na populaci tetfeva hlusce. Je evidentni, Ze dlouhodobé
pUsobeni téchto faktorl vede v zemich stfedni a predevsim vychodni Evropy ke shorseni
jeho Zivotnich podminek. Ve snaze zabranit tomuto vyvoji je Zzadouci nastolit tzv. pro
tetfeva pratelsky managementu lesa, majici soucasné pozitivni vliv i na fadu dalSich
druh(. Posledni z celkem péti studii fesi vyhradné metodologické téma a jeji poznatky
Ize vyuzit pfi ovérovani vysledk( distribu¢nich modeld.

Disertacni prace se sklada z celkem péti studii, pricemz tfi z nich jsou v soucasnosti
publikovany ¢i pfrijaty k publikovani. Vysledky dalSich dvou studii jsou momentalné

podrobeny recenznim fizeni.
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