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1. Uvod

Clovék ovliviiuje krajinu ve stiedni Evropé uZ vice jak deset tisic let. Bud’ ptimo
tim, ze zacal obdélavat a vyuzivat piidu, nebo nepifimo prostrednictvim lovu velkych
bylozravct. Diky témto ¢innostem se vytvofila jedine¢na mozaika biotopti. Na uzemi
dnesni Ceské republiky se nejdfive hospodatilo na téch nejirodngjsich padach, které
maji vétSinou sprasovy podklad. S vyvojem lidstva se zvySovaly i1 naroky na
vyuzivani pudy. Vyznamnym krajinotvornym elementem byla po staleti pastva.
Paslo se nejen na pastvinach, ale i Vv lesich, sadech a pozdé&ji i na thorech, kde byla
pastva vyuzivana piedevsim k odpleveleni poli. Pastevni krajinu postupné nahradila

riznd luéni spoleCenstva, kterda se zformovala na rozliénych geologickych

podkladech.

Pokud jsme tedy ptetvotili divokou pFirodu v souladu s nagimi potfebami, musime
tedy pocitat s tim, Ze bude potieba dodavat energii na udrzeni pozadované krajinné
struktury. Pficemz neni podstatné, zda jde o vstavacovou louku, kratkostébelnatou
step nebo lipovou alej. Pokud se tyto staleti budované a opeCovavané biotopy nechaji
svému osudu, 1épe feCeno sukcesi, s velkou pravdépodobnosti zarostou néjakym
invaznim nebo expanznim druhem. Téméf s jistotou se na opusténych plochach vzdy

objevi vysoce expanzivni trava - titina kfovistni (Calamagrostis epigejos).

Krajina byla odedavna pozménovana i t€Zbou nerostnych surovin. Malé opusténé
limky jsou jistym biotopovym zpestienim (tedy pokud neslouzi jako skladka
nepotiebného materidlu vSeho druhu). Velkolomy zase méni celé krajiny — vytvafi se
krajina zcela nova. ZaleZi na zpusobu rekultivace, jak bude finalni krajina vypadat.
Na mistech po t€Zbé mohou vznikat vodni plochy, lesy, travni porosty. Pokud se
ptiklonime jen k drobnym terénnim Gpravam a nasledné spontanni sukcesi, vznikne
bohatd mozaika biotopli. Ale i tyto plochy jsou pomérn€é nachylné k zartstani
C. epigejos. Tato trava ma mnoho piedpokladi pro strategické vitézstvi nad
ostatnimi druhy. Problematika C. epigejos byla jiz feSena v mnoha védeckych
pracech. Piesto se stale nevi, jaké bude jeji chovani pii uréitych podminkach spjatych
pfedevsim s pfisunem Zivin, vodnim rezimem, defoliaci, disturbanci a fadou dalSich
faktort. Tyto faktory lze souhrnné nazvat managamentem. Na management jsou dale
navazany riastové faze, produkce biomasy, produkce a prezivani semen, ¢i piipadna

dormance. Pokud budeme znat ekologii tohoto druhu v celé jeho §ifi (byt se jedna
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0 velmi obsahlé téma), je mozné se nasledn¢ zaméfit na jeho potencidlni vyuziti

i vV jinych nez biologickych disciplinach.

Hlavnim cilem moji diserta¢ni prace je rozsifeni poznatki o ekologii C. epigejos.
V piedlozenych védeckych pracich se snazim na problematiku nahlizet v SirSim
kontextu, kdy do experimentti zahrnuji reakci na management (¢lanek 1), ¢i nastinuji,
jak by mohlo vypadat spoleCenstvo, které by bylo stabilni z hlediska abundance
titiny, ale ve kterém by zaroven neubyval pocet ostatnich druhti, jak tomu je doposud
(¢lanek II). Studovala jsem, jak je vegetace a pudni fauna ovlivnéna topografickou
strukturou vysypek (Clanek III). Zajimala m¢é také interakce zajmového druhu
s potencialnimi predatory (¢lanek IV). V posledni studii byl vyuzit velmi Siroky areal
C. epigejos. Diky svému rozsifeni miize byt vyuzita pro mapovani zne¢isténi tézkymi

kovy z atmosférické depozice (¢lanek V).
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2. ReSersni cast
2.1. Taxonomie

Rod Calamagrostis z ¢eledi lipnicovité (Poaceae) je pomérné Siroky taxon ¢itajici
vice jak 300 druhti a jejich kiiZzencii. Spolecnymi znaky tohoto rodu jsou jednokvété,
postrann¢ smacknuté klasky o dvou plevach na delsich stopkéach a v laté vice méné
rozkladité, pérovité blizny vycnivaji z klasku obycejné blize spodiny. Pod pluchami
jsou dvé zietelné Stéticky chloupki, které se pozdé&ji prodluzuji. Plucha byva
zpravidla osinata (Polivka, 1902). Latinsky nazev pochazi z feckych slov kdiopos
(rékos) a aypootg. V Ceské republice v soudasné dobé roste osm druht z rodu

Calamagrostis (Kubat, 2002).

2.2. RozSifeni

v

C. epigejos (obr. 1) je pavodni v Evropé, Asii a Africe. Druhotné je rozsifena
v Severni a Jizni Americe, na jihu Afriky, ale také v Australii (obr. 2a, b). Na mnoha
lokalitach bylo zaznamenano jeji expanzivni chovéni, a to zejména na mistech, ktera
jsou odlesnéna nebo jinak antropogenné zasazena. Roste od nizin do horskych oblasti
v suchych az velmi vlhkych porostech (Kubat, 2002). Postupné rozsifovani
C. epigejos v Ceské republice je zndzornéno na obr. 2c, kde je vyznacen vyskyt

druhu podle nalezové databaze ochrany piirody AOPK CR.

Obr. 1. Calamagrostis epigejos. Kresba A. Kaspar, pievzato z Polivka (1902).



ReSersni cast

Not native in America

Calamagrostis epigeios

Obr. 2. Rozsifeni Calamagrostis epigejos: obr. a) Onalezy ptevzaté z Discover Life (2017); b) nalezy
prevzaté z Linneaus Server (1998); obr. c) prevzat z AOPK CR (2017): o - nalezy do roku 1949, @ -
nalezy v letech 1950-1989, © - nalezy v letech 1990-2009, O - nalezy od roku 2010.
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2.3. Morfologie anatomie a rist C. epigejos

C. epigejos (obr. 1) je statna, vytrvala, vysokostébelnata, vybézkata trava (obr. 3).
V zavislosti na autorstvi je uvadéno pomérné Siroké rozpéti jejiho vzristu, a to od
0.6 m az do 2 m (Kubat, 2002; Rebele et Lehmann, 2001; Regal et Sindelatova,
1970). Stéblo (culnus) ma vétsSinou 2-4 kolénka (nodi) a je pod latou silné drsné
(Kubat, 2002). Listy jsou stfidavé a jejich pochvy jsou drsné, v dolni ¢asti chlupaté,
jazycek 2-4 mm, Spicaty. Listové Cepele jsou 5-15 mm Siroké, ploché nebo slabé
svinuté, na lici drsné. Anatomicka stavba listu je zobrazena na obr. 4. C. epigejos
patii do skupiny tzv. C3 trav (Giraldo-Canas, 2010). Jedna se o evoluéné starsi
zpusob fixace COg, ktery vyuziva vétsina rostlin mirného pasma (Ehleringer et al.,
1991).
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Obr.3. Klonalni rist C. epigejos. Prevzato Obr. 4 Anatomicka stavba listu. Pfi¢ny fez
z Klimesova et Klimeg (2013). listovou ¢epeli. Mesofyl s neradialnim

chlorenchymem. 1 — adaxialni zebro, 2 — stoma,
3 — cévni svazky, 4 — sklerenchym, 5 — floém
(Iyko), 6 — xylém. Pfevzato z prace Duska
(2002).
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ResSersni cast

Kofeny sahaji do velké hloubky (Rebele et Lehmann, 2001) a jsou casto velmi
mohutné (obr. 5). Tyto vlastnosti mohou byt urcujici v GspéSném vyuzivani Zivin
(Fiala, 2001). Jak ukazuje obr. 2, klonalni $ifeni této travy probiha tak, Zze oddenek
roste nejprve horizontdlné, poté prechdzi ve vertikalni rist a vytvotfeni nového

vyhonu. Anatomicka stavba oddenku je detailnéji popsana na obr. 6.

Obr. 6. Anatomicka stavba oddenku - fez. A- celkovy pohled na oddenek; B — oddenek detail C —
podélna ¢ast oddenku; D — detail svazku. 1 — epidermis, 2 — kura, 3 — sklerenchymaticky kruh kolem
centralniho valce, 4 — centralni véalec, 5 — pochva, 6 — floém, 7 — xylém. Pfevzato z prace Duska (2002).

C. epigejos je rostlina s klonalnim rustem, jejiz popula¢ni dynamiku Ize rozdélit
do dvou riznych urovni - na dynamiku ramet a dynamiku genet (Eriksson, 1989).
Rameta je Cast genety, jedna se o nejmensi ¢ast klonalni rostliny, ktera je po oddéleni
od genety schopna samostatného zivota. Geneta je definovana jako soubor ramet,
vznikly z jedné zygoty klonalnim ristem (Van der Maarel, 2005). Jednotlivé ramety

jsou fyziologicky propojené. Dochazi mezi nimi k distribuci sacharidd, zivin a vody.
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Nicméné toto propojeni ziejmé nezvysSuje konkurenceschopnost (Biezina et al.,

2006).

Propojeni ramet C. epigejos trva déle nez dva roky. Samotny Zivotni cyklus od
juvenilni ramety po odumirajici dil¢i shluk ukazuje obr. 7 (Janczyk-Weglarska,
1997). Stielec (2004) sestavil zivotni cyklus C. epigejos dle praci Doleckové (1989)
a Rebela et Lehmann (2001). Z juvenilni ramety po jednom az dvou letech vznika
dil¢i shluk vnépochevnim odnozovanim. Tento shluk zije pét az sedm let a poté
postupné odumird. Od druhého ¢i tietiho roku postupné vykvétaji jednotlivé pryty.
Stielec (2004) dale u titiny rozliSuje Ctyfi faze rastu: (1) obsazovani prostoru, (2)
zahu$tovani porostu, (3) bohaté kveteni pfi dosazeni maxima hustoty odnozi, (4)
fedéni polykormonu. Obr. 8 ukazuje realné propojeni jednotlivych ramet v genetu.
Geneta samotna muze zahrnovat mnoho ramet, jejichz pocet se odviji od podminek
prostiedi. Pokud jsou podminky ptiznivé, C. epigejos vytvori béhem jedné sezony

i nékolik ramet.

C. epigejos je casto povazovana za ryze klonalni travu, nicméné je dokazano, Ze
napiiklad disturbované plochy jsou osidlovany ptedevSim ze semen vzniklych
pohlavné (MacDonald et Lieffers, 1991). Pohlavni rozmnozovani mtize byt omezeno
biotickymi 1 abiotickymi faktory prostfedi, pfredevSim na okrajich populaci a casto

vede Kk jeho potlaceni ve prospéch klonalniho rustu (Eckert, 2001).

stadium

8]
(%]
.
(S0
=2}

rok vyvoje

Obr. 7. Zivotni cyklus C. epigejos 1 — juvenilni rameta; 2, 3 — vegetativni dil¢i shluk; 4 — generativni
diléi shluk; 5 — generativni dil¢i shluk s kvetoucimi bo¢nimi pryty; 6, 7 — odumirajici dil¢i shluk
(pievzato z Janczyk-Weglarska, 1997).
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ResSersni cast

Obr. 8.. C. epigejos: a) geneta C. epigejos v pisCitém substratu; b) po odhrabani svrchni vrstvy
substratu je vidét propojeni jednotlivych ramet (foto: P. Vachova).

Spektrum biotopti, ve kterych se C. epigejos vyskytuje, je velmi rozsahlé.
Prakticky se jedna o vSechny antropogenné vytvofené ¢i ovlivnéné plochy, které
jakymkoli zpiisobem pozbyly managementu. Piikladem mohou byt byvala vojenska
2010; Prach et Wade, 1992; Rebele, 1996) Na téchto mistech Casto pusobi jako
sukcesni blokant. Titina ma mnoho vlastnosti, které ji pfinaSeji Vvysokou
konkurenceschopnost. Mezi né¢ patii hlavné vysoka produkce biomasy a nésledna

tvorba pomalu se rozkladajici hmoty. Diky témto vlastnostem dokaze titina vytvaret

13
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specifické mikroklimatické podminky omezujici vyskyt ostatnich druhi a padnich
mikroorganismil. Dal§imi vlastnostmi jsou velka tolerance k abiotickému stresu
a efektivngjsi vyuziti vody a dusiku, neZ je tomu u jinych druht rostlin (Fiala et al.,
2003; Pruchniewicz et Zoierz, 2016). V poslednich letech vzniklo mnoho studii
zkoumajicich vliv dusiku na metabolismus a rust C. epigejos (Gloser, 2005;
Gloser et al., 2004; Kavanova et Gloser, 2005). Z experimenti vyplyva, Ze rychlejsi
rist areprodukce tohoto druhu jsou zplsobovany piiznivymi vlhkostnimi
a zivinovymi pomeéry (piedev§im dusikem) a ze pfi absenci managementu se stava
konkurenéné silnou travou (Hejcman et al., 2009; Rebele et Lehmann, 2001;
Tama et al., 2005). V zavislosti na zdrojich vyuzivaji mladé rostliny propojeni ramet
(Bfezina et al., 2006). C. epigejos je navic vysoce tolerantni k riznym druhim zatéze
jako je spad popilku (Mitrovi¢ et al., 2008) a brani obnové ptvodnich druht
(Somodi et al., 2008). Existuje tedy mnoho divodu, proc je tato rostlina vyznamna,

a to nejen v evropském méfitku (Chytry et al. 2001).

2.4, Problematika expanzi

Expanze a invaze jsou casto zkoumanym fenoménem napii¢ biologickymi
disciplinami. Expanzni a invazni druhy maji mnoho spole¢ného. Dulezita je i historie
druhu, kterd bezpochyby ovlivitiuje schopnost organismu invadovat nebo expandovat
(Connell, 1980). Termin expanze poprvé pouzili Prach et Wade (1992) u ptivodnich
druhii (apofytll), které se rychle §ifi a obsazuji nové plochy. Invazni druhy jsou
jedna o expanzi ¢i invazi, tento jev s sebou piinasi zménu stanoviStnich podminek
(Fiala et al., 2003), jez muze skonéit degradaci celého biotopu. Pochopeni principu
invazniho chovani je klicové pro zachovani plivodnich biotopil a biodiverzity. Za
zakladatele moderni invazni biologie je povazovan Charles Elton svou knihou
Ecology of Invasions by Animals and Plants. Jeho hypotéza biologické odolnosti
tika, ze druhové bohatd spoleCenstva jsou odolngj$i vi¢i invazim, protoze jsou
schopna vyuzivat zdroje efektivnéji nez druhové chuda spolecenstva (Elton, 1958).
V zévislosti na druhu mohou byt invaze a expanze ovlivnény 1 zménou klimatu.
Nov¢ ptichozi druhy se mohou stat dominantnéjsi v introdukci nez druhy ptvodni,

ato fedevSim diky odlisné interakci mezi puidou a rostlinou. Pida vzdy hraje
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Resersni ¢ast

dalezitou roli pii rozSifovani druhii, protoze ovliviluje dominanci, vegetacni

dynamiku, ale také sukcesi (Hickling et al., 2006; Van Grunsven et al., 2010).

Expanze nékterych druhu je zcela pfirozenou soucéasti vyvoje vegetace nejen ve
sttedni Evropé€. Naptiklad expanze trav v pozdnim miocénu byla zplisobena nejen
zménou pomeru slozek atmosféry, ale byla pohanéna i dal§imi faktory, jakymi byla
napi. tektonicka aktivita spojena se suchem v nizkych zemépisnych Sitkach nebo
zména V globalnich srazkovych modelech (Pagani et al., 1999). Siteni trav bylo
podpofené také predpokladanym pfirozenym bezlesim na konci interglacidlu
V pozdnim holocénu (Magri, 1995). Paleobotanické studie dokazuji, Ze invaze
a expanze jsou béznym jevem (Pokorny et al., 2004). Vétsinou nastavaji v disledku
lidské €innosti, ale nesmime zapominat, ze pravé diky ni vznikla mozaikovita krajina

a zvysila se biodiverzita, jejiz zachovani je aktudlnim tématem (Pokorny, 2005).

Expanze stepi zacala po antropogennim odlesiiovani na zacatku neolitu
(Jankovska et Pokorny, 2013). Srozmachem zemédé€lstvi expandovali Plantago
lanceolata a Calluna vulgaris, ve stiedovéku Alopecurus pratensis nebo Veronica
chamaedrys a jiné plevele ranych sukcesnich stadii (Kozakova et Pokorny, 2007,
Pokorny, 2005; Sadlo et al., 2008). V soucasnosti jsou za nejvyznamngjsi expanzni
druhy vramci Ceské republiky povazovany C. epigejos, Gallium aparine,
Taraxacum sec. Ruderalis nebo Urtica dioica. Hnaci silou soucasného expanzniho
chovani rostlin byva vétSinou eutrofizace, zvySeni obsahu zivin (hlavné dusiku)
a degradace biotopt (Hakova et al., 2004). Obecné miZzeme fici, Ze typicky expanzni
druh je autochtonni plevel s R nebo CR Zivotni strategii, snadno se §ifi, velmi dobte
prospiva v eutrofizovanych padach, jeho rozsifeni souvisi s ruderalizaci a apofytizaci
krajiny (Hajek, 2002; Sadlo et al., 2008). Teprve zménou stanovistnich podminek se
roz§ifuji druhy nepivodni nebo expanduji druhy, kterym nové podminky svédci

(Czech et al., 2000).

Invaze jsou znamy uz od neolitu, kdy lidé zacali vyznamnéji ovliviiovat své okoli.
Neptivodni druhy z tohoto obdobi nazyvame archeofyty. Dalsi vyznamny okamzik
nastal s objevenim Ameriky na konci 15. stoleti. Oteviely se nové obchodni cesty
apo nich pfichazely nové druhy — neofyty. Klasickd invazni hypotéza je, ze
rozmanitost zvySuje rezistenci spolecenstva vici invazim (Tilman et al., 1996).

Ceska republika je invazim velmi oteviena. DuleZitou roli pfitom hraje husté
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osidleni, husta sit’ fek a komunikaci, ¢etné disturbance, ale také blizkost velkych
krajinnych celkli, pestrda mozaika biotopti a hojnd migrace. Nem¢li bychom

zapominat na fakt, ze mnoho druhti ma na nasem tzemi severni hranici rozsifeni.

Hovofime-li o invazich, je dilezitym pojmem invazibilita. Invazibilita je
vznikajici vlastnost prostfedi, kterd je zplUsobena n¢kolika faktory, vcetné

regionalniho klimatu, naruSovani rezimu prostfedi a konkuren¢nich schopnostech

faktorem pro invadovanost spolecenstva je jeho typ, pfiCemz tento vliv
je markantngjsi v piipad€ archeofyti nez u neofytt. Z invadovanosti lze do jisté miry
usuzovat nainvazibilitu. Nejvice invadovana spoleCenstva jsou také nejvice
invazibilni. Jako nejvice zasaZend jsou ruderalni spolecenstva a plevelova vegetace.
Invaze jsou nebezpecné piedev§im pro jejich téZkou predikci a pomérné dlouhou
lag-fazi. Hobbs et Humphries (1995) apeluji na zménu lidské cinnosti
Vv introdukovani neptivodnich druhit . Nejvice invazibilni jsou disturbovana

spolecenstva s piebytkem zdroja (ziviny, svétlo, voda) (Burke et Grime, 1996).

Obr. 9. Vyuzivani krajiny ve vztahu k rozsifeni C. epigejos. Sipky nazna¢uji smér mozného
vyvoje téchto vybranych stanovist’. (kresba: P. Vachova)
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2.5. Expanze C. epigejos

Krajinu Ceské republiky tvoi¥i mozaika rtiznorodych biotopt (Chytry, 2010).
Mnoho z nich je postizeno expanzi C. epigejos. Jedna se predevSim o tuzkolisté
a acidofilni suché travniky (Chytry et al., 2001). V lesnich spolecenstvech expanduje
hlavné do Luzulo albidae-Quercetum petraeae, Abieti-Quercetum, Mastigobryo-
Piceetum a dalSich méné zastoupenych jednotek (Neuhéduslova, 2001). Jako
diagnosticky, konstantni i dominantni druh je uvadéna z tfidy Epilobietea angustifolii
(Chytry et Tichy, 2003).

Expanze této travy byla zmapovana na riznych lokalitach, napt. v aluviich fek
(Fiala, 2001; Fiala et al., 2003; Sedlakova et Fiala, 2001), lesnich ekosystémech
(Halarewicz et Pruchniewicz, 2015) ¢i posttézebnich lokalitach. Biotopy typické pro
expanzi C. epigejos jsou také rekultivované plochy (Hodacova et Prach, 2003;
Mudrak et al., 2010; Sebelikovéa et al., 2016). Zajimava, z hlediska expanzniho
vegetace a mohou byt Gto¢istém pro mnoho druhi vzacnych Zivodichi (Cizek et al.,
2013; Reif et al., 2011). C. epigejos se dokaze S§ifit velmi rychle i na velké
vzdalenosti (Lehmann et Rebele, 1994). Kovarovy (2004) studie odkalist’ prokazaly
rozdilny zptsob Sifeni v zavislosti na typu substratu. Zatimco na tézSich puadach
z rudni Cinnosti se tato trava rozSifuje pomoci typu falanga (obr. 10a), v leh¢ich
padach, vznikajicich na popilkovych odkalistich, se jedna piedevsim o typ guerilla
(obr. 10b).

C. epigejos dokaze velmi dobie vytlacit jiné druhy (Mudrék et al., 2010) a pokud
ma dostatek dusiku, stdva se dominantnim druhem (Holub et al., 2012; van den
Berg et al., 2005). K Gspésnému S§iteni této travy prispivaji i dalsi faktory jako je
zastinéni (Somodi et al., 2008) nebo velké mnozstvi pomalu se rozkladajici hmoty
(Fiala et al., 2011). Stafina totiz pohlcuje svétlo, zastifiuje semena a semenacky a
ovliviiuje teplotu pidy. Mnoho semen se diky silné vrstvé biomasy ani nedostane na
pudu a nemaé tedy Sanci vykliCit. To samoziejmé ovliviiuje utvaieni spolecenstva
(Facelli et Pickett, 1991). Ve spolecenstvu, které je zasazeno expanzi, je obvyklé, ze
druhy ubyvaji imérné s ptibyvajici pocetnosti C. epigejos a n¢které zcela mizi (Fiala
et al., 2003; Sedlakova et Fiala, 2001).
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Obr. 10. Formy klonalniho rustu u C. epigejos. a) typ Falanga; b) typ Guerilla. (Foto: P. Vachova)
2.6. Faktory ovliviiujici rist a expanzi C. epigejos

2.6.1. Ziviny

Nejen bez vody neni zivota (Rada Evropy, 1968), ale kromé vodiku a kysliku
potfebuji organismy i dal§i prvky jako je uhlik, dusik, hoi¢ik, fosfor, siru, draslik,
vapnik, mangan, zelezo, méd’ nebo zinek. OvSem kazdy druh ma jiné potieby.
Dostupnost zivin, které jsou pro urcity druh dalezité, mtze ovlivnit disperzi onoho
druhu v prostiedi (Begon et al., 1997). Reakce spolecenstva na dodané ziviny byva
velmi rychla a zpravidla vede na mistni tirovni ke sniZzeni druhové bohatosti (Grime,
2006; Huston, 1999). Dusik, forfor a draslik (tzv. NPK ziviny) mohou totiz rychle
ménit druhovou skladbu (Hejcman et al., 2012). Uvadi se, Ze za snizovanim poctu
rostlinnych druhu stoji pfedev$im vysoka dostupnost dusiku v kombinaci s fosforem,
ale také absence koseni (Bakelaar et Odum, 1978; Elisseou et al., 1995; Kull et
Zobel, 1991).

Klonalni rostliny jsou obecn& nenarocné na dostupné Ziviny (Klimes et al., 1997).
Nicméné studie, které se v minulosti zabyvaly vlivem zivin na rlst a prospivani
C. epigejos (napi. Holub et al., 2012; Holub et Zahora, 2008; Tuma et al., 2009),
jasn¢€ ukazuji pozitivni vliv zivin na jeji rast. OvSem reakce tohoto druhu na Ziviny,
zvlaste v konkuren¢né silném prostiedi, se mize projevit az po nékolika letech jejich
pravidelné aplikace (napt. Rebele, 2000). V expanznim chovani C. epigejos hraje
dilezitou roli dusik. Spolu s fosforem mozna roli hlavni. Pokud ma tato rostlina

dostatek dusiku, stavd se dominantnim druhem (Holub et al., 2012,
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van den Berg et al., 2005) podobné jako pii dostateném mnozstvi dostupného
fosforu (Lammerts et Grootjans, 1997 Hejcman et al., 2010; Suss et al., 2004).
C. epigejos je konkuren¢né silngj$i pii dotaci dusikem aabsenci odstranovani
biomasy (Ttma et al., 2005). Jako dalsi vlivné vlastnosti byly urCeny velka tolerance
k abiotickému stresu a efektivnéjsi vyuziti vody a dusiku, nez je tomu u jinych druhii

rostlin (Fiala et al., 2003).

2.6.2. Antropogenni vlivy

C. epigejos expanduje predev§im na antropogenné zasazenych lokalitach (obr.
11), které pozbyly managementu (napt. Prach et Wade, 1992). Bylo prokéazano, ze
tato trava velmi dobife prosperuje i na zneciSténych stanovistich (Mitrovi¢ et al.,
2008). Ovsem jeji vyuziti pfi remediaci se ukazalo jako nevhodné (Lehmann
et Rebele, 2004).

Obr. 11. Ptiklady antropogenné zasazenych lokalit s dominantni C. epigejos. a) opustény lom (Vraz u
Pisku), b) byvalé vojenské cvi¢isté (Oldiichov), ¢) neobhospodafovana louka (Kostelec nad Cernymi
lesy) d) disturbovana plocha (Krasovice), e) hnédouhelna vysypka (Hornojifetinska vysypka), f)
neudrzovana zahrada v intravilanu (Kostelec nad Cernymi lesy) (foto: P. Vachova).

19



Resersni ¢ast

2.6.3. Arbuskularni mykorhiza

Vyzkum zaméfeny na vztah arbuskuldrnich hub (AMF) a rostlin je velmi
zajimavy a jeho $ife je nad rdmec této prace. Nicméné¢, n¢kolik projektt z této oblasti
bylo zaméfeno pravé na C. epigejos, ktera (ostatn¢ jako vétsina druhd trav) neni
nejspiSe na AMF vyznamné zéavisla (Hetrick et al., 1992; Malcova et al., 2001;
Rydlova et Vosatka, 2001). Pfi¢ina samostatnosti trav je v jejich jemném,
rozvétveném kotfenovém systému. To ovSem neznamena, ze AMF v travnich
porostech chybi. Zda se, ze mnozstvi arbuskuldrnich hub je ovlivnéno pfitomnosti
invaznich, resp. expanznich rostlin. Dusledkem muze byt nizs§i diverzita
arbuskularnich hub u pivodnich rostlin a jejich hor$i prospivani (Endresz et al.,
2013; Vogelsang et Bever, 2009). Pokud je arbuskularni mykorhiza zjisténa,
zpravidla zvySuje u C. epigejos biomasu, zalezi ovSem na druhu inokulované houby
(Piischel et al., 2007). C. epigejos vyuziva arbuskularni mykorhizu pro piijem
fosforu, u dusiku to vSak prokazano nebylo (Piischel et al., 2007; Rydlova et al.,
2016).

2.6.4. Klasicky management

Ctyfleté nebo i kratsi obdobi je pro potladeni expanznich druhi jako je C. epigejos
velmi kratké (Kiivanek et al., 2004). Po navratu managementu totiz zacinaji tyto
druhy ustupovat az po Sesti letech (Dostalek et Frantik, 2012). Siteni C. epigejos
muze byt zpisobeno nedostateénym managementem a dobrou dostupnosti dusiku
(Hejcman et al., 2009). Nejen zastinéni (Somodi et al., 2008), ale i velké mnozZstvi
pomalu se rozkladajici hmoty (Fiala et al., 2011) brani znovuobjeveni druh
typickych pro pastviny. Zd4 se ovSem, Ze na suchych piscitych a Zivinové chudych

pidach mutize C. epigejos koexistovat s vétsim poctem druhd (Rebele, 2014).

Na druhové chudych travnicich bylo zaznamenano, Ze pravidelné koseni jednou
az dvakrat za sezénu muze byt pro tento druh stresujici a titina se nedokaze
Vv takovychto podminkach Sifit a postupné se zlepsSuje 1 druhova skladba (Hakrova et
Wotavova, 2004). Nekteré studie uvadeji, ze po druhém (Hazi et al., 2011) nebo po
tiretim (Rebele et Lehmann, 2002) roce sece se snizuje pokryvnost tohoto druhu.
Hazi et al. (2011) uvadi, zZe po Ctyfletém seCeni se zacina zvySovat druhova bohatost.
Dulezité je obnoveni managementu. Tim se zastavi degradace luk (Pruchniewicz,

2017) Nastrojem na zabranéni rozristani by mohla byt pastva (napi. Stroh et al.,
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2002). C. epigejos se dafi eliminovat i pomoci herbicida (Janauer, 1995; Regal
et Sindelafova, 1970). Na heterogennich plochach s dostatkem Zivin dokaZe
Arrhenatherum elatius vykompetovat C. epigejos (Tuma et al., 2009, 2005).
U viesovist’ s vyskytem C. epigejos je vhodné strhnout drn i se svrchni vrstvou pudy,
pficemz vypalovani pii expanzi tohoto druhu neni vhodné, protoze jen napomaha

vegetativnimu rozsifovani (Prausova et Sadlo, 2004; Sedlakova et Prausova, 2004).

2.6.5. Alternativni moZnosti ovlivnéni expanze C. epigejos

Klasické zpisoby managementu travnich porostti ¢asto nenapliuje ocekavani
Vv podob¢ potlaceni expanznich druht jako je C. epigejos. V poslednich letech proto
pfichazi v ivahu alternativni moznosti eliminace nezadoucich druhd, kdy jednim
z téchto zptsobu je pouziti dosevu rostlin druhu kokrhel (Rhinanthus sp.).
Rhinanthus je poloparaziticka rostlina, jejimiz hostiteli jsou pravé rostliny z ¢eledi
Poaceae (Kocian, 2016). Kokrhel se svymi haustorii napoji na kofenovy systém
C. epigejos (obr. 12) a timto zpisobem Cerpa vodu, ziviny a ve vysledku vede ke
sniZzeni biomasy této travy (Té&Sitel et al., 2017). NejlepSich vysledkd pti sniZovani
pokryvnosti C. epigejos bylo dosazeno, kdyz byla pted vysevem kokrhele odstranéna
stafina (Mudrak et al., 2014). Tento zpiisob zdsahu nasel uplatnéni i v planech péce

0 zvlasté chranéné tzemi (Jongipierova et al., 2015).

Obr. 11. Napojeni haustorii druhu Rhinantus na koten C. epigejos (foto: J. Té&sitel).

Dalsi perspektivné se jevici moznosti, jak eliminovat C. epigejos, je vyuziti larev
kovarikt (dratovcil), jez preduji jeji vyhonky (Roubickova et al., 2012). Tomuto

tématu se vénuji studie predkladané jako soucast této prace (Clamek III a IV).
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3. Cile disertacni prace

Diserta¢ni prace je zaméfena na ekologii C. epigejos. Hlavnim cilem je piispét
k rozsifeni poznatki 0 tomto druhu a nalezeni jednoduchych feSeni, ktera mohou
omezit rust a dalsi rozSifovani C. epigejos. Tyto poznatky by mélo byt mozné
vyuzit jak v ochranaiské, tak v lesnické a zemédélské praxi. Pozornost byla

soustfedéna predevsim na tyto cile:
Hlavni cile prace:

1. Zjistit, jak probiha expanze ve spolecenstvu s C. epigejos. (¢lanek I)

2. Zjistit reakci C. epigejos na dodané ziviny. (¢lanek I)

3. Zkoumat teoretickou miru stability fytocen6z s dominantni C. epigejos.
(¢lanek IT)

4. Otestovat moznosti eliminace C. epigejos. (€lanek III a 1V)

5. Navrhnout praktické vyuziti C. epigejos. (¢lanek V)
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4. VysledKky disertacni prace

Clanek I

The effect of management on expansion of Calamagrostis epigejos in

grasslands

podil autora: sbér, zpracovani a analyza dat, navrh metodiky, tvorba

manuskriptu

Clanek I
Stochastic identification of stability of competitive interaction in ecosystems

podil autora: sbér dat, navrh zakladniho ramce metodiky, tvorba manuskriptu

Clanek II1

Topography of spoil heaps and its role in plant succession and soil fauna

presence

podil autora: sbér, zpracovani a analyza dat, navrh metodiky, tvorba

manuskriptu

Clanek IV

Wireworms suppress spreading of the expansive weed Calamagrostis epigejos
(L) Roth by feeding on its rhizomes

podil autora: sbér, zpracovani a analyza dat, navrh metodiky, tvorba

manuskriptu

Clanek V

Using expansive grasses for monitoring heavy metal pollution in the vicinity

of roads

podil autora: sbér, zpracovani a analyza dat, navrh metodiky, tvorba

manuskriptu
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Abstract

Spreading of Calamagrostis epigejos constitutes a serious problem for a wide
spectrum of stands. We were interested in the height of vegetation, species diversity,
abundance of C. epigejos and type of plant community created by management. We
created an experimental area of fully randomized blocks. Each block consisted of
five types of treatments differing in the quantities of phosphorus, nitrogen and
potassium applied in different combinations of kg per hectare (N100, N100P30,
N100P30K100, P30). We determined the composition and representation of
individual species. We also collected soil samples, in which the amounts of P, Ca,

Mg, K, N, C were analysed.

Presence of C. epigejos is positively correlated with the total height and
coverage/biomass of vegetation. Application of phosphorus itself affects adversely
both the height of vegetation and the total abundance and abundace of C. epigejos.
The number of species is negatively affected by the supply of nutrients, nitrogen in
particular, and by high abundance of C. epigejos. Good availability of nitrogen and
the ability to eliminate smaller heliophytic species through shading their seedlings
are main factors promoting expansion of C. epigejos. The one-year mowing doesn‘t

affect the ability of the grass to spread.
Keywords Disturbed areas; Diversity; Nutrients; Mowing, Vegetation, Abundance

Nomenclature of vascular plants by Kubat et al. (2002)

1. Introduction

The landscape of Czech Republic comprises a mosaic of various biotopes (Chytry,
2010). Many of these biotopes are affected by expansion of Calamagrostis epigejos.
These are mainly nearrow-leaved dry grasslands and acidophilous dry grasslands
(Chytry et al., 2001). In forest biotopes, C. epigejos expands to the Luzulo albidae-
Quercetum petraeae, Abieti-Quercetum, Mastigobryo-Piceetum and other
underrepresented units (Neuh&uslova, 2001). It is reported from Class Epilobietea
angustifolia as a diagnostic, constant and dominant species (Chytry, Tichy, 2003).
Abandoned military training grounds form an interesting phenomenon in the Czech
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landscape. These areas include different types of vegetation and can be refugees for
many rare animal species (Cizek et al., 2013; Reif et al., 2011). Unfortunately, these
areas are also frequently affected by the expansion of C. epigejos. This plant is a
persistent, long-stemmed, rhizomatous grass, which has a spreading behaviour
especially in locations that have been deforested or otherwise anthropogenically
affected (F Rebele, Lehmann, 2001). It thrives from lowlands to mountain areas and
in dry to very moist stands (Kubat, 2002). In these locations, C. epigejos frequently
acts as a succession blocker. It has numerous traits that predispose it to be highly
competitive - especially high biomass production and subsequent creation of slowly
decomposing plant material, which enables this reed grass to transform microclimatic
conditions so that they are not suitable and compatible with the existence of other
plants and soil microorganisms. High tolerance to abiotic stress and more efficient
use of water and nitrogen in comparison to other plant species have been established
as further influential properties (K Fiala et al., 2003). In recent years, there has been
a number of studies examining the influence of nitrogen on the metabolism and
growth of C. epigejos (V Gloser et al., 2004; Vit Gloser, 2005; Kavanova, Gloser,
2005). Hejcman et al. (2009) examined the influence of mowing, not mowing and
fertilization on the expansion of Calamagrostis villosa into subalpine Nardus grass
stands. After an extended time period, it was determined that C. villosa spreads more
to areas that have undergone fertilization and thus the discontinuation of agricultural
management and increasing nitrogen availability contributed to the expansion of this
grass. Due to a similar strategy of growth and resource utilization, we can apply this
finding also to C. epigejos. It was also confirmed by Tuma et al. (2005) in a growing-
pot experiment which demonstrated that C. epigejos is competitively stronger when
nitrogen is added and trimming is not performed. It is also interesting how
integrating ramets are used mainly by young plants and depending upon the

resources available to them (Biezina et al., 2006).

The objective of our experiments was to identify low-cost and simple solution for
limiting the growth and further spread of C. epigejos without endangering species
diversity and community stability. Although a certain reduction of C. epigejos
biomass under the influence of UVB light has been reported (Oudejans et al., 2001),
we created an experimental design that would enable us to observe this in conditions

that can easily be simulated by means of fertilization and mowing. Response of
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community to the applied nutrients is very fast and usually leads to a reduction in
local species richness (Grime, 2006; Huston, 1999). It is noted that primarily
nitrogen in combination with phosphorus but also in the absence of mowing has a
potential to reduce the number of species. (Bakelaar, Odum, 1978; Elisseou et al.,
1995; Kull, Zobel, 1991). The basic questions are the following: 1) What kind of
plant community is created under the influence of fertilization and mowing? (2) How
do management practices affect stand height? (3) How does management affect
species diversity? (4) How does management affect the abundance and number of C.

epigejos shoots in individual squares?

2. Material and Methods

2.1. Experimental sites and design of experiment

The study site is located near Oldfichov, in the vicinity of Pisek (49°19'46.274"N,
14°4'36.340"E) in southern Bohemia. This site is part of the Central Bohemian
Pluton within the Moldanubian Zone. The geological bedrock of most of the area is
the Central Bohemian Pluton of amphibole-biotitegranodiorites, Cervensko type
(Fisera, 1982). The experimental location is in an area with annual average air
temperature of 7.1°C — 8.0°C, which range falls right into the middle of average
temperatures within the Czech Republic. Mean annual precipitation is 501-600 mm.
As true for all of central South Bohemia, this is an area with relatively sparse
precipitation. This is caused mainly by its position relative to the Sumava mountains
(CHMI, 2012). Phytogeographically, this area is in the Bteznické Podbrdsko
subregion of the Bohemian—Moravian mezophyte (Hejny, Slavik, 1988). The
experimental design was proposed by the long-running experiments in Central
Europe (Hejcman et al., 2007, Leps, 1999). The experiment is done in full
randomized blocks with three repetitions. Each block consists of five types of
treatments, differentiated according to the amount of applied nutrients - phosphorus,
nitrogen and potassium - in various combinations in kilograms per hectare (N100,
N100P30, N100P30K100 P30) (Table 1). We provided the nutrients using
commercial fertilizers at the beginning of the growing season. Nitrogen was applied
in the form of ammonium nitrate with limestone, phosphorus as superphosphate, and

potassium intake was simulated using potassium chloride. The squares were also
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differentiated according to whether or not they would be mowed. The area of a single
square is defined as 9 m?. To prevent edge effects, we evaluated only the central part
of each square (Mladek et al., 2011).

The species composition including percentage was investigated in 2010 according to
Moravec (1994). Nutrients were applied in April 2011, 2012 and 2013. In year 2010,
the nutrients weren’t applied. The percentage of found species was assessed in the
individual squares in July 2011, 2012 and 2013. The compressed sward height was
measured with a rising-plate-meter (Castle, 1976; Correll et al., 2003).

2.2.  Soil analyses

Soil samples were taken by sampler lawns at five randomly selected points within
each square simultaneously with the species inventory. These samples were taken
each years. The sampler has a diameter of 23 mm and a length of 10 cm. Samples
were dried at room temperature and sieved through fine-sieve with a mesh size of
2mm. Soils were analysed for essential nutrients. P, Ca, Mg and K were analysed as
available nutrients in the extraction solution by Mehlich 111 (Tran et al., 1990).

The plant accessible phosphorus was determined spectrometrically as
phosphomolybdic blue at the wavelength of 750 nm light. Potassium was
investigated by the atomic absorption spectrometer using air-acetylene flame.
Calcium and magnesium were analysed with the same method, but the solution of
lanthanum was added to the sample to suppress ionization.

Total Carbon (TC) and Total Nitrogen (TN) were determined using high temperature
catalytic combustion with the the Primacs SNC equipment. The samples were
introduced into a high temperature combustion oven, where at 1050°C carbon is
completely oxidized to CO> at the presence of a catalyzer. CO> was measured by
Non Dispersive Infra-Red Detection (NDIR) for Total Carbon. Total nitrogen was
converted to NxOy which was then reduced at 600°C to N2. The N2 gas was measured
by Thermal Conductivity Detection (TCD).

2.3. Statistical analyses

One way ANOVA and ANOVAR were used to evaluate the effect of treatment on all
collected data. After obtaining significant results, multiple comparisons using
Tukey's HSD test were applied to identify significant differences between treatments.

Correlation coefficient was used for interspecies interaction. All analyses were
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performed using STATISTICA 9.0 software (Statsoft, Tulsa). CANOCO 5 program
(Smilauer, Lep$, 2014) was used to RDA analysis. It was applied for interaction

treatment, individual plots and plant species in time.

3. Result
3.1.  Height of vegetation

Vegetation height is positively affected by increasing abundance of C. epigejos
(r=0.620). Gallium verum and Knautia arvensis can reach higher height, so shading
by a tall grass doesn’t affect them. The heliophilous species as Plantago lanceolata,
Dianthus deltoides, Festuca pratensis, Potentilla argentea or Viola tricolor receded
when vegetation height increased (fig.1). According to Tab 2, no differences between
the individual treatments were observed in 2010 (F = 1.025, p = 0.42).

The addition of nutrients had an effect on vegetation height in the first year after
application. A significant difference in height of vegetation was found between
treatments P and NP, NPK in 2011 (F = 4.746; p <0.01). In 2011 the height of the
vegetation was significantly lower in the P treatment in 2011 than in other treatment.,
This difference persisted even in following season of 2012 (F = 4.547; p = 0.01). A
difference in the vegetation height wasn’t observed for individual treatments in 2013
(F = 1.788; p = 0.18). According to the results for repeated measurement ANOVA
indicated in Table. 3, the height of vegetation is unchanged in each treatment (F =
2.937; p = 0.873). We note demonstrable increase in height of vegetation during the
monitored years (P = 2.5434; p <0.01) (tab2).

3.2.  Number of species

The number of species in monitored squares was negatively affected by increasing
amounts of C. epigejos and also over time (Fig 1)..

The negative correlation between number of species and the total abundance is
shown in Fig. 4, in a RDA graph. The most affected species are Veronica officinalis,
Plantago lanceolata, Epilobium sp., Lotus corniculatus, Potentilla argentea, Festuca
pratensis, Hypericum perforatum, Thymus chamaedrys, Gnaphalium sylvaticum,
Trifolium arvense, Trifolium pratense. These species disappear soon due to
expansion of C. epigejos (Fig. 1). The results of repeated measurements ANOVA in
Table 3 show that in variants, N, NP and NPK proven to reduce the number of
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species over the years (F = 18.26; p = 0.02). However, the number of species is not
different in the monitored years, (F = 0.963; p = 0.51).

3.3.  Abundance of C. epigejos

The most striking change in the abundance of C. epigejos was observed for the
control treatment. There was a sharp increase in its abundance 2013 (F = 3.556; p =
0.03) (Tab. 3). The abundance of C. epigejos increased to similar levels in our
experiment during the reporting period (Fig. 5). Plantago lanceolata, Festuca
pratensis, Centaurea jacea, Lotus corniculatus, Potentilla argentea, Dianthus
deltoides, Taraxacum sect. Ruderalia or Trifolium arvense receded immediately after
expansion of C. epigejos. There is no a species that would have been positively
impacted by the presence of C. epigejos in the plant community - as shown in Fig. 1
and Fig 4. Increasing abundance of C. epigejos negatively affects a number of
species (r =-0.420).

Coverage of C. epigejos decreased in the first year after application of nutrients in all
treatments (Tab. 3). A large reduction in abundance of C. epigejos was observed in P
variation in 2012 and also the lowest total abundance was found in this treatment
during the year (Tab. 2). The development of control treatments is also interesting.
The first three seasons we observed very similar abundances of C. epigejos.
However, a sharp increase in abundance of this species was observed in 2013 (F =
3.555; p = 0.034). The other treatments had similar outcomes, but this development

did not have a statistically significant character (to see Fig. 5).

3.4.  The community response to fertilization and mowing

We found that the content of soil nutrients in individual treatments was unchanged
during the year for phosphorus (F = 0.879; p = 0.62), potassium (F =1.2; p = 0.52) or
for nitrogen (F = 1.783; p = 0.52). However, the nutrient enrichment resulted in
changes in vegetation (Fig. 4). Arrhenatherum elatius, Gallium pomeranicum and
Carex hirta are the species preferring a regime of high nitrogen and phosphorus
input. The species of G. album and G. verum were largely replaced by their hybrid G.
X pomeranicum during the reporting seasons Increasing abundance of C. epigejos

negatively correlated with the abundances of A. elatius (r = -371). Figure 2a shows a
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representation of the percentage of each species in individual treatments. Control —
with non-intervention regime - is uniquely suited to Lotus corniculatus, Centaurea
jacea, Plantago lanceolata, Festuca pratensis but also to Arrhenatherum elatius. We
also cannot ignore the fact that the occurrence of species Trifolium pratense, Lotus
corniculatus, Trifolium arvense, Vicia angustifolia, Holcus lanatus or Centaurea
jacea are positively correlated with the presence of A. elatius. (Fig. 1) We recorded
an increase in abundance of A. elatius, L. corniculatus, P. lanceolata in the first year
after application of nutrients. However, these species except P. lanceolata retreated
again in subsequent years (Fig. 2b). Figure 4 illustrates well how the mown plots
with sufficient nitrogen are more prone to expansion of C. epigejos than others.
Other species prefer uncut treatments with NP, P and C addition.

The community has been changing continuously in time (Fig. 3), with increasing
abundance of C. epigejos playing the major role. H. perforatum, P. pratensis, P.
argentea, V. officinalis, T. chamaedris, G. sylvaticum, B. sterilis and Epilobium sp.

have been declining in coverage during the observed years (Fig.1).

4. Discusion

The result investigate about height vegetation corresponds with the results of other
studies about the impact of the available nitrogen on the rapid formation of biomass.
However, the generally accepted positive effect of phosphorus on the amount of
biomass (Hejcman et al., 2010; Suss et al., 2004) hasn’t been confirmed.

The number of species in monitored squares was negatively affected by increasing
amounts of C. epigejos and also over time. Although Hazi et al. (2011) reported that
an increase in species richness begins after four years of mowing.

The species disappear soon due to expansion of C. epigejos. This grass competes
other species by shading (Somodi et al., 2008), but also a large amount of slowly
decomposing materials (Karel Fiala et al., 2011). These factors and absent traditional
farming prevents the reappearance of species typical for pastures. It appears that C.
epigejos may coexist with a plurality of species only on dry sandy and nutrient poor
soils (Franz Rebele, 2014). Some studies indicate that mowing reduces abundance of
this species after two years (Hazi et al., 2011) or after three years (Franz Rebele,
Lehmann, 2002). However abundance of C. epigejos increased to similar levels in
our experiment during the reporting period. This species can suppress other species
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very well indeed (Mudrak et al., 2010). When the nitrogen supplied, C. epigejos
becomes the dominant species (Holub et al., 2012; van den Berg et al., 2005).

P. lanceolata was negatively correlated with the abundance of C. epigejos, but this
doesn't mean that it would be completely expelled from the monitored squares - its
presence can be supported by poor management and the availability of nitrogen
(Hejcman et al., 2009).

The low cover of total abundance in squares could be due to a greater amount of old
grass. Litter creates a physical barrier (intercepts light, shades seeds and seedlings,
reduces soil temperature) for seedling and sprout emergence and also prevents seeds
from reaching the soil. This affects the formation of plant communities (Facelli,
Pickett, 1991).

The broad ecological amplitude allows C. epigejos adapt to different environmental
conditions. Grazing donkeys could be a tool to prevent sprawl (Stroh et al., 2002),
the presence of wireworms which predate its shoots (Roubickova et al., 2012).
Reaction of the grass to a new method of management is not immediate but can be
fast. G. x pomeranicum . is very adaptable to conditions which are prevalent in
habitats dominated by C. epigejos and good nutrient availability. It is therefore
possible that these more resistant hybrids begin to dominate under pressure of the
environment and the original parent plants disappear into more favorable biotopes. A.
elatius grows frequently at species-poor stands (Scotton et al., 2014), in the next
successional stages (Ondiej Mudrak et al.,, 2012), therefore it thrives in
heterogeneous unmanaged areas with plenty of nutrients (Hejcman et al., 2007). It
may be the strongest competitor of C. epigejos in this case (I Tima et al., 2005; Ivan
Tama et al., 2009), as our results also suggest. A. elatius loses more nitrogen than C.
epigejos when being cut (Holub et al., 2012), because it accumulates it in
aboveground biomass (Berendse et al., 1992), therefore A. elatius needs a regular
intake of nitrogen to maintain its fitness (Buckland et al., 2001). L. corniculatus is
the species that does not occur at shaded places but it has a relatively broad
ecological and phytocenological amplitude (Jones, Turkington, 1986) and responds
positively to sufficient phosphorus (Kelman, 2006). Centaurea jacea occurs most
often in community Molinio-Arrhenatheretea class but it is a common species of
ruderal meadows, pastures and forest margins where it grows on nutrient rich soil.

This species doesn't prefer shaded biotopes as F. pratensis and P. lanceolata (Slavik,
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B, 2004). The community, which it was part of here, if there wasn’t an expansion of
C. epigejos, probably fell into the category T1.1., Mesic Arrhenatherum meadows,
according to the Catalogue of biotopes (Chytry et al., 2001). This idea is based on
information from old maps. The most important factor causing changes in the
community over time is probably spontaneous succession, however, it tends to lead

to monospecific stands of this grass.

5. Conclusions

The experiment based on management practices represented by fertilization and
mowing in different combinations didn't lead to finding an effective solution on
eliminating expansion of C. epigejos in the anthropogenically influenced grassland.
However, this study has contributed to deepening our knowledge about the ecology
of this species; sowe can now better predict the direction of development of biotopes
with C. epigejos.

C. epigejos positively affects the vegetation height and coverage. The species
richness is closely related and negatively correlated with the abundance of C.
epigejos — if the abundance of this grass increases, the other species disappear. The
number of species is also negatively affected by nutrient addition, especially of
nitrogen, concurrently supplied nutrients greatly accelerated the expansion of C.
epigejos.

A complete change in communities over time is often driven by the expansion of C.
epigejos. This grass expands irrespectively to most environmental parameters,
because it is able to push out smaller heliophilous species through shading their
seedlings (and creating an impenetrable layer of litter on the soil surface, which
prevents seed burial and seedling), however, its expansion can be accelerated by high
availability of nitrogen. Therefore there are very few anthropogenically influenced
biotopes that C. epigejos fails to colonize and mowing throughout one year doesn't
affect spreading of the grass. In absence of any further interventions, Mesic
Arrhenatherum meadows are changing to species-poor communities with the
dominant C. epigejos and they lose their ecological value and function.
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Table 1 Fertilizer treatments and amounts of nutrients applied in individual squares

Treatment N(kg*ha?) P(kg*ha K(kg*hal)

Y
N 100 - -
P - 30 -
NP 100 30 -
NPK 100 30 100
C - - -
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Table 2 Result of ANOVA and Tukey post hoc test for years in treatment, treatments with the same letter did not differ significantly at p <0.05.

year C N P NP NPK F p F p
2010 262 338 30.52 288 262 1.025 0.423
Vegetation 2011 30.2% 37% 23b 39.2a 38.82 4746 <0.01 25434 000751
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2010 59 602 352 582 722 0.871  0.502
A?;I_Jgg?gné}ESOf 2011 372 592 252 582 742 1.516 0.242 094515 0.52813
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Lotus corniculatus (0.405)
Potentilla argentea (0.390)
Festuca pratensis (0.388)
Hypericum perforatum(0.358)
Thymus chamaedris (0.294)
Gnaphalium sylvaticum (0.288)

inlobium sp. (-0.239) /

Trifolium arvense (0.278)

Q{foﬁum pratense (0.242) /

Fig. 1 Correlation diagram. The numbers in parentheses are the correlation coefficients between variable in
the header box and abundance of plant species. Numbers in the darts are correlation coefficients between
the variables in the header boxes. light gray are marked positive, correlation dark gray are negative.
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Fig. 4 Redundancy analysis (RDA, CANOCO 5) based on interactive forward selected environmental
variables. The first axis explains 8.54% of cumulative variance. Environmental variables: Height — biomas
height in sample. Abundance — total abundance in sample. NOS — number of species. Arrows Ca, P, N:P,
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Abstract

The problem of finding an optimum within a set of possibilities that represent the varying
successfulness of numerous subjects competing with one another is highly relevant in the
field of ecosystem interactions. We propose a method for solving this problem by the
application of the Nash equilibrium concept, which is frequently used in ecology. The pro-
posed model is based on the transformation of the initial payoff vectors of subjects that
interact in different situations into a statistical set of symmetrical game matrices that con-
sist of permutations of payoff values. The equilibrium solution is expressed as values of
the probability of Nash equilibrium occurrence with uniform distribution over all possible
permutations based on uncertainty of positions of payoff values in the matrix. We assume
that this equilibrium solution provides information on the distribution of the degree of sta-
bility among individual situations and interacting subjects. In this paper, we validate this
assumption and demonstrate its application to a dataset that represents interspecies
interactions in plant ecology. We propose that the use of the Nash equilibrium in the analy-
sis of datasets formalized according to the Pareto optimality scheme is applicable in
numerous other contexts.

Introduction

The problem of finding an optimum within a set of possibilities that represent the varying suc-
cessfulness of numerous subjects competing with one another is not only a highly relevant
basic topic in the field of economics but also in other disciplines. The basic approach for solv-
ing this problem in economics is to search for the Pareto optimality (PO) that corresponds to
the state in which no subject can achieve a better result without worsening the result of another
subject. The PO problem is often encountered in economics research. Of recently published
research, the paper of Luc [1] is notable. The paper provides a detailed, exact analysis of a PO
problem. The PO concept is practical, and it is frequently used in many contexts including
environmental sciences [2-5]. Nevertheless, an evaluation of the equilibrium optimum within
the set of possibilities that represent various successful competitive environments, e.g., the spe-
cies represented in an ecosystem, may be realized using other approaches. In the first place, the
application of the Nash equilibrium (NE), which is a fundamental principle of game theory [6],
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is offered as an option. Additionally, both principles—PO and NE—may be compared within
the framework of the matrix game scheme. PO can be found in states that are not necessarily
identical with NE [7].

In this paper, we propose a method for solving the problem of the equilibrium optimum in
a set of situations with various payoffs for interacting subjects by applying the NE concept,
which is frequently used in ecology. Most cases that involve the application of advanced game
theory are referred to as evolutionary game theory (EGT). In the theory of evolutionary pro-
cesses, game models are viewed as the basic unit of frequency-dependent interspecies interac-
tions. Basic interaction types (e.g., plant—plant competition, plant-herbivore interactions, and
plant-mutualism interaction [8]) are modeled based on defined strategies that species acquire
during evolutionary development.

When simulating adaptive dynamics in phenotype space, a game model of interactions is
applied in the replicator equation, the solution to which provides a picture of short- and long-
term evolution [9]. The simulated population’s per-capita growth rate can be determined using
the G-function [10]. This function, which includes a specific game model, is dependent on the
sizes and strategies of the interacting populations as well as the particular strategy, i.e., a trait of
the species whose evolutionary development is being simulated [11, 12].

In EGT, the attainment of an evolutionarily stable strategy (ESS) is viewed as the optimal
solution [13]. Every ESS is a strategy in a Nash equilibrium in the stage of linear game, although
not all NE are made up of ESS. Matrix games as models of evolutionary interaction have been
applied in many studies [14-20]. EGT has been applied to a number of specific cases, such as
adaptations by organisms to recent climate changes [21], competitive interactions between
root systems of plants [22], and many others. An example of an EGT-based study is the appli-
cation of advanced game theory to the coordination of ecosystem management strategies [23].
In this example, the replicator equation follows from a bioeconomic game model, and the sta-
ble state is a NE.

In sum, the practical application of game theory in environmental science results in interac-
tive models in the form of game types of various degrees of complexity. However, in contrast to
the game concept, the problem analyzed in this research, i.e., the search for the equilibrium
optimum within a set of variant situations that represent various payoffs for interacting sub-
jects, does not include a deterministic selection of strategies. The problem that we solve may be
regarded as a purely stochastic one. We propose a model for the evaluation of the equilibrium
optimum in a set of observed data. In principle, this evaluation may be considered analogous
to statistical data processing.

The proposed approach is based on transformation of the initial payoft vectors of subjects
who interact in different situations in a statistical set of symmetrical game matrices that consist
of permutations of payoff values. Additionally, the concept of variable payoff vectors in game
models is introduced within a framework of the inclusion of more types of possible behavior of
individual players. However, this proposed approach does not exclusively concern a stochastic
problem. The result of the game is determined by the selection of strategies even though these
strategies are linked with a specific type of player behavior defined by a probability value. Thus,
extended game models were established by Harsanyi [24, 25] and have been developed particu-
larly in the field of cooperative game theory [26, 27] and related research.

The solution proposed in this paper also transcends the category of stochastic games formed
by a sequence of random states. The actual payoft depends on previous states of the game. Sto-
chastic games were introduced by Shapley [28].

Our proposal for solution of the equilibrium optimum in a set of various situations is based
on permutation of N-plets of payoft values of N interacting subjects in a symmetrical game
matrix of a corresponding dimension. The individual variant configurations of this matrix are
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fully independent. That is, they do not exhibit a relative structural connection. Each incurred
matrix represents a linear game in normal form with at least one NE. Therefore, the substance
of the proposed model consists of the equilibrium solution of a symmetrical game matrix
derived from payoff values of subjects that interact in a set of various situations. This equilib-
rium solution is expressed as values of the probability of NE occurrence with uniform distribu-
tion over all possible permutations given by the uncertainty of the positions of N-plets of
payoff values in the matrix.

We assume that this equilibrium solution provides information on the distribution of the
degree of stability among the individual situations and the interacting subjects. The problem of
ecosystem stability is the topic of many works, where the relationship between stability and
diversity is often evaluated [29-34]. We propose a stochastic model for calculation of the
degree of stability that can be used to evaluate e.g. the selected data sets of ecosystem descrip-
tors. Our approach can be applied in the simplest case to the numerical example of two species
observed at four sampling sites mentioned in Chapter 4 of Legendre and Legendre Numerical
Ecology [35]. A similar scheme is of course addressed in many research works, not only in
ecology.

The model

Let a set of K alternative situations be defined by different external conditions. In each K situ-
ation, N subjects interact with one another. The results of this interaction are expressed by
payoff values for each subject in all K situations. That is, the individual situations are advan-
tageous to different degrees for the interacting subjects. The aim is to find the continuous dis-
tribution of individual situations along an axis that represents the equilibrium determined by
a total degree of advantageousness for all interacting subjects. The maximum degree of equi-
librium will be displayed by the situation that provides the best possible compromise of pay-
off values for all subjects. However, the evaluation of equilibrium is based on the NE concept,
which cannot be found in a set of individual vectors of payoff values. Therefore, for the pro-
posed method of evaluation, it is necessary to transform the initial payoff vectors into a nor-
mal form game matrix of dimension N. However, no information is available on the possible
strategies of the interacting subjects that could determine the particular configuration of the
game matrix. Nevertheless, it is possible to define two basic, apparent conditions for this
transformation of payoff vectors into the game matrix. The first starting principle is that the
derived game matrix should be symmetrical with respect to the number of interacting possi-
bilities—therefore, formal strategies of interacting subjects in the sense of defining the game
in the basic form. The second condition is connected with the stochastic substance of the
proposed approach, which can be expressed as follows. Any information that substantiates a
particular form of game matrix for NE evaluation is unavailable. Then, the only correct possi-
bility is to include a complete set of all possible forms of game matrices to be derived, which
can differ depending on the NE position within the limits of the elements of the game matri-
ces. Of course, the elements in the derived matrices correspond to payoff values of N subjects
in K individual situations 7f, ...7%. Permutations that result in the formation of individual
game matrices are identical in relation to interacting subjects (i.e., players). The individual

game matrices concern permutations of K situations with fixed payoff values for players

k
17 e

mum, which is represented by a complete set of all possible permutations that determine the
occurrence of NE in derived games, is achieved in the symmetrical payoff matrix of dimen-
sion N. If strategies are not made concrete, i.e., if (considering the evaluated NE position of
the elements in the matrix) the sequence of columns or rows of the matrices to be derived

v 7k, which are invariable with respect to changes in position in the matrix. The maxi-
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does not matter because the total number of available games V with the possibility of a differ-
ent NE result for N subjects (players) is given as follows:

N
y_ (LA "
I A

An is the number of formal strategies of player n. The number of possible permutations V
of the payoff matrix is the maximum for A; = A, = . .. = Ap; therefore, for a symmetrical game
matrix of dimension N. Because ([ A,)! = K! is a constant and for the denominator is: (A +
) (K/(A+1))! > A?, A = VK, © # 0 for a pair of interacting entities.

The evaluation of equilibrium for payoff vectors n* primarily requires their linear mapping
¢ : Xg — Y from space of variant situations Xy into space Y, dimension K', which will
enable the formation of symmetrical matrices, i.e., K' ¢ AN, where A > 1 is the selected number
of columns and rows of the game payoff matrix. For example, the outcome for two interacting
subjects may be K’ =9, i.e., A = 3, and the total number of permutations with the possibility of
various results with respect to NE in this matrix is 9!/ (31%) = 10,080.

Each permutation of the derived payoff matrix is a game in the basic form with at least
one NE. The condition for the best mutual response of two opponents (i.e., player # and
player m) with respect to a Nash equilibrium is as follows [6]: Let x,, and x,,, be mixed strate-
gies of players n and m. Then, x,, is the best response to x,,, if forie A, x,,; > 0 = (7, x,,); =
max(7, x,,)r applies, and x,, is the best response to x,, if for j € A, x,,,; > 0 = (7, x,,); = max
(71, x,)x applies.

NE can be calculated as linear programming tasks for each matrix permutation. Specific
calculations can be performed via labeled polytopes [36, 37]. For example, a 3 x 3 bimatrix
game can be geometrically interpreted as two polyhedra in space that represents each play-
er’s individual strategies: xy, x,, x5 for Player 1 and y,, ys, ys for Player 2. NE can be evalu-
ated as the completely labeled vertices of these polytopes, which ensures that by definition
the vertices are found at local maxima that correspond to identical rows and columns within
each payoff matrix. The evaluated options represent games with NE on the generated poly-
tope axes in pure strategies, on faces in mixes of two strategies, and for a proportion of pay-
off bimatrix permutations at the intersection of three faces in space in mixes of three
strategies.

NE is found for every game from the complete set of evaluated permutations V of a symmet-
rical game matrix. Every found NE represents a vector of selection of formal strategies. That is,

for player n, x, ,...x, ., S0, x,; = 1. The resulting values x,, ; are counted as contributions to
the total degree of equilibrium E,; of player # in a situation k that corresponds to the deter-
mined NE. In the case of NE in pure formal strategies, the contribution x,,; = 1 is the same for
all players. For NE in mixed strategies, the contributions may be x,, ; in individual situations
(representing NE) for each player.

Each complete set of permutations of the symmetrical matrix (therefore, the game) has
weight 1. If there is more than one NE in one game, the values of the counted contributions are
divided by the number of determined equilibriums /5. The resulting values of total E,, ;. are

obtained as summary contributions of all V of solved games:

£-2(), @

\
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Degrees of equilibrium for individual situations and players (therefore, interacting subjects)
can be additionally relativized by dividing by a total number of evaluated permutations:

N K
E, Al

T an,k =1 (3)

k=1

pn,k =

This step results in the expression of the equilibrium solution of the derived game in the
form of sets of values of probability p,, , thereby determining NE in the arbitrary permutation
of a symmetrical game matrix for N interacting subjects in K situations.

The values p,, x characterize Nash equilibrium probabilities which could be interpreted as
relative degrees of stability for interacting subjects in individual situations. Higher values indi-
cate a preferable compromise of payoff values of interacting subjects in relation to equilibrium
and therefore also a higher stability of evaluated situations.

In general contexts, the approach employed can also be validated (for case of two players)
using an analogy with a corresponding elementary card game: Each player has K cards with
various values. In each round of the game, one of the players arranges these K cards into a
square with A cards per side (A* = K). The other player matches his or her cards to the cards
the first player arranged to make prescribed pairs. K identical pairs are created each round and
no other pairs are permitted. The order of the players alternates between individual rounds.
The card pairs’ square distribution is evaluated in each round such that each player is assigned
the points of his or her cards or shares of cards which represent NE. The players’ primary effort
is to be assigned cards with the highest possible value. However, the players do not know the
specific card distribution methods (the payoff bimatrix variations that lead to NE) with the
greatest number of these highest cards. The distribution of card pairs in each round is therefore
random. If all possible distributions are taken into account, it is possible to determine which
cards of each player will win more frequently in the sense of their proportions of the NE found.
The game’s total points are therefore determined by the card values distributed to each player
and how these cards are prescribed within the K defined pairs.

Example

As an example, an application of the proposed model in the field of plant ecology is described.
The example concerns the evaluation of the stability of interactions between the expansive
bushgrass Calamagrostis epigejos and other plant species in nine environments under various
types of management.

The evaluated data were acquired over two seasons in an experiment performed in com-
plete, randomized blocks with three repetitions. The experimental design was based on long-
term experiments performed in Central Europe [38, 39]. Each block consisted of nine treat-
ments represented by squares with an area of 9 m* within which various fertilization rates and
mowing / no mowing managements were applied: C-cut, C-uncut, N-cut, N-uncut, K-uncut,
NP-cut, NP-uncut, NPK-cut, and NPK-uncut. C designates variants with no fertilization, and
C-uncut corresponds to squares without any intervention. Nutrients were supplied by applying
commercial fertilizers. A community’s response to added nutrients is rapid and typically results
in a decrease in species diversity at the local level [40, 41]. During the second season, the rela-
tive spatial proportion of C. epigejos and the number of other plant species that occurred were
evaluated for each square. To eliminate any possible distortion due to the edge effect, data were
collected only in the central area of each square.

For the proposed evaluation method, data were available on the determined abundance of
C. epigejos and the numbers of other species within the nine management treatments (individ-
ual abundances of the otrher species have not taken into account). Subject 1 is bushgrass with a
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Other species

l/Y4 lv5 lves

X1
s 8.0,7.0 S 6.0,10.0 S 7.5,4.5
Ccu Cun Ncu
\'4 \4 \4
X2
CE : 45,85 S 2.0,8.0 S 5.5,9.0
Nun Kun NPcu
\4 \4 \4
X3
: 35,75 S 9.0,6.0 S 5.0,9.5
NPun NPKcu NPKun

Fig 1. The derived payoff bimatrix: One of the 10,080 permutations. The bimatrix includes abundance
values of the bushgrass Calamagrostis epigejos (CE) in multiples of 10% and numbers of the other species
that were found (individual abundances of the other species have not taken into account).

doi:10.1371/journal.pone.0155023.g001

payoff table that expresses its abundance within individual squares in multiples of 10%. Subject
2 consists of other found species, and the payoff table states their determined numbers. All val-
ues represent the rounded means (with a minimum increment of 0.5) of each treatment’s three
repetitions. The particular payoff values for both subjects are provided in Fig 1. The vector of
payoff values is dimension AN, and its additional transformation is unnecessary. Nine pairs of
payoff values may be directly distributed into a 3 x 3 symmetrical matrix (Fig 1).

An overview of the total number of NE calculated for all 10,080 payoft bimatrix permuta-
tions (i.e., games) is provided in Table 1. NE was most frequently found in pure strategies,
whereas in mixes of three formal strategies, NE occurred in fewer than 10% of the evaluated
permutations.

The resulting NE probabilities p,, x for the individual management variants are shown in Fig
2 For each of the nine variants, we can define an expected value of 1/9 corresponding to a uni-
form distribution of NE probability. Within the context of the approach that was used, this
value can be viewed as an indifferent state.

The results show that the application of the proposed concept offers the possibility of solv-
ing the problem of equilibrium optimum, i.e., the best compromise among payoff values,
which are optimal for each interacting subject. The setting is not trivial, and the maximum pay-
off is achieved in both subjects in different situations. For C. epigejos, NPK-cut is an optimal
situation. The other species achieve their highest numbers in the C-uncut situation. The evalu-
ation of the initial payoff values according to the proposed concept unambiguously results in a
preferred maximum number of other species, and thus a significantly higher probability of NE
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Table 1. Total Nash equilibrium (NE) found.

Variant Summary NE in pure

strategies

Subject 1

CE
C-cut 360.0
C-uncut 3403.3
N-cut 0.0
N-uncut 72.0
K-uncut 0.0
NP-cut 973.3
NP-uncut 0.0
NPK-cut 0.0
NPK- 612.3
uncut
Total 5421.0

Subject 2
Species
360.0
3403.3
0.0
72.0
0.0
973.3
0.0
0.0
612.3

5421.0

doi:10.1371/journal.pone.0155023.1001

Summary NE in mixes of two Summary NE in mixes of three  Total summary NE

strategies strategies
Subject 1 Subject 2 Subject 1 Subject 2 Subject 1 Subject 2
CE Species CE Species CE Species
799.0 654.9 101.0 75.0 1260.0 1089.9
621.9 548.9 64.8 85.9 4090.0 4038.2
198.5 390.1 48.1 86.1 246.7 476.2
353.8 446.2 81.9 76.5 507.7 594.7
254.6 198.0 82.1 58.3 336.7 256.3
602.5 586.8 76.7 84.2 1652.5 1644.4
265.5 259.6 84.1 68.5 349.6 328.1
352.0 3729 68.2 61.7 420.2 434.6
534.9 525.3 69.5 80.0 1216.7 1217.6
3982.7 3982.7 676.3 676.3 10080.0 10080.0
0.45 7 e A
Probability of Nash Equilibrium
0.40 1
0.35 1
0.30 1 B Calamagrostis epigejos
B Other species
0.25 1
0.20 1
0.15 1
010"
0.05 A
O -

Ccu Cun  Ncu Nun Kun NPcu NPun NPKcu NPKun

Fig 2. Obtained Nash equilibrium probabilities for individual management treatments. The dotted line
is the expected value of 1/9 that corresponds to a uniform distribution of NE probability.

doi:10.1371/journal.pone.0155023.g002

occurrence p,, x results, which can be interpreted as a degree of stability (Fig 2). This result
approximately matches common assumptions. That is, the highest degree of stability is
achieved in a situation without interference, and this stability corresponds to the number of
occurring species; therefore, corresponds to biodiversity and not to the abundance of expansive
bushgrass. This fact is not only demonstrable with respect to the maximum obtained value p,, 4.
The result of the proposed concept is a continuous distribution of the degree of stability of the
evaluated situations. The correlation of this dependence with the set of initial payoff values
unambiguously results in the beneficial occurrence of other species—r = 0.617 against r = 0.114
for C. epigejos abundance. That is, stability corresponds to biodiversity (Fig 3).
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Calamagrostis epigejos 1

Other species

== Probability of Nash Equilibrium

== Probability of Nash Equilibrium
— Abundance

=— Number of species
r=0.114

r=0.617

T T T T 0 T T T T
Ccu  Cun  Ncu Nun Kun NPcu NPun NPKcu NPKun

Ccu  Cun  Ncu Nun Kun NPcu NPun NPKcu NPKun

Fig 3. Comparison of the trend of NE probabilities for bushgrass abundance and number of other species.
Presented trends are normalized to the mean value of one.

doi:10.1371/journal.pone.0155023.g003

The determinant factor with respect to the result is the occurrence of NE in pure formal
strategies such that the calculated distribution of the degree of stability is not significantly dif-
ferent for both subjects. Therefore, it is impossible to deduce a recommendation regarding the
type of management that might be more beneficial for the stability of occurrence of other spe-
cies compared with the abundance of C. epigejos. However, the results of the evaluation may
represent a contribution to research on the spread of this expansive grass. Based on the evalua-

tion, a summary is possible: there are types of management that result in a more remarkable
elimination of the occurrence of C. epigejos in plant communities, e.g., K-uncut. However, the

assumed degree of stability of these management types is low compared with the non-interfer-
ence situation, and these states may not be sustainable in the long term.

Discussion

The proposed model of evaluation of the occurrence of NE probability for a set of variant situa-
tions and subjects interacting in these situations can be considered to be a solution of a game
with vector payoffs. The equilibrium concept in zero-sum matrix games with vector payoffs
was developed by Shapley [42]. Variable payoffs may be considered as randomly distributed in
commonness, therefore as values with random deviation. Harsanyi [24] designed a model of
purification of mixed equilibrium that enables a deterministic solution of equilibrium in a
game with randomly distributed payoffs. In this paper, we have addressed a situation in which
the quantitative results of interactions of the involved subjects (i.e., players) are well known, as
are the payoffs in individual situations. However, there is no information on player strategy,
which results in a particular limitation of the position of individual situations (linked with
player payoffs) in the game matrix. We assume that this uncertainty can be revolved using a
statistical set of all permutations of an evaluated situation in a derived symmetrical game
matrix. NE is explicitly searched for in every permutation, and its occurrence (in pure or mixed
strategies) is gradually counted for individual players in evaluated situations. Thus, our model
is simple: the calculation of the probability distribution of NE occurrence does not require
complicated mathematical generalization. Considering the established concept of a game with
vector payoffs, in our model, all of the vectors in the game matrix are identical. In every solved
step (i.e., permutation), the selection of individual payoff values is unambiguously determined
by the permutation rules of the evaluated situations (linked with payoffs) in the game matrix.
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The presented example of the application of the proposed concept of stability evaluation in
datasets of a given type is a simple one with an unambiguous, easily substantiated result. It is
obvious why the highest probability of NE occurrence results in the maximum occurrence of
other species (in the situation without interference C-uncut) compared with the maximum
abundance of C. epigejos (in NPK-cut) with the degree of equilibrium being low. The factor
that determines the resulting distribution of the degree of equilibrium is NE occurrence in pure
formal strategies for the given set of payoff values (Table 1). It is understandable from the ini-
tial payoff values that the abundance of C. epigejos achieves relatively higher values in a situa-
tion that includes the maximum occurrence of other species (i.e., C-uncut). Among the eight
other situations, five display a lower abundance value of C. epigejos than occurs in situation C-
uncut. Thus, the probability of finding NE in purely formal strategies for the situation of the
maximum occurrence of other species (i.e., C-uncut) in any permutation of symmetrical game
matrix 3 x 3 is 20:56 (0.36), which agrees with the obtained result (Fig 2) (this outcome also
includes the lesser NE frequency that results from mixed formal strategies). In contrast, the sit-
uation with the maximum abundance of C. epigejos (i.e., NPK-cut) includes the smallest num-
ber of other species of all nine situations. Thus, the probability of NE occurrence in pure
formal strategies is zero for this situation, which is documented by the results presented in
Table 1.

Of course, the proposed procedure of stability evaluation in the system represented by the
determined payoff values N of interacting subjects in K situations can be used to evaluate more
complex interactions than those included in the presented example. For example, the proce-
dure may be applied to interactions of more subjects with an ambiguous probability preference
of equilibrium maxima. In such cases, the obtained stability distribution can be predominantly
determined by NE found in mixed formal strategies, and thus, the values of NE probability will
be more clearly different for the interacting subjects of the individual situations. Naturally, sta-
bility distribution is not required to correlate in individual subjects with their initial payoff
values.

The significant feature of the proposed concept is that the result—the evaluation of the
degree of stability based on the NE principle—is guaranteed for an arbitrarily complex interac-
tive system. Every permutation of the derived matrix of any dimension N can be considered to
be a payoft table of a game that has at least one NE. The full statistical set of NE occurrence in
the permutations of the game matrix is always available for the evaluation of the distribution of
the degree of stability.

The proposed approach is only based on the comparison of measurable or observable values
of quantitative parameters without the inclusion of specific internal factors that determine the
complex behavior of the ecosystem. The interpretation of a larger probability of NE occurrence
as a higher stability of ecological interaction is an assumption that often is not applicable. In
addition, the degree of stability defined in this way is only relative. It is larger or smaller only
compared with the results obtained for other evaluated situations.

However, approaches based on game theory and NE application are often used in ecology,
particularly in evolutionary ecology, as noted in the introduction. The proposed concept, which
is exclusively derived from the stochastic game model, can have its foundation in the context of
frequent exploitation of game theory principles for solving ecological problems. Out of all of the
supposed applications of varying complexity, the use of proposed approach can be demonstrated
on general numerical example of two species observed at four sampling sites, cited in the intro-
duction [35]. It is a very simple example of a multidimensional quantitative data set. The statisti-
cal evaluation primarily leads to the covariance matrix and the result is an information on the
degree of similarity or differences of descriptors of behavior in the set of selected sites. Our pro-
posed model assesses the situation in a completely different way. The result shows the
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Fig 4. Evaluation of degree of stability expressed as the Nash Equilibrium probability for simple numerical example of
two species observed at four sampling sites (mentioned in Chapter 4 of Legendre and Legendre Numerical Ecology

[35])-
doi:10.1371/journal.pone.0155023.g004

distribution of degrees of stability of the descriptors in the set of individual sites. We assume,
therefore, that we are able to determine more stable and less stable sites (Fig 4).

Relative ecological stability could be evaluated in this way, particularly through the applica-
tion of our approach to more extensive datasets that reflect, e.g., the ecological parameters of a
larger number of landscape elements. In addition, the evaluation of NE probability of occur-
rence could suitably complement the standard statistical analysis of data of this type. The pro-
posed concept of using NE to solve settings formalized in the Pareto optimality scheme is
surely applicable in many contexts including multicriteria analysis of complex ecological and

other systems.
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The spoil heaps from brown coal mining without technical reclamation are interesting specific sites for ecological relation-
ships observation. This research was aimed at investigating whether topographic features, which determine soil nutrient
and moisture distribution, in combination with soil fauna (wireworm and earthworm) presence, affect plant community
composition at a spontaneously revegetated post mining area with an undulating surface. Two sites of different age with
three types of topographic features were selected, soil moisture and nutrient contents were measured, and plant community
composition and soil macrofauna community were sampled at each position. Wireworms were present at all positions
and were most abundant at the bottoms of waves at the younger site; their presence was correlated with the presence of
several plant species with high palatability for wireworms, but the direction of the interaction is not clear. Earthworms
were only present at the older site and had the highest abundance at flat sections. Earthworm presence affected the amount
of nitrogen in soil — the highest nitrogen content was at the site with the highest earthworm density and was followed by
a higher diversity of plant community. The plant community composition was generally correlated with plant available
nutrient content — especially P and N. We infer that topographic features affect nutrient and soil fauna distribution, which
consequently influences the plant community composition.

plant community composition, spontaneous succession, earthworms, wireworms
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INTRODUCTION

During formation of spoil heaps in the brown coal
mining areas, the overburden is heaped in longitudi-
nal rows. Most areas are subject to technical recla-
mations, where the surface is levelled out and later
trees or herbs are planted there. However, some parts
have been left in their original state, preserving the
unique microtopography — waves 1-1.5 m high and
6—7 m wide. These areas are also left to spontaneous
development without human intervention. Adjacent to
some of these sites we can find areas that have been
levelled out but not revegetated, so there is a pos-
sibility of comparison of soil and plant community
development on flat and undulating landscape during
primary succession (Frouz etal.,2001). Studies on
succession at various post mining sites showed that
leaving spoil material in heaps has a positive effect
on diversity of plant and animal assemblages mostly
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due to high spatial diversity of the stands, age (the
older stands have higher diversity than the same old
sites with technical recultivation), and material type
of heaps. The spontaneous succession can be used on
the non-extreme stands surrounded by natural vegeta-
tion (Prach, Pysek, 2001; Topp et al., 2001,
2010; Hodacova, Prach, 2003). Spatial vari-
ability causes diversity in nutrient availability, soil
moisture, soil texture, which then causes diversity in
plant community composition (Frouz etal., 2011).

Spatial variability also affects soil fauna — moisture
availability, accumulation of litter, accumulation of
loose material, accumulation of plants. There is some
evidence in literature that wireworms are highly af-
fected by soil moisture and temperature in their activity
and distribution, but also depending on the soil type
and structure and plant community composition; they
generally tend to migrate into areas with higher soil
moisture, although avoid soils that are subject to flood-
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ing (Campbell, 1937; Evans, 1944; Finney,
1946; Parker, Howard, 2001). At some stands
on the spoil heaps the grass Calamagrostis epigejos
becomes abundant and eventually dominates the plant
community, as is common in other disturbed ecosystems
at early successional stages (Prach,1987; Wiegleb,
Felinks, 2001; Somodi et al., 2008). This fast
growing plant often out-competes all other plant spe-
cies and creates monospecific stands on soils rich in
nitrogen. It is an important ecosystem engineer which
alters condition of soil surface. Dominance of this spe-
cies is caused by very rapid vegetative reproduction
and also by very tough, slowly decomposable litter,
which inhibits the growth of other plant seedlings
(Rebele, Lehmann,200l;Massey etal., 2007,
Mudrak etal., 2010). Even though the autecology
of C. epigejos has been intensively studied (Rebele,
Lehmann, 2001; Gloser, 2002; Kavanova,
Gloser, 2005), little is known about its interaction
with belowground herbivores and other soil fauna.

It is well known that soil development is driven by
changes in vegetation during spontaneous succession
(Frouz etal., 2001, 2008), but at the same time,
soil organisms can influence plant performance and
the composition of the plant community during suc-
cession by changing the soil environment or by direct
consumption of plant tissue (Brown, Gange,
1989, 1992; Thompson et al., 1993; Wurst et
al.,2004;De Deyn, Van Der Putten, 2005;
Roubickova etal., 2009).

In the present study we tested whether the method
of levelling the ground (which was originally un-
dulating, as a result of the heaping process) at the
spoil heaps, without consequent introduction of new
species, affects abiotic conditions (moisture, nutrient
content). We investigated the change of plant com-
munity composition and soil macrofauna presence
caused by landscaping consequently. We tested this
at two sites of different age, to assess how this effect
changes during succession.

MATERIAL AND METHODS

Study area

The study was carried out at a post-mining area
in the Sokolov brown-coal mining district in the
Czech Republic (50°14" 30.711"N, 12°40°44.96"E).
The average altitude of the spoil heaps is about
500— 600 m a. s. 1., mean annual precipitation 650 mm
and temperature 6.8°C. The spoil heaps originated from
open-cast brown-coal mining and consist mainly of
Tertiary clays of the so-called Cypris Formation, which
are well supplied with mineral nutrients (Frouz et
al., 2001). The pH of the substrate in initial succes-
sional stages is 8-9. The study was conducted in two

unreclaimed areas — the younger plot (E) was about
18 years old (i.e. the spoil heaps were deposited 18 years
ago), the older plot (I) was about 29 years old. Both
are characterized by longitudinal rows of depressions
and elevations formed during the heaping process, with
an adjacent flat area, that has been levelled out but is
of similar age. The tops of waves are about 1.5-2 m
above the base of the depressions and individual rows
are 6—7 m apart.

The younger site has a plant community formed
mainly by herbaceous vegetation with dominant C.
epigejos and with scattered shrubs and small trees
(Betula pendula, Salix caprea, Populus tremula), the
soil surface is bare or has a very thin layer of litter
in depressions.

The older site has plant cover formed mainly by
herbaceous vegetation with dominant C. epigejos
and with scattered trees. The litter layer in depres-
sions can be 3-5 cm thick, with greater thickness
underneath trees.

At each site we selected three positions according
to topography: tops of waves (top), depressions in
between waves (bottom), and ground that has been
levelled out (flat). At each position we randomly se-
lected 5 plots — replicates.

Soil fauna and plant sampling

A total of 30 samples were collected (15 on younger
site and 15 on older site). Five 20 x 20 x 20 cm soil
core samples were taken from each plot and each topo-
graphic position (tops of waves, bottoms, and levelled
ground) and hand-sorted for soil macrofauna, namely
wireworms and earthworms. Wireworms were then
classified into three groups by sizes — stage 1 (<5 mm),
stage 2 (5-10 mm), and stage 3 (> 10 mm), which
roughly correspond with age of the larvae. The Elaterid
larvae were then determined into genus according to
Klausnitzer (1978). Earthworms were classified
as adults and subadults and determined into species
according to Pizl (2001). All of the soil sampling
was done in late September 2015.

Plant community composition was assessed based
on phytosociological plots 1 x 1 m, lying next to soil
core samples.

Soil parameters measurements

Composite soil samples were taken from the depth
of 0-20 cm at each sampling point for soil moisture,
microbial respiration, C, N, and other major element
measurements. The soil samples were then kept at
4°C prior to analyses.

Soil microbial respiration was measured in 100 g
of dry soil weight accordingto Frouz, Novakova
(2005). CO, produced in the vials was trapped by 3 ml
of 1M NaOH. Vials were kept at 20°C, and after 10
days the amount of trapped CO, was established by
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Table 1.Results of ANOVA and Tukey’spost hoc test for contents of nutrients at individual plots

Plot Nutrients content (mg/kg) Moisture (%) Microbial respiration
P Ca Mg K C N (mg CO,/100 g/day)

EB 8.962 4085.722b 1247.74 335.30 4962 358abe 28.21 11.64

EF 13.025%0 | 4480.782b 1372.38 291.58 4868 2952 27.04 10.93

ET 9.06* 3887.902 1343.80 306.26 4702 286° 26.47 10.34

1B 18.502b 5011.002° 1264.35 254.30 3718 46020 30.02 12.28

IF 23.02b 5103.30° 1241.68 263.70 4150 494b 26.90 10.76

1T 21.12b 4989.022b 1268.00 270.96 3974 45420 24.30 10.96

F(5;22) 4.965 3.81 1.248 2.118 1.479 6.201 1.696 1.7

P 0.003 0.012 0.321 0.142 0.237 0.001 0.177 0.177

EB = bottoms of waves on younger plot, EF = flats on younger plot, ET = tops of waves on younger plot, IB = bottoms of waves on older plot,

IF = flats on older plot, IT = tops of waves on older plot
a°plots with the same letter did not differ significantly at P<0.05

HCI titration, after the addition of BaCl,. The soil
moisture was measured gravimetrically — 50 g of
sample was dried for 24 h at 105°C.

The rest of the soil sample was dried at room temper-
ature and homogenized by dry sieving through a 2 mm
mesh. Afterwards it was analyzed for main elements.
P, Ca, Mg, and K were analyzed in the plant available
forms in the extract solution according to Mehlich I11
(Tran etal., 1990). Plant available phosphorus was
assessed spectrophotometrically, as phosphomolybdate
blue, at wavelength 750 nm on spectrophotometer
Cary 60 UV-Vis, Agient Technologies, Santa Clara,
USA, . Potassium was measured on atomic absorption
spectrophotometer (55B AA Spectrometer, Agient
Technologies, Santa Clara, USA), using acetylene-air
mixture flame. Calcium and magnesium contents were
assessed by the same method, but lanthanum solution
was added to the sample for ionization elimination.

Total carbon and total nitrogen were analyzed using
high temperature catalytic combustion on the Primacs
SNC, Scalar, Breda, Netherlands. The samples were
introduced into the high temperature combustion oven,
there at 1050°C the carbon was completely oxidized
to CO, in the presence of a catalyst. The CO, was
measured by non-dispersive infrared detection for
total carbon. Total nitrogen was converted to NxOy
which was reduced at 600°C to N,. The N, gas was
measured by thermal conductivity detection.

Statistical analyses

One way ANOVA was used to evaluate the effect
of plot age and topographic position on all collected
data (plants and fauna). For evaluating differences
between individual treatments, Tukey’s HSD test
was used. These analyses were performed in program
STATISTICA Version 9.0 (Statsoft, Tulsa). Program
CANOCO 5 (Smilauer, Leps, 2014) was used
for Canonical Correspondence Analysis (CCA), for
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Fig. 1. Regression biplot of environmental variables and species found
by Canonical Correspondence Analysis

black arrows indicate species (showing 15 best fitting species), grey
arrows indicate the nutrient content of soil (N — nitrogen, P — phos-
phorus, C — carbon) and soil properties (CO, — microbial respiration);
environmental variables were selected from a total of 11 using for-
ward selection; the first axis explains 10.0% of cumulative variance;
total explanatory variables account 26.3%

ArenSerp = Arenaria serpyllifolia, CalmEpig = Calamagrostis epi-
gejos, CentStoe — Centaurea stoebe, CersHols = Cerastium holos-
teoides, CirsArve = Cirsium arevense, DaucCart = Daucus carota,
EchiVulg = Echium vulgare, FragVesc = Fragaria vesca, HierLaev

= Hieracium laevigatum, HierPill = Hieracium pilosella, HierFlor =
Hieracium floribundum, LeucVulg = Leucanthenum vulgare, SalixJuv
= Salix juvenile, TrifRepn = Trifolium repens, TussFarf = Tussilago

farfara
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establishing the interactions between individual phy-
tosociological plots, plant species, soil macrofauna
presence, and environmental conditions. Variation
partitioning from CANOCO 5 was used to investigate
the contribution of vegetation and soil properties effect
on earthworm and wireworm diversity. Vegetation in
this analysis was represented by the first axis from
RDA (Redundancy analysis) and the soil properties
were represented by available phosphorus, soil mois-
ture, and soil microbial respiration.

RESULTS

Nutrient availability, moisture, and microbial respiration

There were statistically significant differences in
the content of total N at different positions (¥ = 6.20;
P =0.001). The highest content of total N was at flat
areas at site I (494 mg kg !). The lowest content was
at the tops of waves at site E (286 mg kg™ ). The other
plots cannot be significantly different from each other
(Table 1). Statistically significant differences were
also recorded for the amounts of plant available P
(F=4.97; P=0.003). The highest content of plant
available P was at flat areas of site I (23.02 mg kg™!).
Similar values were measured for the tops of waves
atsite I (21.12 mg kg™ !). The lowest P content was at
the bottom of waves at site E (8.96 mg kg™!). Similar
values were measured at the tops of waves at site E
(9.06 mg kg 1) (Table 1). There were also statisti-
cally significant differences in the amount of calcium
(F=3.81; P=0.012) at different positions. The highest
content of Ca was at flat areas at site 1 (5103.3 mgkg ™).
The lowest content was at the tops of waves at site E
(3887.9 mg kg!) (Table 1).

There were no statistically significant differences
in soil moisture (F = 1.70; P = 0.177). Soil moisture
was the highest in the depressions — at site I 31.7%
and at site E 28.2%. Moisture at the tops of waves and
flat areas was similar — at site E 26.5% and 26.9% (top
and flat respectively) and at site I 24.3% and 26.9%.

There were no statistically significant differences
in microbial respiration between the positions or the
sites. Respiration was the highest in depressions and
similar at the tops of waves and flat parts (Table 1).

Plant community composition

There were thirty plant species in total. Species
Salix sp., Cirsium arvense, Fragaria vesca, Hieracium
laevigatum, and Leucanthemum vulgare are gener-
ally found together and at locations with high soil
N content. Trifolium repens, Daucus carota, Arenaria
serpyllifolia, Centaurea stoebe, and Echium vulgare,
on contrary, grow on N poor stands (Fig. 1). Hieracium
pilosella, Cirsium arvense, Faragaria vesca, Salix

Table 2. Result of ANOVA and Tukey’spost hoc test for morphological
parameters of C. epigejos in plots

Length of rhizome Number of ramets | Sheet width
E 8.99° 10.57° 0.57°
1 7.912 14.21° 0.492
F(1;26) | 4.308 4.393 8.411
P 0.048 0.046 0.008

E = younger plot, I = older plot
abplots with the same letter did not differ significantly at P< 0.05

juv., Hieracium laevigatum, and variosus hybrids
by Epilobium sp. are plant species that grow at the
older site (I), while Cerastium holosteum, Trifolium
repens, and Echium vulgare were only found at the
younger site (E) (Fig. 2). Calamagrostis epigejos
was unaffected by environmental variables, by site
or topographic position.

The phytosociological plots show similarities be-
tween the tops of waves and the flat sections, and they
are most closely correlated with available P (Fig. 3).
However, tops of waves had significantly lower number
of species than flat sections at both sites (F' (2, 25) =3.480;
P =0.046). The plots at the bottoms of waves have a
uniform plant community composition and are best
correlated with microbial respiration.

We also followed the morphological differences
in plants of C. epigejos represented by the number of
ramets, numbers of inflorescences, weight and length
of inflorescences, surface area of leaves, and length
of underground shoots in one patch.

The statistically significant differences were
recorded for the average length of rhizome (P =
0.048), number of ramets (P = 0.046), and leaf width
(P = 0.008) among the younger plot (E) and older
plot (I) (Table 2).

Soil macrofauna presence

The wireworms were determined as Agriotes lin-
eatus (L.) according to Klausnitzer (1978). The
highest numbers of wireworms were found at site E
in depressions, 3 individuals per sample on average,
which equals to 75 individuals per m?. At the tops
of waves the numbers were the lowest, at both sites
there was only one individual in one out of 5 samples
(on average 5 individuals per m? for both sites). In
general, there were higher numbers of wireworms at
site E — 22 in total. At site I there were only 4 indi-
viduals in total (from all soil samples) (Fig. 4). The
differences were statistically significant, with the site
effect being stronger (F = 10.75; P = 0.003) than the
topographic position (F = 6.72; P = 0.004). Most of
the larvae were in medium size group (68%).

SCIENTIA AGRICULTURAE BOHEMICA, 48, 2017 (1): 30-38 33

Unauthenticated
Download Date | 7/31/17 8:41 AM



Fig. 2. Canonical Correspondence Analysis species scatter plot

species are displayed by pie charts with individual sections show-
ing their presence at individual stands; the 15 best fitting species

are shown as triangle; the first axis explains 10.0% of cumulative
variance; total explanatory variables account 26.3%; bar graph shows
the ratio of topographic position at 15 best fitting species; species

registered in different positions

transparent circle = bottoms of waves on younger plot, transparent
square = flats on younger plot, transparent diamond = tops of waves
on younger plot, full circle = bottoms of waves on older plot, full
square = flats on older plot, full diamond = tops of waves on older
plot, ArenSerp = Arenaria serpyllifolia, CalmEpig = Calamagrostis
epigejos, CentStoe = Centaurea stoebe, CersHols = Cerastium hol-
osteoides, CirsArve = Cirsium arvense, DaucCart = Daucus carota,
EchiVulg = Echium vulgare, EpilbSp = Epilobium sp., FragVesc =
Fragaria vesca, HierLaev = Hieracium laevigatum, HierPill = Hiera-
cium pilosella, HierFLor = Hieracium floribundum, SalixJuv = Salix

Juvenile, TrifRepn = Trifolium repens, TussFarf = Tussilago farfara

There were no earthworms found at site E. At site
I there were 11 earthworms found in total, 55% were
adults and all were determined as species Aporrectodea
caliginosa according to Piz1 (2001). Numbers of
earthworms were higher in the flat areas (average
1.4 individuals per sample, 35 individuals per m?2),
however the differences, due to overall low numbers
of earthworms, were not statistically significant.

We also tested the effect of the environmental
variables (nutrients, moisture, respiration) and vegeta-
tion on earthworms and wireworms by CCA analysis.
Environment and vegetation together explained 32.4%
of the variability of the net effect; vegetation explained
16.4% (P =0.004), environment only 1.9% (P =0.286),
14.1% was explained jointly (Fig. 5).

DISCUSSION

The content of total N, K, Mg, and Ca was rather
higher than the average values from grassland areas
of the Czech Republic (Kalina,2005;Mladek et
al., 2006). Nitrogen is a very important element that
affects growth of plants, their spreading, and is also
building material of plant biomass. The contents of
total N generally increase with increasing age of soils
(Ciarkowska etal.,2016). In our study, the highest
total N was measured at the bottoms of waves at the
younger site. Tops of waves were poor in N probably
due to erosion, greater temperature swings, and smaller
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retention of water at these positions, which causes faster
mineralization and depletion from tops and transport
to the depressions, together with water, litter, and finer
soil particles (Zhu etal., 2014). The alkaline Tertiary
clays that form these spoil heaps are generally rich
in total P (Sourkova etal., 2005; Frouz et al.,
2008), but situation is different for the content of the
plant available P — compared to the amount of available
P from permanent grasslands in the Czech Republic
(Kalina, 2005), we found a very low content. This is
most probably related to the high content of Ca, which
forms insoluble calcium phosphate, which generally
reduces P availability to plants in soil (Tunesi et
al., 1999;Addiscott, Thomas,2000;Braschi
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et al., 2003). Higher amounts of available P at the
older site are results of the combination of biotic and
abiotic processes during succession, which involve
P uptake by plants, mineralization of organic matter,
extraction of the insoluble forms of P by mycorrhizal
fungi and decrease in pH, which causes dissolution
of calcium phosphate (Ciarkowska etal., 2016).
Higher contents of P, Mg, and Ca in the flat areas
could be attributed to higher levels of weathering on
the flats — during the process of levelling of ground
the layers of cypris clays are disrupted and broken into
smaller particles, which are then more susceptible to
mineral and chemical weathering (Smeck, 1985;
Sourkova etal., 2005).

The plant community composition differed between
the two sites, which can be attributed to different
successional stages but also to different positions at
the spoil heap, causing differences in species pool
sources. The species found only at the younger site
are Cerastium holosteum, Tussilago farfara, Daucus
carota, Trifolium repens, and Echium vulgare. These
species belong to the intermediate strategy type (CSR),
except E. vulgare, which poorly copes with stress and
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Fig. 3. Canonical Correspondence Analysis shows the samples and four
environmental variables by forward selection (P — phosphorus, N — total
nitrogen, CO, — soil microbial respiration, C — total carbon)

the first axis explains 10.0% of cumulative variance; total explana-
tory variables account for 26.3%

transparent circle = bottoms of waves on younger plot, transparent
square = flats on younger plot, transparent triangle = tops of waves
on younger plot, full circle = bottoms of waves on older plot, full
square = flats on older plot, full triangle = tops of waves on older
plot

is rather an R-strategy plant. Fragaria vesca, Cirsium
vulgare, Arenaria serpyllifolia or Centaurea jacea were
found only at the older site, but even these species
are not clear-cut in life strategy. Ellenberg’s indicator
value did not show different ecological claims. The
plant community composition differed between sites
E and I, which can be attributed to the different age
(difference between sites is 11 years) and associated
successional stage of these sites, but the plant com-
munities do not show distinct life-strategies shifts at
this stage.

The plant communities on leveled-out areas were
similar to the ones at the tops of waves, which is
related to similar moisture, N content, and microbial
respiration values (Fig. 3). This can be caused by the
properties of the soils — they are very rich in swell-
ing clay (montmorillonite), which has a high water-
holding capacity (Frouz et al., 2001, 2008) so as
our measurements were conducted in periods with
relatively high precipitation (end of May, September),
there was not time for them to dry out. Nevertheless,
when the montmorillonite clay does dry out, in tends
to shrink and become very hard, so it presents hostile
conditions for plant roots as well as for soil fauna and
may reduce their migration (Lavelle, Spain,
2001; Dunger, Voigtlander, 2009) or cause
absence of some species that cannot cope with these
conditions. The fact that C. epigejos can grow well
under various conditions corresponds with the findings
of Rebele, Lehmann (2001) and Lehmann,
Rebele (2005). However Lehmann, Rebele
(2005) found high phenotypic plasticity in populations
growing in diverse conditions, which is not the case
at the stands followed by us. This could be caused by
smaller initial pool of genotypes, as the spoil heaps
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Fig. 4. Average numbers of wireworms at individual topographic posi-
tions at both investigated sites top E = tops of waves, site E; bott E =
bottoms of waves, site E; flat E = flat section, site E; top I = tops of
waves, site [; bott I = bottoms of waves, site [; flat I = flat section, site
I. Error bars show standard deviation, asterisk indicates a significantly
different result
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function as an island in the surrounding landscape,
therefore some of the rules of island biogeography
imply here (Ash etal., 1994; Prach, 2003).

Numbers of soil fauna were affected both by site
age and by topographic position. Wireworms were most
numerous in depressions at both sites. This could be
attributed to higher moisture content (Campbell,
1937; Evans, 1944; Finney, 1946; Parker,
Howard,2001) or more shade, therefore less extreme
temperatures, but according to results of multivariate
analysis it seems to be related more to biotic interac-
tions between the soil fauna and vegetation. This is
also supported by the fact that numbers of wireworms
are lower at site I, which has different plant commu-
nity composition from site E. Because wireworms
are generalist root herbivores, they prefer roots with
high palatability and high nutrient content (Brown,
Gange,1989,1992;Rasmann, Agrawal,2008),
such as are the roots of Tussilago farfara, Cerastium
holosteoides or Daucus carota, plant species that are
most abundant at depressions at site E.

The finding that earthworms occur only at sites
20 years old or older corresponds with results of
Frouz etal. (2008) and is related mainly to soil
conditions (Roubickova, Frouz, 2014). These
soil animals seem to prefer the flat areas, although
soil moisture is lower here than in the depressions,
which may be due to patchiness of the habitat in the
undulating part, as hills present migration constraints
for earthworms. Because site I has been colonized only
recently (A. Walmsley, personal observation; Frouz
et al., 2008), earthworms have not yet reached their
potential population densities. Earthworm presence
is generally followed by quick increase of N content

Fig. 5. Venn diagram, graphical representation of results from the
variation partitioning.

The effects of environment and vegetation explain 32.4% of variability (a
+b+c), net effect of vegetation is 16.4% (P = 0.004) (a); the ambience
effectis 1.9% (P =0.286) (b); 14.1% jointly explained (¢). Explanatory
data: vegetation, environmental; response data: worms. The first group
( the bigger circle) is represented by CaseR1 from vegetation data, the
second group (the smaller circle) is represented by phosphorus amount
in soil from environmental dat

in soil (Bohlen etal., 2004; Frouz et al., 2006),
which could explain why there is the highest N content
in the soil at flat areas of site I, while at site E it is by
far highest in depressions.

It seems that vegetation is a better predictor of
wireworm and earthworm presence than the measured
environmental factors. Variability, which is explained
by the vegetation, reflects the biotic interactions be-
tween the soil macrofauna and vegetation. These rela-
tionships were noted in other studies as well (Frouz
et al., 2008; Roubickova etal., 2009, 2012) and
can be explained by direct or indirect trophic interac-
tions. Plants present a food source for both wireworms
and earthworms and therefore their life strategy that
is related to chemical composition of their body and
consequent palatability for herbivores and saprophags,
can affect the abundance of soil fauna (Frouz etal.,
2001, 2008; Wardle etal., 2005). On the other hand,
earthworms affect soil properties and processes, such
as aggregate formation (Marashi, Scullion,
2003), water holding capacity (Frouz et al., 2006),
activity of microflora by mixing plant litter and min-
eral soil (Frouz et al., 2006), and nutrient avail-
ability (Lavelle, Spain, 2001). Generalist root
herbivores can also substantially affect the abundance
of some plant species and that way change the plant
community composition (Brown, Gange, 1989,
1992; Blossey, Hunt-Joshi, 2003).

Spontaneous succession is a reclamation tech-
nique successfully used in areas with anthropogenic
disturbances, especially in post-minig landscapes.
Our study shows that mechanical terrain reshaping
following overburden deposition affects the nutrient
distribution in soils, which then influences plant com-
munity composition and soil fauna presence. It can
also speed up the migration of some soil fauna to the
sites. Presence of levelled-out areas together with areas
with wave-like structure therefore presents a positive
contribution to the habitat diversity at spontaneously
revegetated sites.
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We tested whether wireworms (Elaterid beetle larvae) prefer the expansive grass Calamagrostis epigejos
to other early-successional plant species from the spoil heaps in two microcosm experiments and in a
field survey of wireworm abundance and C. epigejos coverage on the spoil heaps at different topographic
positions at the spontaneously revegetated sites with an undulating surface. In the first experiment,
wireworms reduced rhizome biomass of C. epigejos the most out of the belowground organs of the 5
plant species, but did not affect its root biomass. In the second greenhouse experiment, wireworms
negatively affected the growth of rhizomes of a growing C. epigejos, whilst they did not affect the other
plant species or the aboveground biomass. In the field survey, C. epigejos coverage was lowest at the
bottoms of depressions, despite the higher moisture and nutrient levels at this position. Wireworm
numbers were the highest in depressions. The results of this study support the hypothesis that wire-
worms can negatively impact the C. epigejos by feeding on its rhizomes and have the potential to slow
down the expansion of this weed.

Pot experiment
Rhizome
Spoil heaps

© 2017 Elsevier Masson SAS. All rights reserved.

1. Introduction

Calamagrostis epigejos is often a dominant plant species in
ecosystems that undergo intense or regular disturbances, such as
post-mining sites, urban or agricultural areas [1—3]; at post-mining
sites it often forms monocultures at technically reclaimed sites and
also on spontaneously revegetated sites at various successional
stages [4]. It is typical by quick expansion over long distances [5].
C. epigejos creates monospecific stands especially on soils rich in
nitrogen and moisture, as it has a high competitive ability in terms
of utilizing mineral resources [6,12]. However, due to its high
phenotypic plasticity, it is able to grow in a wide range of conditions
and expand also in dry grasslands [2].

It is an important ecosystem engineer which alternates condi-
tions at the soil surface. Dominance of this species is caused by very
rapid vegetative reproduction and also by very tough leaves, which
have low palatability for herbivores [7] and form slowly decom-
posable litter which inhibits growth of other plant seedlings [8,9]. It
has fleshy rhizomes that serve as vegetative reproductive organs
and that also play a role in nutrient transport from source organs of
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mature plants to young tillers [10,11]. At the post mining area near
Sokolov, NW Bohemia, at spontaneously revegetated sites,
C. epigejos starts forming monospecific stands about 15—20 years
after deposition of the material. At sites afforested with conifers
and trees that enrich soil in nitrogen (alder) it often dominates the
herb layer, especially in early phases [8].

Belowground herbivory can have various effects on plants. Root
herbivory typically stimulates production of repellent substances
for aboveground herbivores [13] and generally decreases plant
fitness, although it may enhance root growth and nutrient uptake
by roots [14,15]. Brown and Gange [16] have found that generalist
root herbivores have the potential to alter plant community
composition by selectively feeding on easily palatable roots that
mostly belong to ruderal plant species. The increase in plant di-
versity leads to a reduction of the negative impact of root herbivory
on individual species, as the effect is diluted amongst the plants
[17].

Wireworms (Elaterid beetle larvae), are polyphagous root her-
bivores that are common in ecosystems with disturbances, such as
agroecosystems and post-mining soils [18—20]. Some species are
important pests of commercial crops [15], but there is absence of
studies that focus on effects of these root herbivores on important
weed species. Wireworms are feeding generalists, however they
have been reported to prefer some palatable species and avoid
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species with extremely tough roots [18] or roots that contain some
toxic substances, such as lactone in the Asteraceae [21].

Agriotes lineatus, which is the species present in our experiment,
is one of the most common species of Elaterid beetles in the Czech
Republic, most commonly found in open landscapes with prevail-
ing herb cover, such as fields, meadows [22,23] and early-
successional phases at post-mining sites; their abundance de-
creases when trees begin to dominate the sites (Frouz, unpublished
results).

In the current study we investigated feeding preferences of
Agriotes lineatus larvae (shortly called wireworms) to various spe-
cies of early—successional plants from the spoil heaps in two
microcosm experiments and in a field observation, where we were
testing the relationship between wireworm presence and growth
of individual plant species.

2. Material and methods
2.1. Study area

The study was carried out at a post-mining area in the Sokolov
brown-coal mining district in the Czech Republic (50°14’ 30.711”N,
12°40'44.96"E). The spoil heaps originated from open-cast brown-
coal mining and consist mainly of tertiary clays of the so-called
cypriss series, which are well supplied with mineral nutrients
[24]. The pH of the substrate in initial successional stages is 8—9.
The study was conducted in plot was about 18 years old. This area is
characterized by longitudinal rows of depressions and elevations
formed during the heaping process, with an adjacent flat area, that
has been levelled out but is of similar age. The tops of waves are
about 1,5—2 m above the base of the depressions and individual
rows are 6—7 m apart.

2.2. Field observation

2.2.1. Sampling design

At the spontaneously revegetated site at the spoil heaps we
selected 3 positions according to topography: tops of waves (top),
depressions in between waves (bottom) and ground that have been
levelled out (flat). At each position we randomly selected five
replicates.

2.2.2. Sampling method

A total of 15 samples was deployed. Five 20 x 20 x 20 cm soil
core samples were taken from each plot and each topographic
position (tops of waves, bottoms and levelled ground) and hand-
sorted for wireworms. The Elaterid larvae were then determined
into genus according to Klausnitzer [25]. The geobotanical reléves
were registered at each position and replicate. From this reléves we
used only coverage of C. epigejos for this study.

2.3. Microcosm experiment 1

We selected 5 plant species that occur at sites with spontaneous
succession at the spoil heaps — C. epigejos, Tussilago farfara,
Centaurea jacea, Hieracium pilosella, Festuca rubra and cut a section
of belowground organs from each species, in C. epigejos and
T. farfara we used both roots and belowground rhizomes. Then we
weighed the fresh weight of these roots, and introduced them into
glass chambers, 5 cm in diameter, with soil from the spoil heaps
that was previously sterilized by drying-out at 70 °C. We also
weighed another section of root from each species and then dried it
at room temperature for 7 days to establish the water content. Then
we introduced 5 specimen of Agriotes lineatus larvae to each col-
umn and left to incubate for 1 month. At the end of the month we

weighed the root sections, dried them at room temperature for 7
days and weighed them again. In C. epigejos we separated root and
rhizome biomass and weighted them separately but in T. farfara the
roots were too fine to separate them from rhizomes, so we
weighted them together.

2.4. Microcosm experiment 2

We selected 4 species common at the spoil heaps — C. epigejos,
Taraxacum sect. Ruderalia, Tussilago farfara and Centaurea stoebe,
excavated 8 specimen of each species at the spoil heaps and
introduced them into round pots (15 cm in diameter, 15 cm high)
with soil from an 18-year old site from the spoil heaps, one spec-
imen of each species into each pot. We added 5 larvae of Agriotes
lineatus to 4 of the 8 plots and incubated them in a greenhouse at a
12/12 h day/night regime at mean temperature 15 °C with 8 °C
fluctuations between day and night. After 4 months all the plants
were weighed and the length of rhizomes in C. epigejos was
measured.

2.5. Statistical analyses

One way ANOVA was utilised for evaluation of the effect the type
of species in the experiment 1, topographic position in post mining
sites and for effect wireworms on roots of C. epigejos. For evaluating
differences between individual treatments, Fisher's LSD test was
used. Paired t-test was used to compare differences between initial
and final weight of belowground plant parts in Microcosm exper-
iment 1. These analyses were performed in program STATISTICA 9.0
(Statsoft, Tulsa).

3. Results
3.1. Field observation

The Fisher test showed differences in coverage of C. epigejos
among different topographic positions. The coverage of C. epigejos
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Fig. 1. The coverage of C. epigejos at different topographic positions. Results of one-way
ANOVA: F(2,11) = 3.016, p = 0.090, Fisher LSD test. Error bars show standard error of
mean (SE).
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was the highest at flat sections (Fig. 1). At this position, the lowest
numbers of wireworms were found (Fig. 2). At the depressions, the
numbers of wireworms were highest and the coverage of C. epigejos
was lowest out of all positions. Our assumptions are supported by
correlation test graphically presented in Fig. 3., where the negative
correlation between coverage of C. epigejos and abundance of
wireworms at each topographic position is shown.

3.2. Microcosm experiment 1

In a preference experiment, wireworms were consuming
C. epigejos rhizomes more than C. epigejos roots and then roots of
other plant species, although the results of one-way ANOVA were

not statistically significant. T-test of differences between initial and
final biomass of belowground parts however shows significant re-
sults for H. pilosella roots and C. epigejos rhizomes, as shown in
Table 1. Wireworms removed in average 40% of the initial biomass
of C. epigejos underground shoots in 1 month. Soft and fleshy roots
of T. farfara were also consumed by wireworms; about 30% of their
original biomass was removed, although the difference (t-test) was
not significant. In H. pilosella the biomass removal was less obvious
but consistent across all treatments - 22%. Average biomass loss of
belowground parts of all plants are shown in Fig. 4.

3.3. Microcosm experiment 2

In the greenhouse experiment, wireworms reduced the biomass
of C. epigejos rhizomes by more than 50%, whilst in the wireworm-

4.0 free treatment the biomass of rhizomes was 10% higher than the
b original weight (Fig. 5). The difference was statistically significant
357 = (F(1,6) = 9.720, p = 0.021). The photos in Fig 6 show the differences
3.0 in length and biomass of rhizomes between the two treatments.
o & The total biomass of C. epigejos increased by 60% in the control
E 25! treatment during the experiment, while in the wireworm treat-
g ment its biomass decreased by 5%, this difference was statistically
2 9o . significant (t-test, t = —3.12, p = 0.02). Results are shown in Table 2.
E Biomass of T. sect. ruderalia and T. farfara decreased during the
o 15}
()
Q a
g 10+t 1 Table 1
zZ The results of t-test of differences between initial and final weight of belowground
05+t a organs of selected plant species from the spoil heaps from the Microcosm experi-
ment 1. Numbers in bold sign significant differences.
007t 1 Diff. Std. Dv. t p
05 Centaurea —0.0003 0.0796 —0.0079 0.9941
) Tussilago 0.2462 0.2812 1.9575 0.1219
top bottom flat Calamagrostis - root 0.0385 0.0568 1.5141 0.2046
. . . . . . . Calamagrostis - rhizome 0.0432 0.0281 3.4446 0.0262
Fig. 2. Numbers of wireworms at the post mining site at different topographic posi- Hieracium 0.0472 0.0301 35115 0.0246
tions. Results of one-way ANOVA: F(2,13) = 11.144, p = 0.002 with Tukey HSD test. The Festuca 0.0258 0‘0595 0.9682 0.3878
error bars show standard error of mean (SE). . . . .
60
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Fig. 3. XY graph. Correlation (r = 0,2438) between C. epigejos coverage and number of wireworms. Axis X: number of wireworms, axis Y: coverage of C. epigejos.
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Fig. 4. Decrease root or rhizome biomass left at the end of the Microcosm experiment 1, after 1 month of wireworm presence in the microcosms. Results of one-way ANOVA:

F(5,24) = 1.6496, p = 0.18527. The error bars show standard error of mean (SE).
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Fig. 5. Shows % gain in length of rhizomes of C. epigejos in treatments with wireworms
(W) and control treatments (C) during the 4 month duration of the experiment
(Microcosm experiment 2). Results of one-way ANOVA: F(1,6) = 9.720, p = 0.021. The
error bars show standard error of mean (SE).

experiments, irrespective of the presence of wireworms and
biomass of C. stoebe increased by 14% in the control treatment and
decreased (2,6%) in the wireworm treatment, although this differ-
ence was not statistically significant.

4. Discussion

In the Microcosm experiments, wireworms significantly

reduced the biomass and length of underground shoots of
C. epigejos. They also reduced the total biomass of C. epigejos when
grown in pots with other plant species, while in the control treat-
ment C. epigejos dominated the plant community, which is in
agreement with the results of Roubickova et al. [ 19], who found that
wireworm presence negatively affected both aboveground and
belowground biomass of C. epigejos during a greenhouse experi-
ment. Also Sonnemann et al. [27] found that feeding by wireworms
caused a significant reduction in both belowground and above-
ground biomass of certain grassland species. On the contrary Bre-
zina et al. [26] have not noted any difference in overall aboveground
biomass of C. epigejos ramets after mechanically cutting the rhi-
zomes, although it decreased the survival of smaller ramets due to
the stress involved. However, in our feeding preference experiment
wireworms reduced only the biomass of rhizomes of C. epigejos, not
the roots themselves. This means that the process of nutrient up-
take by the plant is not affected, only the flow of nutrients between
the mother plant and the young tillers [10,11], which may decrease
the competitive ability of the plants and slow down the vegetative
reproduction [19].

Therefore we can conclude, that the mechanism of wireworm
impact on C. epigejos is through reduction of the vegetative
reproduction, rather than through direct plant deterioration due to
biomass removal. Wireworms preferred feeding on rhizomes of
C. epigejos, which is most probably a result of high nutrient content
and low levels of protection, as these organs are softer and juicier,
in comparison with roots [28]. This theory is supported by the re-
sults of Johnson et al. [29], who found a negative correlation be-
tween root toughness in Nicotiana tabacum and susceptibility to
attack by wireworms; and Hemerik et al. [17] have noted that in a
food preference experiment the larvae of A. obscurus preferred
plant species from nutrient-rich grasslands. Sonnemann et al. [27],
on the other hand, found that the level of damage to plant roots by
wireworms was determined mostly by the size of the root system,
suggesting that wireworm foraging is only extensive and random,
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Fig. 6. Photographs of belowground parts of C. epigejos plants in the Microcosm experiment 2. On the left is a plant from microcosm with wireworms, on the right a plant from the

control treatment.

Table 2

Shows mean % differences in biomass (final biomass - initial biomass) of the 4 plant
species grown together in pots with and without wireworms in the Microcosm
experiment 2. Numbers in bold sign statistically significant differences between
treatments (t-test, t = —3.12, p = 0.02).

Wireworms Control
Calamagrostis —5.934 60.973
Taraxacum -17.98 —36.33
Centaurea —2.585 14.393
Tussilago -20.91 —27.00

however these studies did not take into account the adult behav-
iour and oviposition, which could take place in vicinity of the most
preferred host plants [30].

Our assumptions are supported by a correlation test, the results
of which can be seen in Fig. 3. Here the negative correlation be-
tween C. epigejos coverage and abundance of wireworms at each
topographic position can be clearly seen. The fact that the mean
coverage of the C. epigejos at the post-mining site with spontaneous
succession was lowest in the depressions, although the total plant
coverage was not different from the other sites, indicates there is a
factor that negatively affects this plant species whilst it does not
have any effect on other plant species. C. epigejos is a plant with a
large ecological amplitude, being found in all types of grassland and
anthropogenic ecosystems. It thrives especially at stands rich in
nitrogen, which is the case for depressions at spontaneously reve-
getated spoil heaps near Sokolov [31]. One of the possible expla-
nations of low numbers of C. epigejos ramets and negative
correlation with wireworm numbers here is belowground herbiv-
ory, which prevents the grass from spreading. Roubickova et al. [19]
found, that after a year-long application of an insecticide, which
suppresses wireworm presence, to the soil, the belowground
biomass of C. epigejos was higher in comparison with the sur-
rounding soil.

Wireworms reached highest numbers at the depressions at the
spontaneously revegetated site, which is likely to be caused by
higher organic matter and moisture accumulation and subsequent
lower temperature fluctuations. The soils at the spoil heaps are very
rich in swelling clay (montmorillonite) [32] which is subject to
swelling and shrinking, so at the early-successional sites, where the
soil is not ameliorated by organic matter, it presents hostile con-
ditions for plant roots as well as for soil fauna and may reduce their
migration. Wireworms have been reported to prefer soils with

moisture levels around 15—20% and temperatures around 10—20 °C
with mild fluctuations [33,34], therefore the depressions present
the most suitable conditions at the spoil heaps for these larvae.

The fact that the rhizomes of C. epigejos grow in greater depths,
in comparison with the roots of most meadow plant species [35],
may also affect the rate of consumption by wireworms. These
larvae, despite high chitin incrustation, are sensitive to high tem-
peratures and drying out of soil, so their activity is generally limited
to spring or autumn months and in the other periods, they migrate
to greater soil depths [36], where only C. epigejos rhizomes are
present. Higher activity of wireworms in spring months may also
play a crucial role in the plant-herbivore relationship; in the spring
rhizomes of C. epigejos have the highest nutrient content [11]| and
therefore would be most attractive to herbivores, in comparison
with roots and rhizomes of other plant species. However, the period
of most intense growth of C. epigejos is in the summer months [28],
when wireworm activity is generally low, therefore it does not
interfere with the aboveground biomass as much as with the
rhizome biomass [19].

Wireworms also reduced the biomass of T. farfara, whose roots
are fleshy and without a strong cuticle and serve as vegetative
reproduction organs as well as nutrient uptake organs, same as
rhizomes of C. epigejos [37], however the results were nott signif-
icant and in the field experiment T. farfara biomass did not show
any interaction with wireworm presence. T. farfara is a common
plant species at the post-mining sites, often dominating some of
the early-successional stages [1], however, it had the highest den-
sity at the depressions at our study site, where also the wireworm
abundance was high, so the negative effect of wireworms on this
plant species is not supported by field observations.

Thanks to the high mobility of the adult click-beetles, wire-
worms are one of the several soil fauna groups that colonize the
spoil heaps in the early stages [38]. In later stages, as the sites get
dominated by tree species, the Elaterid beetles become less abun-
dant and so do their larvae in the ground, therefore they no longer
have the potential to alter the plant community composition.
However, we hypothesize that in the early-successional stages at
the spontaneously revegetated sites, wireworms play an important
role in plant community composition establishment and that they
prevent the spreading of C. epigejos. This effect is mediated by the
spatial variability of these spoil heaps, especially by the undulating
surface which causes accumulation of wireworms and as result
areas with a lower density of the C. epigejos.
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5. Conclusions

We found that the fleshy rhizomes of the C. epigejos are a
preferred food source for wireworms at the early stages of suc-
cession at spontaneously revegetated post-mining sites. In areas
with high wireworm densities these root herbivores have a po-
tential to reduce the numbers and coverage of C. epigejos, as the
damage done to the rhizomes negatively affects the vegetative
reproduction of this plant. Further research is needed to establish
whether the wireworms have a potential to reduce C. epigejos
abundance on large scale and to find out whether there is potential
in utilizing wireworms in biological control of this expansive plant
species.
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We propose a method for monitoring heavy metal deposition in the vicinity of roads using the leaf
surfaces of two expansive grass species which are greatly abundant. A principle of the proposed pro-
cedure is to minimize the number of operations in collecting and preparing samples for analysis. The
monitored elements are extracted from the leaf surfaces using dilute nitric acid directly in the sample-
collection bottle. The ensuing steps, then, are only to filter the extraction solution and the elemental
analysis itself. The verification results indicate that the selected grasses Calamagrostis epigejos and
Arrhenatherum elatius are well suited to the proposed procedure. Selected heavy metals (Zn, Cu, Pb, Ni, Cr,
and Cd) in concentrations appropriate for direct determination using methods of elemental analysis can
be extracted from the surface of leaves of these species collected in the vicinity of roads with medium
traffic loads. Comparing the two species showed that each had a different relationship between the
amounts of deposited heavy metals and distance from the road. This disparity can be explained by
specific morphological properties of the two species’ leaf surfaces. Due to the abundant occurrence of the
two species and the method's general simplicity and ready availability, we regard the proposed approach

to constitute a broadly usable and repeatable one for producing reproducible results.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Monitoring heavy metal deposition in the vicinity of roads is a
frequent topic of interest in areas with various automobile traffic
loads. A number of studies have focused on evaluating the content
of potentially toxic elements in the soil and dust in the vicinity of
roads (Duong and Lee, 2011; Faiz et al., 2009; Christoforidis and
Stamatis, 2009; Wei et al., 2010 and many others). Another type
of research work uses samples of plants and tree leaves from the
vicinity of roads for monitoring heavy metal load. In this case, the
metals content reflects both the deposition of particulate matter
containing heavy metals and the uptake of these elements from the
soil environment. The collected samples of plants or tree leaves are
mineralized without previous washing or cleaning (Cicek et al.,
2012; Fatoki, 1996; Gautam et al., 2005; Jankowski et al., 2015;
Lehndorff and Schwark, 2010; Olajire and Ayodele, 1997; Oliva
and Espinosa, 2007; Rossini Oliva and Mingorance, 2006; Sawidis
et al., 2011 and others). The content of heavy metals deposited on

* This paper has been recommended for acceptance by Prof. W. Wen-Xiong.
* Corresponding author.
E-mail address: vachovap@fzp.czu.cz (P. Vachova).

http://dx.doi.org/10.1016/j.envpol.2017.05.069
0269-7491/© 2017 Elsevier Ltd. All rights reserved.

the surface reflects the amount of deposition and the effect of
meteorological factors, in particular precipitation, during the
growth period of the analysed plant part. The uptake of elements
into biomass is influenced by their content in the soil and corre-
sponds to the long-term pollution levels. This aspect can be elim-
inated using active biomonitoring methods whereby standardized
grass cultures are exposed at the sampling site in pots (Dietl et al.,
1996; Klumpp et al., 2009). The proportion of toxic elements con-
tained in the dust particles on the surface of plants relative to their
content in the biomass can be specified by splitting the sample. One
part is disintegrated and analysed without washing whereas the
other is analysed after intensive washing with distilled water (Al-
Khashman et al.,, 2011; Al-Shayeb et al., 1995; Bi et al.,, 2012;
Nabulo et al., 2006; Othman et al., 1997; Serbula et al., 2012) and
potentially with dilute acid (Mori et al., 2015b). Capturing and
analysing the extraction solution is superfluous in this case. The
proportion corresponding to the plant surface is simply defined by
the difference in the heavy metals contents between the washed
and unwashed sample. However, research on heavy metals pollu-
tion near roads can also focus entirely on evaluating dust articles
deposited on the surfaces of plants or tree leaves. In such case, it is
expedient to analyse directly the particulate matter separated from
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such surface. A mechanical method of sweeping with a plastic bag
and brush was used by Lu et al. (2008). Wet washing of the samples
is more frequently done and is performed using a method enabling
the use of a precise volume of the extraction solution which can be
subsequently analysed. Mori et al. (2015a) washed coniferous
needles with distilled water and chloroform, Simon et al. (2011)
separated foliage dust by shaking with distilled water in a plastic
box. Tomasevic et al., (2005) used washing in an ultrasonic bath for
separating dust. For the sake of completeness, it should be
mentioned that washing is performed also for the purpose of
separate gravimetric analyses intended only to quantify particulate
matter (PM) deposited on surfaces and trapped in waxes without
further analysis of heavy metals and the like within that PM
(Dzierzanowski et al., 2011; Przybysz et al., 2014; Sgrigna et al.,
2015; Song et al., 2015).

As described above, diverse approaches using a range of sample
types which are then processed in various ways are utilized for
evaluating heavy metals pollution near roads. The amount and
method of handling the samples has a greater or smaller influence
on the results of the analyses subsequently performed. In this
study, we propose a simple and easy method to enable monitoring
the amounts of heavy metals within PM deposited on the surfaces
of two types of grasses which often occur in the vicinity of roads.
Our objective is to verify and evaluate a well-repeatable approach
which practically minimizes the number of operations in collecting
and preparing the sample for analysis and which leads to repro-
ducible results.

2. Material and methods
2.1. Species of interest

We monitored the amounts of heavy metals in dust particles
deposited on the leaf surfaces in two species of common grasses:
Calamagrostis epigejos and Arrhenatherum elatius. These species
have global ecological importance due to their rapid expansion into
various biotopes (e.g. Holub et al., 2012; Rebele and Lehmann,
2001).

We selected these species in particular because they are both
very frequently present in phytocoenoses along roads. Calama-
grostis epigejos is a tall grass expanding primarily on anthropo-
genically influenced locations no longer under management (e.g.
Prach and Wade, 1992). Fiala et al. (2003) comment upon its
strong competitiveness, high biomass production, and formation of
slowly decaying matter. It has been demonstrated that this grass
prospers very well even on polluted stands (Mitrovic et al., 2008).
The ecology of A. elatius is very similar to that of C. epigejos. It differs
in nutrient management (Holub et al., 2012), and it prefers areas
with good nutrient supply (Buckland et al., 2001).

2.2. Monitoring sites

Our work focused on verifying collection methods and sample
processing for the two selected grass species in the vicinity of roads
and not at all to research the monitored sites themselves or the
extent of their heavy metal pollution. The specific position of the
collection locations was not therefore important for the purpose of
our research. The only factor taken into account was the collection
spots’ distances from the edges of the monitored roads. The sam-
ples of C. epigejos and A. elatius were collected in the vicinity of
roads with average traffic intensity and approximately equal pro-
portions of long-distance and local traffic. The studied locations
were situated in two regions of the Czech Republic — Western and
Central Bohemia. In each region, 10 collection points were chosen in
the vicinity of two selected roads. At each collection point, two

samples were collected (of the two selected grasses) 5 m from the
edge of the road and two samples at distance 20 m from the road. In
total, therefore, 80 samples were collected.

2.3. Samples collection, preparation, and chemical analyses

The collection of samples of the selected grasses in the vicinity
of roads was carried out to ensure optimal conditions for moni-
toring the selected heavy metals in dust particles deposited on the
surfaces of leaves. An objective was to minimize the number of
individual steps, including to limit handling the collected samples,
so that the procedure is unambiguous, standardly repeatable, and
its results reproducible.

Grass samples representing the upper parts of live leaves
(without flowers) were cut using stainless steel scissors and
immediately placed into pre-weighed, wide-necked, 1 L poly-
ethylene (PE) bottles. Before use, the collection bottles were treated
for the needs of the trace elements analysis by leaching with the
solution HNO3 Suprapur Merck 2 mol.L™! for 12 h and thoroughly
washed with bidistilled water prior to use. During collection, an
average 15 g of plant matter was deposited into each collection
bottle and the bottle was closed. This sample amount seemed
optimal for subsequent extraction of dust particles by dilute nitric
acid which, was performed directly in the collection bottle without
manipulating the sample in any other manner. For extraction,
100 mL of the solution HNO3 Suprapur Merck 2 mol.L~! was used.
The intent was effectively to separate dust particles from the sur-
face of leaves while not disturbing the structure of the plant ma-
terial and extracting elements from the plant matter itself.
Therefore, very intensive hand-shaking of the 100 mL extraction
solution in the closed bottle for a relatively short period of 10 min
was used (vertical shaking in approximate range of 30 cm with a
frequency of about 100 cycles per minute). The extract was then
filtered through Filpap KA 1 filtration paper, thereby ensuring
separation of particles larger than 15 pm. The filtrate was trans-
ferred into a 100 mL PE sample bottle leached with the solution
HNO3 Suprapur Merck 2 mol.L~! and prepared for analysis. The
selected volume of the extraction solution consisting of dilute nitric
acid (100 mL) appeared optimal for ensuring well-measurable
concentrations of the monitored elements with efficiency suffi-
cient for extraction of the monitored elements from the given
amount of plant material.

The filtered extract was analysed using atomic absorption
spectrometry (AAS) on devices from Agilent Technologies. Deter-
mination of Cd, Cr, Cu, Ni, and Pb was performed by atomizing in a
graphite tube with a 240Z AA device with Zeeman background
correction. Zn was determined by flame AAS on the 55 AA device.
The determined contents of the elements identified were subse-
quently converted to dry weight of collected plant samples. For
purposes of determining dry weight, part of the grass sample was
inserted into plastic bags (in addition to the PE bottle) at collection
and subsequently weighed and dried to constant weight.

3. Results and discussion

Extraction solutions acquired using the proposed procedure
contained the monitored elements in concentration limits suitable
for direct determination by the AAS method. Aggregate results of
the analyses are presented in Table 1 and Fig. 1. Comparing the
measured representations of the six monitored elements extracted
from the surface of grasses C. epigejos and A. elatius
(Zn > Cu > Pb ~ Ni > Cr > Cd) corresponds to their expected
occurrence in the contaminated vicinity of roads. Specific deter-
mined amounts of monitored elements on the surface of the two
grasses relative to dry weight of plant material are comparable with
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Table 1
Elemental amounts extracted from the surface of C. epigejos and A. elatius relative to dry weight (mg kg™ 1).
Calamagrostis epigejos Arrhenatherum elatius mass AE/CE
(mean =+ SE) (mean =+ SE)
A B amount. ratio B/A A B amount ratio B/A
distance 5 m distance 20 m distance 5 m distance 20 m
Zn 19.62 + 5.61 10.67 + 2.88 0.54 22.84 + 3.98 21.28 + 1.96 0.93 1.46
Cu 4.34 + 0.65 2.65 +0.72 0.61 5.89 + 0.79 6.28 + 0.64 1.07 1.74
Pb 145 + 0.17 1.05 + 0.17 0.72 1.23 £ 0.21 1.29 + 0.13 1.05 1.01
Ni 1.05 + 0.14 0.98 + 0.15 0.93 1.26 + 0.17 139 +0.13 1.10 1.31
Cr 0.496 + 0.188 0.432 + 0.177 0.87 0.934 + 0.202 0.785 + 0.224 0.84 1.85
Ccd 0.165 + 0.056 0.098 + 0.015 0.59 0.087 + 0.008 0.116 + 0.015 133 0.77
mean 0.71 1.05 1.36

results reported in published works stated in mg.kg~! of dry weight
for the difference between unwashed and washed leaves and
grasses collected in contaminated areas (Bi et al., 2012; Nabulo
et al., 2006; Othman et al., 1997; Serbula et al., 2012).

In the monitored heavy metals extracted from the surface of
C. epigejos, there is an apparent decreasing trend with distance
from the road in the extracted amounts as determined relative to
dry weight. This is as one would assume (e.g. Jankowski et al.,
2015). Ratios of B/A, where B represents the amounts of the
monitored elements extracted from the surface of C. epigejos 20 m
from the road and A represents those amounts 5 m from roads are
presented in Table 1. The ratios average 0.71. This trend was not
determined for the case of A. elatius. The latter results indicate that
at a distance of 20 m from the road even slightly larger average
amounts of Cu, Pb, Ni and Cd were extracted relative to dry weight
than at the 5 m distance. The average B/A ratio for the monitored
elements was in this case 1.05 (see Table 1), thereby demonstrating
in the case of A. elatius a practically indifferent relationship be-
tween the determined amounts of deposited heavy metals and the
distances from the road. This situation is plausible, particularly
inasmuch as a similar spatially indifferent distribution of toxic el-
ements had been described by Mori et al. (2015a) on coniferous
needles collected at a height of 1-2 m above ground. The results of
this study document the possibility for non-decreasing surface
accumulation (pg.cm~2) of PM 2.5 small dust particles and thereby
also of heavy metals on the needles with increasing distance from
roads. These small particles can be spread over wider areas while
less influencing the vegetation along roads. Spatial distribution of
heavy metals accumulated on plants in the vicinity of roads can
therefore be markedly influenced by the variable affinity of their
surfaces for capturing the individual size types of dust particles. The
amounts and types of dust particles deposited on plants depend on
the surface properties of their above-ground organs — surface
roughness, pubescence, wax amounts, and leaf area size and
orientation. Other factors include frequency of places suitable for
dust accumulation (points of connection of leaves to stem, leaf
sheaths, etc.) and mobility of the above-ground part (Beckett et al.,
2000; Sebe et al., 2012; Weber et al., 2014). Species growing close
to the ground accumulate greater amounts of PM than do taller
species (Weber et al., 2014).

The spatial distribution of heavy metals we detected as depos-
ited on the surfaces of the two related species (from the same
family) in the vicinity of roads can therefore be interpreted in terms
of the different properties of these grasses’ above-ground organs.
Morphological differences between the leaf surfaces of C. epigejos
and A. elatius are shown in Fig. 2. Microscopic images of leaf cross-
section show the different surface structures of the two grasses. The
surface of A. elatius is rougher in appearance than is that of
C. epigejos and there is an occurrence of hairs. A rougher surface
presents a larger leaf area and should accumulate more dust

particles. Our results confirm this assumption. Table 1 states an
average ratio between A. elatius and C. epigejos of elemental
amounts relative to dry weight of 1.36 (average from all samples for
both distances from the road). Of course, this conclusion is condi-
tioned upon the assumption that the above-ground parts of the
compared grasses have very similar composition and dry biomass
density. Even the determined spatial distribution of the monitored
elements accumulated on the surfaces of both grass species can be
interpreted as an effect of morphological differences (with average
B/A ratios of 0.71 for C. epigejos and 1.05 for A. elatius). There is a
good possibility that the more structured — and therefore larger —
surface of A. elatius could have a selectively higher affinity for
capturing smaller particles (PM 2.5) in which there is a higher
probability of non-decreasing deposition rate in relation to the of
5—20 m magnitude of distances from the road within which the
grass samples were collected.

The objective of this study was to develop and verify a pro-
cedure allowing efficient monitoring of heavy metal deposition in
the vicinity of roads while minimizing the number of operations in
collecting and preparing a sample for analysis. We believe that this
approach constitutes a broadly usable method for producing
reproducible outputs which is generally simple, readily accessible
due to its minimal equipment requirements, and well-repeatable.
Reproducibility can be of course achieved only when the same
grass species is used (e.g. the widely distributed C. epigejos). We are
aware that expression of the results used in this study (amount of
the element extracted from grass surface relative to the dry weight
of the plant [mg.kg~']) is an indirect one. A more appropriate and
direct method for expressing the content of elements determined
in the washing solution from leaves would be the weight per
measured area of washed leaves, i.e. pg.cm™2 (Mori et al., 2015a). In
other words, expressing content per unit of weight (e.g. mg.kg™!) is
adequate in determining elements within mineralized washed or
unwashed plant material (Sawidis et al., 2011; Serbula et al., 2012
and many others), and alternatively in analysing dust particles
extracted from the leaf surface if the element content would be
related to the dry weight of the particles themselves (Simon et al.,
2011). The amount of nutrients, soil type or pollution has effect on
biomass production (e.g. Holub et al., 2012; Lehmann and Rebele,
2004). However, there is no evidence of the change in SLA (spe-
cific leaf area) depending on these parameters. We have measured
SLA for leaves collected at five different locations. Though there was
some variability within one locality, we have not registered sig-
nificant difference in SLA between locations (F (4; 20) = 1.417;
p = 0.2646). We believe, however, that expressing the amounts of
extracted elements simply relative to dry plant weight is entirely
appropriate when considering use of the same grass species having
a stable surface-to-dry-weight ratio for the purposes of the pro-
posed method of monitoring current heavy metal pollution in the
vicinity of roads.
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Fig. 1. Amounts of elements extracted from the surface of C. epigejos and A. elatius relative to dry weight (mg kg~!) at distances of 5 m (A) and 20 m (B) from the road.
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Fig. 2. Morphological differences between leaf surfaces of C. epigejos and A. elatius in leaf cross-section.

Fig. 3. Microscopic images of the leaf surface of C. epigejos corresponding with different times of extraction with diluted HNOs. The images show a randomly selected leaves of

extracted bushgrass.

The proposed procedure minimizing the number of operations
in preparing the sample for analysis does not include total (mi-
crowave) decomposition of the extracted dust particles. We as-
sume, however, that such total decomposition is not necessary for
the described procedure. Intensive shaking with 2 mol.L~! nitric
acid leads to effective extraction of material from the surface of the
grass leaves, inasmuch as the surface is disrupted by the acid
although the plant is not decomposed.

Fig. 3 shows the state of the leaf surface of C. epigejos after a
variable period of extraction with diluted HNOs3 in sampling bottle
by procedure described in Part 2.3. The sample for this verifying
experiment was collected in the vicinity of the road with high
traffic intensity. On the image of the unextracted leaf surface -
Fig. 3a - we can see a large amount of dust particles. Ten seconds of
extraction process lead to a reduction of dust particles amount on
the leaf surface. However, this wasn't a significant proportion of the
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total amount of paarticles, see Fig. 3b. The effect of half minute
extraction (Fig. 3c) is already evident. Continued extraction with
duration 1, 3 and 8 min does not lead to striking changes of leaf
surface state, see Fig. 3 d, e and f. Fig. 3 presents a sequence of
microscopic images of randomly selected leaves parts of extracted
bushgrass sample, which confirms the high efficiency of the pro-
posed method for extraction of dust particles from the surface of
C. epigejos leaves. A substantial proportion of heavy metals fixed on
the dust particles is accordingly dissolved in the acid solution. A
number of authors have demonstrated that trace elements, and
particularly metals in soft dust elements emitted by automobile
transport and other anthropogenic sources, are mainly (up to 90%)
(Voutsa and Samara, 2002) present in unstably bound forms
(Kyotani and Iwatsuki, 2002) the solubility of which markedly

Zn extracted (%)

[ 60 120 180 240 300 360 420 480 540 600

Extraction time (sec.)

100

90
80
7 Pb
S
e
60
kel
(5}
o
QO 50
[
o
X a0
[0}
Ke)
o 30
20
10
0
0 60 120 180 240 300 360 420 480 540 600

Extraction time (sec.)

Ni extracted (%)

0 60 120 180 240 300 360 420 480 540 600
Extraction time (sec.)

increases in conditions of decreasing pH (Fernandez Espinosa et al.,
2002). The effectiveness of the proposed procedure was also veri-
fied by monitoring the content of selected toxic elements in
extraction solution depending on the time of extraction. We used a
mixed sample of C. epigejos leaves collected at two sites in the vi-
cinity of roads with high traffic intensity. The extraction was
interrupted at selected time intervals. At each break, half of the
extraction solution volume (50 mL) was separated for analysis (AAS
used - see part 2.3) and diluted HNO3 was added to make 100 mL of
solution. The concentration values of elements measured in indi-
vidual time intervals were subsequently recalculated to take into
account the dilution made and concentration corresponded to the
total amount extracted. Fig. 4 shows the dependence of the relative
contents of evaluated elements in the filtered extraction solution
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Fig. 4. Extracted shares of monitored toxic elements in dependence on the duration of extraction. Percentages are related to the expected total amount of each element extractable

from the leaf surface of C. epigejos.
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on the duration of extraction. Presented percentage values are
related to the expected total amount of each element contained in
the dust particles deposited on the surface of the bushgrass leaves.
The estimated total amounts of monitored elements are derived as
the limit (value a) of used regression function x = a — b/(c + t), a, b
and c are regression coefficients (optimized by gradient method), t
is the independent variable - time. We chose this general nonlinear
function suitable for the given time dependencies, because the
order of kinetic process of elements extraction from the leaf surface
is not known. With respect to the varying degree of fixation of each
type of dust on the leaves, the first order process etc. cannot be
automatically assumed. The results presented on Fig. 4 document
the effectiveness of the chosen procedure in accordance with Fig. 3.
The graph shows that the extraction time 8—10 min leads to the
release of monitored toxic elements from the surface of the leaves
of bushgrass at a rate exceeding 90%. 47 s are sufficient for the
release of 50% of the slowest extractable element - Cr, while in the
case of Pb, it is less than 10 s. It is evident that the individual ele-
ments are contained within the particles unevenly and they are
extractable by different speeds. In this context, there are evident
similarities between Cu, Ni and Cr. Zinc and cadmium is another
pair with similar extraction properties, rapid release lead is specific.

Part of the proposed procedure is filtering out the separating
particles larger than 15 pm. These large, undissolved particles can
comprise grains of sand or other mineral materials, and it cannot be
presumed that they would bind a more substantial proportion of
heavy metals than is contained in the significantly smaller particles
(Park and Kim, 2005; Samara and Voutsa, 2005). Filtration also
removes the broken parts of collected grass leaves which are car-
ried out in the extraction solution when pouring out the collection
bottle. Smaller particles (up to 15 pm in size) which could even-
tually bind some remaining share of the heavy metals remain in the
filtrate and are further analysed. We have tested the effect of
filtering on the results of the determination of monitored elements
in extraction solution. Half of the extraction solution volume taken
during the kinetic experiment (described in previous text) was
filtered through a Munktell paper grade 1288 (12—15 um pore size),
residual volume was analysed without filtration. The filtration does
not affect Zn, Cu, Pb and Cd. The concentrations of these elements
measured in the individual fractions of the filtered and unfiltered
extraction solution showed no significant difference. In contrast,
the concentrations of Ni and Cr measured in the filtered extraction
solution were, on average, two-thirds compared to the values
measured in the unfiltered solution. It shows that Ni and Cr may be
more fully contained within the larger and slightly soluble particles.
Potential presence of undiluted particles therefore creates no
(mechanical) problem in dispensing filtrate into the graphite
cuvette of the atomic absorption spectrometer. It can be assumed
that there occurs effective disruption and atomization even in this
undissolved fraction. We can add that AAS with electrothermal
atomization also allows atomizing solid material in direct solid
sampling. Similar assumptions can be stated also for the case of
flame AAS, which must be used for determining Zn (small particles
with size up to 15 um do not cause obstruction of the intake tube).
Nevertheless, it certainly would be possible to use an even finer
filter (if, for example, inductively coupled plasma mass spectrom-
etry were to be used for analysing the filtrate) and to separate out
even substantially smaller particles than just those larger than
15 pm. In such case and taking into account the facts described
above, the effect on results of the analyses should be negligible for
Zn, Cu, Pb, Cd and specific for Ni and Cr.

The reproducibility of results from a method utilizing plant
surfaces for evaluating heavy metal deposition is certainly limited
also by meteorological factors, and particularly the amount and
intensity of rainfall. This influence, however, should not be

paramount. Tomasevic et al. (2005) had determined that accumu-
lation of deposited dust particles on leaves of two tree species
during the vegetation period corresponded to the fact that a large
part of PM is not washed away by rainfall. We have tested the
possible influence of rainfall on the amounts of monitored ele-
ments contained in dust particles deposited on the leaves of
C. epigejos. We tried to extract the sample of bushgrass leaves by
shaking them with distilled water in the sampling bottle for 1 min.
Subsequently, the whole volume of water was taken for the analysis
and next the sample was 8 min extracted with diluted HNOs. The
contents of Cu, Pb and Cd found in the water extract solution were
less than 1% of the estimated total extractable quantity contained in
the dilute acid extract solution for Zn and Cr, it was about 2% and
10% for Ni. It can be seen that the influence of rainfall is not sig-
nificant for the content of the elements on the surface of leaves of
C. Epigejos. Nickel is a specific element, however in this case the
influence of rain isn't crucial. Accordingly, it is apparent that
measured values of heavy metal deposits, for example in the vi-
cinities of two different roads, can be compared if grass samples are
collected in a similar stage of the vegetation period. The selected
species C. epigejos and A. elatius are suitable for monitoring depo-
sition of heavy metals not only in consideration of their abundant
occurrence but also because, being expansive grasses, they colonize
entire areas in the vicinity of roads and there occurs practically no
influence from spatial distribution of PM due to shading by other
species.

The verification experiments were performed on species
C. epigejos because its leaves are also usable at other times than the
growing season. But we expect similar extraction properties for
species A. elatius.
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5. Komentar k publikovanym vysledkiim

5.1. Pribéh expanze ve spole¢enstvu s C. epigejos

Z ¢lanku I vyplynulo, Ze pocet druhii ve sledovanych ¢tvercich byl negativné
ovlivnén nejen vzristajicim mnozstvim C. epigejos, ale také Casem. Jednoro¢ni
koseni se pozitivné neprojevilo na poctu druhi a neovlivnilo ani mnozstvi
C. epigejos V jednotlivych experimentalnich ¢tvercich. 1 kdyZz néktefi autofi
uvadéji, ze po nékolikaletém seceni se navraci druhova bohatost nebo se alespon
snizuje pokryvnost této travy (Hazi et al.,, 2011; Rebele et Lehmann, 2002).
Dtivodem odlisnych vysledki mize byt vétsi nachylnost experimentalnich ¢tverct
k expanzi — experimentalni plocha je umisténa v byvalém vojenském cvidisti,
které je az na vyjimky neobhospodafované - C. epigejos zde ma velmi vysokou
pokryvnost. Druhy Veronica officinalis, Plantago lanceolata, Epilobium sp.,
Lotus corniculatus, Potentilla argentea, Festuca pratensis, Hypericum
perforatum, Thymus chamaedris, Gnaphalium sylvaticum, Trifolium arvense,
Trifolium pratense mizi pii expanzi C. epigejos nejdiive. Regeneraci téchto druht
brani zastinéni zpusobené velkym mnozstvim statfiny (Fiala et al., 2011; Somodi
et al., 2008). Ta totiz vytvaii fyzickou bariéru pro semena a semenacky (zachyti
svétlo, stini semena a sazenice, snizuje teplotu v ptd¢€). To samoziejmé ovliviiuje

utvareni spolecenstva (Facelli et Pickett, 1991).

Druhy, které ustoupily bezprostiedné po expanzi C. epigejos, byly
P. lanceolata, F. pratensis, Centaurea jacea, Lotus corniculatus, P. argentea,
Dianthus deltoides, Taraxacum sect. Ruderalia nebo T. arvense. C. epigejos totiz

velmi dobie vytlacuje jiné druhy (Mudrék et al., 2010)

Zvysujici se abundance C. epigejos negativné korelovala s abundanci A.
elatius, ktery roste pfedevsim na druhové chudych porostech (Scotton et al., 2014)
pozdnich sukcesnich stadii (Mudrdk et al., 2012). Svéd¢i mu heterogenni
neobhospodarované plochy s dostatkem zivin (Hejcman et al., 2007). V takovém
ptipad¢é dokaze vykompetovat C. epigejos (Tuma et al., 2009, 2005). To potvrzuji
inase vysledky. A. elatius ztraci pii koseni vice dusiku nez C. epigejos

(Holub et al., 2012), protoze ho hromadi v nadzemni biomase (Berendse et al.,
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1992). Potiebuje tedy jeho pravidelnou dotaci (Buckland et al., 2001). Kontrolni,
tedy bezzasahovy rezim vyhovuje predevsim L. corniculatus, C. jacea,
P. lanceolata, F. pratensis, ale i A. elatius. L. corniculatus je druh, ktery se
nevyskytuje na stinnych mistech, ale ma pomémé Sirokou ekologickou
a fytocenologickou amplitudu (Jones et Turkington, 1986) a pozitivné reaguje na
dostatek fosforu (Kelman, 2006). C. jacea se nejcastéji vyskytuje ve
spolecenstvech tiidy Molinio-Arrhenatheretea, ale jedna se o Casty ruderalni druh
luk, pastvin a lesnich lemi, kde vyhleddva zivinové bohaté pidy. Tento druh
nepreferuje zastinéné lokality stejné jako F. pratensis a P. lanceolata (Slavik,
2004). Spolecenstvo, které by se zde vyskytovalo, pokud by nedoslo k expanzi
C. epigejos, by dle katalogu biotopt (Chytry et al., 2001) nejspise spadalo do
kategorie T1.1 — mezofilni ovsikové louky. Tento piedpoklad vznikl na zakladé¢
informaci ze starych map. Nemuze byt také zanedbéan fakt, ze druhy T. pratense,
L. corniculatus, T. arvense, Vicia angustifolia, Holcus lanatus nebo C. jacea jsou

pozitivné korelovany s vyskytem A. elatius.

Béhem sledovanych let doSlo k Gstupu druhti jako H. perforatum, Poa
pratensis, P. argentea, V. officinalis, G. sylvaticum T. chamaedris, Bromus sterilis
a Epilobium sp. Spolecenstvo se ménilo kontinualné v ¢ase. Velkou roli zde hraje
zvySujici se pokryvnost C. epigejos. Nejdilezitéjsim faktorem zmény
spoleCenstva v Case bude ziejmé pfirozena sukcese, kterda ovSem sméfuje

k porostu s dominantni C. epigejos.

5.2. Reakce C. epigejos na dodané Ziviny

Dotace Zivinami se projevila na vySce vegetace jiZ v prvnim roce po jejich
pouziti. Tento vysledek plné koresponduje s vysledky jinych studii o vlivu
dostupného dusiku na rychlou tvorbu biomasy. OvSem vSeobecné piijimany
pozitivni vliv fosforu na mnozstvi biomasy (Hejcman et al., 2010; Suss et al.,
2004) zde nebyl potvrzen. Vyska vegetace ve varianté, kde byl aplikovan pouze
fosfor, byla prokazatelné nizsi, tento rozdil setrvaval jesté nadchazejici sezonu
roku 2012. To mohlo byt zplisobeno vét§Sim mnozstvim stafiny, ktera se v tomto
¢tverci naakumulovala. Zajimavy je i1 vyvoj kontrolnich variant. Prvni tfi

sledované sezony byla abundance C. epigejos velmi podobna. Ovsem v roce 2013
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byl zaznamenan prudky nartast tohoto druhu. Obdobny prubéh mély i ostatni

varianty, ale tento vyvoj nemél statisticky vyznamny charakter.

V prvnim roce po aplikaci zivin byl zaznamenan narast Arrhenatherum elatius,
L. corniculatus a P. lanceolata. Vyjma P. lanceolata tyto druhy v dalsich letech
opét ustoupily. I kdyz efekt koseni nebyl prokazan, zda se, ze kosené plochy
s dostatkem dusiku jsou nachylné&jsi k expanzi C. epigejos nez jiné. V roce 2013
nebyl ve vysSce vegetace v jednotlivych variantich zaznamenan rozdil. Bylo
zaznamenano prokazatelné zvySeni vegetace béhem sledovanych let. Vyska

vegetace je pozitivné ovlivnéna vzristajicim mnozstvim C. epigejos.
5.3. Stabilita spolec¢enstva s dominantni C. epigejos

S cilem vyhodnotit stabilitu spoleCenstva s dominantni C. epigejos byly
analyzovany dva faktory — abundance C. epigejos a pocet ostatnich druhti pod
vlivem managementu. Kazda dvojice hodnot reprezentujici abundanci C. epigejos
a pocet ostatnich druhi je brdna jako vysledek interakce dvou protihraca
odpovidajici strategiim uplatnovanym v zavislosti na managementu. Nashova
rovnovaha ptedstavuje takovou kombinaci strategii kazdého hrace, ktera je
nejlepsi odpovédi na strategii ostatnich hracd (Nash, 1951). Nase vysledky
publikované v ¢lanku Stochastic identification of stability of competitive
interaction in ecosystems ukazuji, ze aplikace navrhovaného postupu nabizi
moznost feSeni problému rovnovazného optima — nejleps§iho kompromisu mezi
pay-off hodnotami, které jsou pro kazdy z interagujicich subjekt nejvyhodnéjsi.
Zadani neni trividlni, maximum payoff je u obou subjektti dosahovéano v rozdilné
situaci. Pro C. epigejos je nejvyhodnéjsi situace hnojeni dusikem, fosforem,
draslikem a koseni. Nejvyssi poCet druhii je v kontrolni, nekosené varianté.
Vyhodnoceni vychozich payoff hodnot vede k preferenci maxima pro pocet
ostatnich druht, kde vychazi vyznamné vyssi pravdépodobnost vyskytu Nashovy
rovnovahy interpretovatelnd jako mira stability. Tento vysledek odpovida
obecnym predpokladim — nejvys$si mira stability je dosahovadna u situace bez
zasahu a tato stabilita koresponduje s po¢tem vyskytujicich se druhi — tedy
s biodiverzitou a nikoli s abundanci expanzni titiny. Vysledkem navrhovaného
konceptu je spojita distribuce miry stability vyhodnocovanych situaci. Korelace

této zavislosti se souborem vychozich payoff hodnot vychdzi jednoznaéné ve
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prospéch vyskytu ostatnich druhti — stabilita koresponduje s biodiverzitou.
Urcujicim faktorem determinujicim obdrzeny vysledek je vyskyt Nashovych
rovnovah Vv Cistych formalnich strategiich, takze vypocitand distribuce miry
stability neni pro oba subjekty vyznamné rozdilnd. Z vysledkd tedy nelze
vyvozovat napt. doporuceni, ktera varianta managementu by mohla byt stabilnéjsi
pro vyskyt ostatnich druht oproti abundanci C. epigejos. Nicmén¢ i tak mohou
obdrzené vysledky provedeného vyhodnoceni znamenat piinos k udajim majicim
prakticky vyznam pfi feSeni problému expanznich a invaznich druhi. Na zaklade
provedeného vyhodnoceni 1ze shrnout — existuji varianty managementu vedouci
k vyznamnéjsi eliminaci vyskytu C. epigejos v rostlinnych spole¢enstvech,
napf. varianta, kde byl aplikovan pouze draslik. Jejich ptfedpokladana mira
stability je vSak oproti situaci bez zasahu velmi nizka a tyto stavy nemusi byt

dlouhodobé udrzitelné.

Navrhovany pfistup je zaloZzen pouze na porovnavani méfitelnych nebo
pozorovatelnych hodnot kvantitativnich parametri bez zahrnuti specifickych
internich faktort urcujicich slozité interakce ekosystému. Interpretace vétsi
pravdépodobnosti vyskytu Nashovy rovnovahy jako vyssi ekologické stability je
pouze piedpokladem, ktery nemusi v fad€ ptipadd platit. Takto vymezena mira
stability je navic pouze relativni - je vétsi ¢i mensSi pouze v porovnani s vysledky
obdrZenymi pro ostatni vyhodnocované situace.

Pfistupy zaloZené na teorii her a aplikaci Nashovych rovnovah jsou v ekologii,
zejm. pak evolucni Casto uzivany (Apaloo et al., 2009; Mcnickle et Dybzinski,
2013; Nowak et Sigmund, 2004; Vincent et Brown, 2005). Zde navrhovany
koncept vychazejici ze stochastického herniho modelu mliZze byt pouzit pfedevSim
pii aplikaci na rozsahlejsi datové soubory reflektujici napf. ekologické
parametry vétSiho poctu krajinnych prvki, u kterych by mohla byt takto
vyhodnocovdna relativni ekologicka stabilita. Respektive vyhodnoceni
pravdépodobnosti vyskytu Nashovy rovnovahy by mohlo takovychto dat vhodné
dopliovat standardni statistickou analyzu. Navrhovany koncept je jisté vyuzitelny

v mnoha dal$ich aplikacich.
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5.4. Moznosti eliminace C. epigejos

Studie ze Sokolovskych vysypek publikovand pod nazvem Topography of
spoil heaps and its role in plant succession and soil fauna presence ukazuje, ze
morfologie terénu pii tvorbé vysypek ma vliv na rozlozeni zivin v pidé, coz
ovlivituje slozeni rostlinnych spoleCenstev a pfitomnost pidni fauny. Mize také
urychlit migraci n€kterych pidnich Zivoéichi. Zatazeni ploch rovnych spolu se
zvinénymi piedstavuje pozitivni pfinos pro rozmanitost stanovist’ na mistech se

spontanni sukcesi.

Celkovy obsah dusiku, drasliku, hot¢iku a vapniku byl vys§i nez primérné
hodnoty z travnich porosti Ceské republiky (Kalina, 2005; Mladek et al., 2006).
V nasi studii byla nejvy$s$i hodnota celkového dusiku métfena na dné vin na
mladsi lokalité. Vrcholy vin byly zivinové chudsi, pravdépodobné diky erozi,
kolisani teploty a $patnému zadrzovani vody na vrcholcich (Zhu et al., 2014).
Alkalické terciarni jily, které tvofi tyto vysypky, jsou obecné¢ bohaté na celkovy
fosfor (Frouz et al., 2008; Sourkova et al., 2005), ale situace je odlisSna pro obsah
rostlinou dostupného fosforu - ve srovnani s mnozstvim dostupného fosforu
z trvalych travnich porostli v Ceské republice (Kalina, 2005) byl zjistén velmi
nizky obsah. To s nejvetsi pravdépodobnosti souvisi s vysokym obsahem
vapniku, ktery tvofi nerozpustny fosforeCnan vépenaty, ktery obecné snizuje
dostupnost fosforu v pudé (Addiscott et Thomas, 2000; Braschi et al., 2003;
Tunesi et al.,, 1999). Vys§i mnozstvi dostupného fosforu na starsi lokalité je
vysledkem kombinace biotickych a abiotickych procest béhem sukcese
(Ciarkowska et al., 2016).

SloZeni rostlinnych spolecenstev se liSilo mezi obéma lokalitami. Rostlinna
spoleCenstva na vyrovnanych plochach byly podobné tém na vrcholcich vin.
Vysypkové pidy jsou velmi bohaté na montmorillonit, ktery efektivné zadrzuje
vodu. Pokud se ovSem tato zemina vysusi, stava se velmi tvrdou. Takovéto
podminky jsou velmi neptiznivé pro kofeny rostlin i pudni faunu. Migrace se
stava problematickou a nékteré druhy, které nejsou schopné se témto extrémnim
podminkam pfizptsobit, chybi (Dunger et Voigtlander, 2009; Lavelle et Spain,
2001). C. epigejos ovsem dokaze prospivat i za téchto pionyrskych podminek
(Rebele et Lehmann, 2001)

88



Komentai k publikovanym vysledkiim

Pocéty pidni fauny byly ovlivnény jak vékem mista, tak topografickou
polohou. Dratovci byly nejcastéji v terénnich depresich na obou mistech,
pravdépodobné diky vyssi vlihkosti (Campbell, 1937; Evans, 1944; Finney, 1946;
Parker et Howard, 2001) nebo vétsimu zastinéni - méné extrémi. Pocet dratovci
je nizsi na starSi lokalité, ktera ma odlisné sloZeni rostlinného spolecenstva od

mladsi plochy.

Zda se, ze vegetace je lepSim prediktorem pro piitomnost dratovci a Zizal
nez méirené faktory prostiedi. Variabilita, kterou vysvétluje vegetace, odrazi
biotické interakce mezi pidni makrofaunou a vegetaci. Tyto vztahy byly
zaznamenany také v jinych studiich (Frouz et al., 2008; Roubic¢kova et al., 2012,
2009) a lze je vysvétlit pfimymi nebo nepfimymi trofickymi interakcemi. Rostliny
pfedstavuji zdroj potravy pro dratovce a zizaly a tim paddem mohou ovlivnit
mnozstvi a slozeni pudni fauny (Frouz et al., 2001; Wardle et al., 2005). Na druhé
stran¢ zizaly ovliviuji padni vlastnosti a procesy, jako je tvorba agregatii
(Marashi et Scullion, 2003), schopnost udrzet vodu, aktivitu mikroflory smisenim
rostlinnych vrstev a mineralni pady (Frouz et al.,, 2006) a dostupnost zivin
(Lavelle et Spain, 2001). Kotfenovi bylozravci mohou také podstatné ovlivnit
abundanci n¢kterych druhd rostlin a tim zménit sloZeni rostlinného spole¢enstva

(Blossey et Hunt-Joshi, 2003; Brown et Gange, 1992, 1989)

Vysledky piredchozi studie nas piivedly na myslenku otestovat trofické
preference dratovci, ktefi by mohli vyznamné snizovat abundanci C. epigejos
a zpomalovat jeji expanzi. Dva experimenty a jedna studie jsou uvedené v ¢lanku
Wireworms suppress spreading of the expansive weed Calamagrostis epigejos
(L) Roth by feeding on its rhizomes. Bylo zjisténo, ze oddenky C. epigejos jsou
vyhledavanym zdrojem potravy pro dratovce predevsim v ranych fazich spontanni
sukcese na vysypkach. V oblastech s vysokymi hustotami dratovci maji tito
kofenovi byloZzravei potencial snizit abundanci C. epigejos, protoze Skody
negativné ovliviiuji vegetativni reprodukci této rostliny.

V kontrolovanych podminkach klimaboxu dratovci vyznamné snizili délky
podzemnich vyhonku C. epigejos. Piestoze Sonnemann et al. (2012) zjistili, ze
dratovci zpiisobuji sniZzeni nadzemni i1 podzemni biomasy néckterych lu€nich

druhti, nami sledované druhy (Tussillago farfara, Centaurea stoebe, Hieracium
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pillosela, Festuca rubra) nebyly nijak vyznamné ovlivnéné. Dratovci sice snizili
biomasu T. farfara, jehoz podzemni organy maji stejnou funkci jako podzemni
casti C. epigejos (Barkley et al. 2006), nicmén¢é vysledky nebyly prikazné a ani
na studijni plose vysypky se neprokazaly zadné interakce s dratovci. T. farfara je
bézny druh rostlin post-téZzebnich lokalit, ktery casto dominuje v brzkych
sukcesnich stadiich (Prach, 1987). Jeho nejvy$si abundance byla zjiSténa
Vv prohlubnich nasi studijni plochy (¢lanek III), kde byl nalezen i vysoky pocet

dratovct. Negativni vliv dratovet na rast T. farfara tedy nebyl prokazan.

Nejnizsi pokryti C.epigejos bylo zaznamenano v prohlubnich vin. Zde bylo
také nalezeno nejvice dratovci. Titina je trava se Sirokou ekologickou
amplitudou a velmi dobte prospiva v porostech bohatych na dusik. Coz je pfipad
prohlubni na spontanné zarustajicich sokolovskych vysypkach (Frouz et al., 2011,
Clanek III). Jeji nizkou pokryvnost muzeme vysvétlovat vysSim poctem

nalezenych dratovct v téchto typech lokalit.

V naSich experimentech dratovei sniZili biomasu podzemnich vyhonki,
nikoli kofent. To znamen4, Ze proces piijmu Zivin neni ovlivnén, pouze tok latek
mezi jednotlivymi rametami (Gloser, 2005; Kavanova et Gloser, 2005), coz muze
sniZzovat konkuren¢ni schopnost rostliny a zpomalit jeji vegetativni rozmnoZovani

(Roubickova et al., 2012).

5.5. Vyuziti C. epigejos pro monitoring znec¢isténi téZkymi kovy
z atmosférické depozice

Cilem této prace bylo rozpracovat a ovéfit postup umoziujici efektivni
monitoring depozice téZkych kovi v blizkosti silnic zaloZeny na minimalizaci
poctu operaci pii odbéru a piipravé vzorku k analyze. Domnivame se, Ze tento
ptistup je vsouvislosti s celkovou jednoduchosti a dostupnosti danou
minimalizaci naro¢nosti na pfistrojové vybaveni dobie opakovatelnou a Siroce
pouZitelnou  metodou  Sreprodukovatelnymi  vystupy  umozZiujicimi
porovnatelnost. Reprodukovatelnosti mtize byt samoziejmé dosazeno pouze pfi
vyuzivani stejného druhu travy — napf. hojné rozsitené C. epigejos.

Extrakéni roztoky ziskané navrhovanym postupem V ¢lanku Using expansive
grasses for monitoring heavy metal pollution in the vicinity of roads

obsahovaly sledované prvky v koncentra¢nich rozmezich vhodnych pro piimé
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stanoveni metodou AAS. Porovnani zméienych zastoupeni Sesti sledovanych
prvku extrahovanych z povrchu trav C. epigejos a A.elatius - Zn > Cu > Pb ~ Ni >
Cr > Cd odpovida jejich predpokladanému vyskytu v kontaminovaném okoli
silnic. Konkrétni zjisténé mnozstvi sledovanych prvki na povrchu dvou trav
vztazené na suchou hmotnost rostlinného materialu je srovnatelné s vysledky
uvadénymi publikovanych pracich zabyvajicich se timto tématem (Bi et al., 2012;
Nabulo et al., 2006; Othman et al., 1997; Serbula et al., 2012).

U sledovanych tézkych kovu extrahovanych z povrchu C. epigejos je patrny
trend poklesu zjisténych extrahovanych hodnot vztazenych na suchou hmotnost se
vzdalenosti od silnic, coz odpovida naSim piedpokladim. Pro A. elatius tento
trend nebyl zjistén. Z vysledki je patrné, Zze ve vzdalenosti 20 m od silnice byly u
Cu, Pb, Ni a Cd naméteny dokonce mirn¢ vétsi primérné extrahované hodnoty
nez v 5 metrech. Primérny ratio B/A pro sledované prvky - 1.05 vykazuje pro
A. elatius prakticky indiferentni zavislost zjisténého mnozstvi deponovanych
tézkych kovi na vzdalenosti od silnice. Nicméné tato situace je mozna —
podobnou prostorové indiferentni distribuci toxickych prvki popisuje Mori et al.
(2015a) na jehlicnanech odebiranych ve vysce 1-2 m nad zemi. Vysledky této
prace dokumentuji moZnost neklesajici povrchové akumulace (pug.cm?) mensich
prachovych ¢astic PM 2.5 a tim i téZkych kovil na jehlicich s rostouci vzdalenosti
od silnic. Tyto mensi ¢astice mohou byt rozptylovany do vétSich ploch pii
menSim ovlivnéni vegetaci podél silnic. Prostorova distribuce tézkych kovi
akumulovanych na rostlinach v okoli silnic muze byt vyznamné ovlivnéna
proménnou afinitou jejich povrchu k zachytu jednotlivych velikostnich typi
prachovych c¢astic. Mnozstvi a typ prachovych ¢astic deponovanych na rostlinach
zavisi na vlastnostech povrchu nadzemnich organti - drsnosti povrchu, mife
ochlupeni, mnozstvi vosku, velikosti plochy listu a jeho orientaci (Beckett et al.,
2000; Sxbe et al., 2012; Weber et al., 2014). Dalsimi faktory jsou také Cetnost
mist vhodnych ke kumulaci prachu (mista napojeni listii na stonek, listové pochvy
apod.) a pohyblivost nadzemni ¢asti (Sucharova et Suchara, 1990). Druhy rostouci
pfi zemi hromadi mensi mnozstvi PM nez druhy vyssi (Weber et al., 2014).

Reprodukovatelnost vysledki metody vyuzivajici k vyhodnocovani depozice
tézkych kovi povrch rostlin je jist¢ limitovana i meteorologickymi faktory,

zejména mnozstvim a intenzitou destovych srazek. Tento vliv by vSak nem¢l byt
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prevladajici. Tomasevi¢ et al., (2005) zjistili kumulaci deponovanych prachovych
Castic na listech dvou druhti stromt v prib¢hu vegeta¢niho obdobi odpovidajici
tomu, ze podstatnd ¢ast PM neni deStovymi srazkami vyluhovana. V této
souvislosti je zfejmé, ze hodnoty naméfenych mnozstvi tézkych kovi
deponovanych v napt. okoli dvou riiznych silnic je mozné porovnavat, pokud jsou
vzorky travy odebirany v podobném stadiu vegetaéniho obdobi. Zvolené druhy
C. epigejos a A. elatius jsou vhodné pro monitoring depozice téZkymi kovy
nejen s ohledem na hojnost vyskytu, ale i proto, Ze jako expanzni travy obsazuji
v okoli silnic celistvé plochy a prakticky nedochazi k ovlivnéni prostorové

distribuce PM zastinénim jinymi druhy.
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6. Zaveér

Dlouhodoby a pomérné¢ intenzivni proces pretvafeni a vyuzivani krajiny
Vv poslednich dvou stech letech ustupuje do pozadi. Jednou z hlavnich pfi¢in je
primyslovy a technicky rozvoj, ktery pfinesl zmény ve zptusobu hospodareni.
Dusledkem je, ze mnoho biotopi neni tak intenzivné vyuzivano jako v minulosti
nebo je zcela ponechano ladem. Nas polni experiment prokazal, ze dostatek Zivin
(pfedevsim dusiku), zna¢né urychluji expanzi C. epigejos do takovychto

stanovist’. Zivinova zasoba je na tdchto lokalitach pravé z dob hospodaieni.

C. epigejos ma mnoho vlastnosti, diky kterym dokaze ménit rostlinna
spoleCenstva. Zména spoleCenstva v Case je determinovana ptedevSim mirou
expanze této travy. V soucasnosti je jen malo biotopi, které by nebyly ohrozeny
jejim nekontrolovatelnym S$ifenim. Pokud stoupa jeji abundance, postupné se
snizuje biodiverzita. C. epigejos je puvodnim druhem nasi flory. Proto ma také

nezastupitelné misto ve skladbé rostlinnych spolecenstev.

Otazkou stale zustava, jak dosahnout relativni stability polopfirozenych
stanovist, aniZz by se tato trava stala dominantnim druhem. Casteénou odpovéd
nam pfineslo vyuziti principli teorie her. VyuZziti Nashovych rovnovéah jako
faktori miry stability vedlo k takovému vysledku, kde stabilita koresponduje
s poc¢tem druhil. Jednoznaéné odpovédi na otdzku, ktery management mize vést
k eliminaci C. epigejos sice nebylo dosazeno, ale na zakladé naseho vyhodnoceni
se lze predpokladat, Ze existuji varianty vedouci k jeji vyznamnéjsi eliminaci.
Tato metoda mize byt piinosnd nejen pii feSeni problémil s expanznimi
a invaznimi druhy, ale také jako podklad pro vyhodnocovani relativni ekologické

stability.

Stabilita rostlinného spoleCenstva jisté neni urcena pouze jeho sloZenim
a obsahem Zivin v pidé. Naptiklad morfologie terénu pfi tvorbé vysypek ma vliv
na rozlozeni zivin v puad¢€, coz ovliviluje slozeni rostlinnych spolecenstev
a pritomnost pidni fauny. Bylo zjiSténo, ze topografickd struktura stanovisté
ovlivituje distribuci zivin a padni fauny, coz determinuje sloZeni rostlinného
spoleCenstva. Zarovenl, diky vegetaci mizeme predikovat pifitomnost dratovcii

azizal. Mozaika terénnich nerovnosti kombinovand s urovnanymi plochami
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predstavuje také pozitivni piinos pro rozmanitost stanovist, které¢ jsou utvarené

spontanni sukcesi.

Eliminace expanzniho druhu jako C. epigejos muze byt ve své podstaté
jednoduchd, zjistime-li, kterd ptirozena slozka ekosystému je poskozena nebo
zcela chybi. Pokud budeme predpokladat, ze ptivodni druhy se zacaly rozsifovat
v disledku néjaké ekosystémové nestability, staci ,,pouze* urcit co za nestabilitou
stoji a pokusit se rovnovahu obnovit. Byly sledovany trofické preference dratovcu
a bylo prokazano, Ze nejvice predované jsou vyhonky C. epigejos — redukuje se
jejich podzemni biomasa. V této souvislosti muize byt snizena konkurencni

schopnost rostliny a zpomaleno jeji vegetativni rozmnozovani.

Velmi Siroky areal C. epigejos miize piinaset i studijni vyhody. Byla navrzena
metoda, umoziujici monitoring depozice tézkych kovil nejen v blizkosti silnic.
Listové plochy C. epigejos jsou vhodné pro nami navrhovany postup, ktery je tak
obecné pouzitelny a opakovatelny pii dosazeni reprodukovatelnych vysledk.
Tato metoda minimalizuje pocet operaci a mize byt pouzitelna v Sirokém spektru

stanovist’.

Pochopeni ditvodi nadmérného rozsifovani pivodnich, ale i invaznich druht,
je velice zdlouhavy proces. Komplexni problém, na ktery bychom se méli divat
S krajinnym a moZzna i historickym nadhledem. Zaroven se moznd musime smifit
s faktem, ze v nejblizSich letech se ptida nebude vyuzivat tak intenzivné jako
v minulosti a zméni se tedy i charakter celych ekosystémi. Pokud ovSem
nebudeme chtit investovat finan¢ni prostfedky a mnoho sil na udrZeni vzacnych
biotopt, které zarlstaji expanzni titinou kioviStni, invaznimi druhy jako je tieba

bolSevnik velkolepy nebo se postupné vraci do stadia lesa.
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7. Summary

Long-term and intensive process of transformation and utilization of landscape
has receded to backround in the last two hundred years. One of the main causes
has been industrial and technical development which brought changes in the way
of farming. In consequence, many biotopes are not as intensively used as in the
past or they are completely abandoned. Our field experiment has shown that a
high content of nutrients (especially nitrogen) accelerates the expansion of C.
epigejos into such habitats. The nutrient reserve in these biotopes is just from the

farming period.

C. epigejos has many properties that have made it possible to change plant
communities. Change of the plant community in time has been mainly determined
by the degree of expansion of this grass. Currently there are only a few biotopes
what aren't threatened by its uncontrollable spread. If its abundance increases,
biodiversity is gradually diminishing. C. epigejos is a native species of our flora,
Therefore, italso has an irreplaceable place in the composition of plant

communities.

The question remains, how to achieve relative stability of semi-natural habitats
without this grass becoming the dominant species. A partial solution has been
found when using the principles of game theory. Use of Nash equilibriums as the
degree of stability factors has led to a result where the stability corresponds to the
number of species. However, we did not have a clear answer to the question
regarding which management can lead to the elimination of C. epigejos, but on the
basis of our assessment it can be assumed that there are alternatives leading to its
major elimination. This method can be beneficial not only for solving problems
with expansion and invasive species but also as a possible approach for evaluating

relative ecological stability.

The stability of the plant community is not only determined by its composition
and nutrients content in the soil. For example, morphology of terrain forming
the dumps has an effect on the distribution of nutrients in the soil, which affects
the composition of plant communities and the presence of soil fauna. We have

found that the topographic structure of the habitat affects the distribution of
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nutrients and soil fauna, which then determines the composition of the plant
community. At the same time, thanks to vegetation, we can predict the presence of
worms and earthworms. The mosaic of terrain inequalities combined with settled
areas also represents a positive contribution to the diversity of habitats that are

formed by spontaneous succession.

The elimination of an expansive species such as C. epigejos can be basically
simple if we find out which native component of the ecosystem is damaged
or completely absent. If we assume that the original species have begun to expand
as aresult of some ecosystem instability, it is enough to "determine™ what the
instability is and try to restore the balance. We monitored the trophic preferences
of the wireworms and it was proved that the most preferred were the shoots
of C. epigejos - their underground biomass was reduced. In this context, the

plant's competitive ability and its vegetative reproduction may be reduced.

The very wide area of C. epigejos distribution can also offer study benefits.
We have proposed a method for monitoring the deposition of heavy metals, not
limited to the vicinity of roads. C. epigejos leaf areas are suitable for our proposed
procedure, which is generally applicable, repeatable and leads to obtaining
of reproducible results. This method minimizes the number of operations and can
be used in a wide range of locations.

Understanding the reasons for the excessive spread of native and invasive
species is a very tedious process. It is a complex issue, at which we should look
from a landscape and maybe historical perspective. At the same time, we may
have to accept the fact that in the next few years the land will not be used as
intensively as in the past and the character of the whole ecosystem will change.
Unless, however, we want to invest funds and a lot of power into maintaining rare
biotopes which are degraded by shrubby invasive species such as the magnificent

hogweed or gradually return to the forest stage.
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