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1 Uvod

Naroky na mnozstvi a kvalitu potravin prudce stoupaji. Zaroven vSak v dusledku
rozsahlé vystavby, pramyslové Cinnosti a dalSiho neSetrného nakladani se zemédélskou
pudou dochazi k neustalym ztratam pddy urCené k produkci potravin a k narlstu jeji
degradace a znecisténi. Pida je zneciStovana nejriznéjSimi organickymi i anorganickymi
latkami a patogeny, které se nasledné mohou dostavat do rostlin a dale do potravinového
fetézce zvifat a lidi (Placek et al., 2016). Z anorganickych latek patfi mezi nejbéznéjsi
a nejstarsi kontaminanty kovy, které znecistuji zivotni prostfedi od dob, co si ¢lovék osvaojil
schopnost dobyvat je a zpracovavat.

Pldda patfi se vzduchem a vodou mezi zakladni slozky zivotniho prostfedi. Zatimco
voda a vzduch se pohybuji (proudi), €¢imz dochazi k jejich fedéni a &isténi, puda naopak
svymi specifickymi vlastnostmi pouta rizné kontaminanty, v&etné rizikovych prvkad, které
se zde hromadi. Rizikové prvky, na rozdil od organickych latek, nepodléhaji biologickému
ani chemickému rozkladu a pretrvavaji dlouhy ¢as v povrchovych vrstvach pudy, kde musi
byt imobilizovany nebo zcela odstranény (Kabata—Pendias a Pendias, 2001; Lasat, 2002;
Bolan et al., 2014).

Kontaminace pudy rizikovymi prvky patfi mezi vyznamné ekologické problémy
soucasnosti (dos Santos et al., 2007; Shi et al., 2017). Z tohoto divodu neustale stoupa
zajem o vyuziti cenové dostupnych remedia¢nich metod (Schmidt, 2003; do Nascimento
a Xing, 2006; de Melo et al., 2008; Nikoli¢ et al., 2017), jako jsou napfiklad bioremediacni
a fytoremediacni metody, mezi které patfi i fytoextrakce, coz je technologie, pfi niz rostliny
akumuluji kontaminanty ve svych pletivech a tak je odstranuji z puady (Wenzel et al., 1999;
Favas et al., 2014). Vzhledem k pozadavkim na udrzitelnost zemédélského hospodareni
s pudou, musi remediacni technologie ponechat pudu strukturalné, chemicky a biologicky
neposkozenou, mély by byt také levné a z dlouhodobého hlediska i finanéné navratné
(Maxted et al., 2007a; Antoniadis et al., 2017). Pravé tyto podminky splnuji fytoextrakéni
metody, realizované pfedevSim pomoci vymladkovych plantazi rychle rostoucich dfevin
zrodu Salix spp. a Populus spp. Zaroven, rychle rostouci dfeviny pfinasi estetické
zlepSeni kontaminovanych oblasti (Dickinson et al., 2005), snizuji vétrnou a vodni erozi
(Hammer et al., 2003), maji pozitivni vliv na biodiverzitu (Laureysens et al., 2005)
a v neposledni fadé sekvestruji CO, a mohou byt vyuzivany jako obnovitelny zdroj energie

(Hammer et al., 2003; Laureysens et al, 2005).



Uginnost fytoextrakce zavisi kromé& typu pldy i na vlastnostech pouzitych rostlin,
jako jsou schopnost akumulovat rizikové prvky a transportovat je do nadzemnich ¢asti,
rychly rast a hluboky, rozvétveny kofenovy systém (Bedel et al., 2009; Di Lonardo et al.,
2011; Antoniadis et al., 2017). Také tyto vlastnosti rychle rostouci dfeviny splfuji, a proto
jsou napf. podle Klanga-Westina a Eriksson (2003); Pulforda a Dickinsona (2006); Bedela
et al. (2009); Van Slyckena et al. (2013); Kacalkové et al. (2015) a mnoha dalSich autort
vhodnymi rostlinami pro fytoextrakci rizikovych prvkd, avSak jen na stfedné a mirné
kontaminovanych pudach (Jensen et al., 2009; Nikoli¢ et al., 2017).

Fytoextrakéni metody jsou vSak vétSinou Casové velmi naroCné a v praxi se zatim
nevyuzivaji predevSim z duvodu chybégjicich informaci o dlouhodobém chovani

fytoextrakénich rostlin v realnych podminkach.



2 Literarni prehled

2.1 Rizikové prvky

Adriano (2001) povazuje As, Cd, Cr, Pb a Hg za prvky, které nejCastéji negativné
ovliviuji zivotni prostfedi a zdravi lidi. Kabata—Pendias a Mukherjee (2007) uvadéji,
Ze mezi potencionalné nejvice rizikové prvky (RP) mulzeme Fadit takové, které jsou
do biosféry uvolfiovany tézbou a jejich naslednym vyuzivanim v nadmérné mife oproti
jejich pfirozenému cyklu. Mezi tyto prvky fadi prfedev§im Ag, As, Au, Cd, Hg, Pb, Sb,
Sn,Te, ale i dalSi prvky, které jsou pro rostliny a organismy nezbytné, jako jsou Cr, Cu, Fe,
Mn, Zn, av8ak mohou byt v nékterych regionech uvolfiovany do prostfedi ve vysokém
mnozstvi. Rizikové prvky tedy miazeme délit na dvé skupiny podle jejich ucinku
v biologickych systémech. Prvky toxické (As, Cd, Pb, Hg) s negativnim vlivem na Zzivé
organismy a prvky esencialni (Co, Cr, Cu, Fe, Mo, Mn, Ni, Zn), které jsou pfi niZSich
koncentracich pro organismy nezbytné a Skodi aZ pfi vy8Sich koncentracich (Lasat, 2002;
Bolan et al., 2010).

2.1.1 Kontaminace pud rizikovymi prvky

Rizikové prvky kontaminujici pudu jsou geogenniho nebo antropogenniho puvodu
(Benes§, 1994; Némecek et al., 2010; Vacha et al., 2013; Bolan et al., 2014; Antoniadis
etal.,, 2017). Hlavnim geogennim zdrojem RP v pUdé je zvétravani hornin. V tomto
pfipadé obsah prvk( v padé zavisi na zastoupeni jednotlivych prvkld v pudotvornych
horninach. Existuji pudy s vysokymi obsahy RP geogenniho plvodu jako jsou pudy
z bazickych a ultrabazickych hornin s vysokym obsahem Cr, Ni, Co, Mn, Cu a V, dale jsou
to pudy ze svahovin kyselych hornin (pfedevSim zul) s vy$Simi obsahy As, Be, Pb a Zn
a pudy z vapencu a karbonatovych bfidlic se zvySenym obsahem Cd (Némecek et al.
2010).

Vyznamné mnozstvi RP antropogenniho puvodu vstupuje do pudy atmosférickym
spadem. Jeho slozeni je ovlivnéno predevSim tézbou rud, hutnictvim, primyslovou
vyrobou, energetikou a dopravou. Mezi pfimé antropogenni zdroje kontaminace pid RP
patfi pfedevS§im organicka a mineralni hnojiva, Cistirenské kaly, strusky a zavlaha (Benes,
1994; Bolan 2014). Na rozdil od kontaminantli geogenniho plvodu, rizikové prvky
pochazejici z antropogennich zdroju maji obvykle vysokou biologickou dostupnost (Bolan
et al., 2010; Némecek et al., 2010; Vacha et al., 2013; Bolan et al., 2014; Antoniadis et al.,
2017).



2.1.2 Mobilita rizikovych prvki v padé

Znecisténi pady nelze hodnotit pouze na zakladé celkovych obsahi RP v pldeé,
protoze toxicita a riziko vstupu téchto prvkl do potravniho fetézce zvifat a lidi se zvySuje
se zvysujici se mobilitou a pfijatelnosti RP pro rostliny, ktera zavisi na reaktivité a zpasobu
vazby prvku v matrici (Némecek et al., 2010; Abollino et al., 2011). Pro studium mobility
a dostupnosti prvkd v pevnych matricich jako je plda, sedimenty a kaly se pouZzivaji
jednoduché a sekvencni extrakCni postupy, které pomahaji objasnovat jednotlivé vazby
(formy) prvkd v matrici (Giacomino et al., 2011). Rizikové prvky v padé se mohou nachazet
ve stabilni (rezidualni) frakci, kde jsou pevné vazany v silikatové matrici na primarni
a sekundarni mineraly nebo v labilnich formach (mobilni a potencialné mobilizovatelné
frakce; Némecek et al.,, 2010). Mezi mobilni formy RP v puadé patfi vodorozpustné
a iontové vymeénné frakce. Tyto frakce jsou pfistupné pro rostliny a zpravidla jen malé
mnozstvi RP v pudé se vyskytuje v téchto formach (Szakova et al., 1999; Lasat, 2002).
Mezi potencionalné mobilizovatelné formy RP patfi frakce vazané na Fe a Mn oxidy
a karbonaty a frakce vazané na organickou hmotu (Szakova et al., 1999). Tyto frakce RP
jsou rostlinami nepfijatelné, ale pfi poruseni rovnovahy nékterych pudnich parametri se
mohou stat pro rostliny dostupné (Adriano, 2001). Dvouleté nadobové pokusy Fischerové
et al. (2006), kdy klony vrby Salix dasyclatos akumulovaly Cd obsazené v pidnim roztoku
a presto jeho koncentrace zUstavaly v roztoku pomérné stalé, potvrzuji teorii kontinualniho
doplfiiovani prvkld do pudniho roztoku z ostatnich frakci.

Osud RP v pldnim prostfedi je zavisly, jak na puUdnich vlastnostech, tak
i na environmentalnich faktorech (Bolan et al., 2014; Antoniadis et al., 2017). Jednim
ze zpusobd, jak jsou RP poutany v pidé, je sorpce. Sorpce kovl je konkurenéni proces
mezi ionty daného kovu v roztoku a ionty vazanymi na povrchu puidnich ¢astic (Echeverria
et al.,, 1998). Pfi nespecifické sorpci naboj iontd rizikovych prvkd vyrovnava naboj
na pudnich Easticich prostfednictvim elektrostatické pfitazlivosti, zatimco specificka sorpce
zahrnuje tvorbu chemické vazby mezi ionty v roztoku, a t€mi na povrchu pldnich &astic
(Echeverria et al., 1998; Fontes a dos Santos, 2010; Carrillo Zenteno et al., 2013; Bolan
et al., 2014).

Fonte a dos Santos (2010) uvadéji jako hlavni faktory ovliviiujici sorpci nékterych
prvka v pudé tyto: pH (Cd, Cu), KVK - kationtova vyménnna kapacita (Cu, Ni) obsah
goethitu a hematitu (Pb) a obsah organické hmoty (Cu, Zn), coZz nasvéd&uje vysSimu
sklonu Ni k nespecifické sorpci a u Cd, Pb a Zn k sorpci specifické nebo k ligandovym

vyménnym reakcim, u Cu se pravdépodobné vyskytuji oba mechanismy sorpce. Sorpce
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Cu se stava nespecifickou pfi vysokych koncentracich, kdy jsou specificka vazebna mista
obsazena (Shaheen et al., 2017). Rada autorli zjistila t&snou negativni korelaci
mezi akumulaci RP rostlinami a hodnotou KVK testovanych zemin (Sanders et al., 1986).
Hodnota KVK zavisi na mnozstvi a druhu jilovych minerall, oxidd Fe, Al, Mn a na obsahu
a kvalité organické hmoty (Antoniadis et al., 2017). Organicka slozka pudy ma vysokou
afinitu k RP, jako je Cu, Cd a Pb z divodu pfitomnosti ligand nebo skupin, které mohou
tvofit chelaty s kovy (Bjerre et al., 1985; Bolan et al., 2014; Shaheen et al., 2017).
Se zvysSujicimi se hodnotami pH disociuji karboxylové, hydroxylové a karbonylové funkéni
skupiny v pudni organické hmoté, ¢imz se zvySuje afinita ligandovych iontd pro kationty
RP (Bolan et al., 2014).

Podobné jako zvySujici se hodnota KVK i rust hodnot pH negativhé puasobi
na akumulaci kationtl v rostlinnych pletivech (Blake a Goulding, 2002). Aktivita RP (napf.
Cd a Pb) v roztoku v pfirozené kyselych pldach klesa s rostouci hodnotou pH (Bolan
et al.,, 2010; Bolan et al., 2014). Sanders et al. (1986) zjistili, Ze koncentrace Zn v jilku
péstovaném na hlinitojilovité pudé byla pfiblizné tfikrat vyssi pfi pH 5,8 nez pfi pH 7,2. Vliv
hodnoty pH vySSi nez 6 na snizeni koncentrace volnych iontt v padach je pfi€itan nardstu
povrchového naboje oxidl Fe, Al, Mn a chelataci organickych latek, nebo vysrazeni RP
v hydroxidech (Sanders et al., 1986; Antoniadis et al., 2017). Za pfedpokladu,
Ze v plidach s vysokym pH jsou pfitomny anionty, jako jsou SO,*, COs*, OH a HPO.” je
prevladajicim procesem snizujicim mobilitu RP jejich vysrazeni (Hong et al., 2007; Bolan
et al., 2010).

Ke zméné formy a mobility RP mlze také Casto dochazet v dusledku mikrobialnich
oxidacéné/redukénich reakci. DalSi moznosti zmény mobility je methylace, coz je
v prevladajici vétsiné biologicky nebo chemicky (abioticky) mechanismus prevedeni
nékterych RP (napf. As, Hg nebo Se) na methylové derivaty, které se nasledné mohu

uvolhovat do atmosféry tékanim (Bolan et al., 2010; Boriova et al., 2015).
2.2 Rizikové prvky v rostliné

2.2.1 Mechanismy pfijmu rizikovych prvkia rostlinami

Rostliny pfijimaji RP ve formé& iontd primarné kofeny z puadniho roztoku.
Do rhizosféry (vrstva pady nékolik mm v okoli kofenu) se ionty dostavaji tfemi zpUsoby:
() pohybem pudniho toku, tzv. hmotovym tokem, ktery se uskutecriuje na zakladé

rozdilného vodniho potencialu, nebot v blizkosti kofent dochazi k od&erpani vody kofeny,



(i) difuzi, pfi které jsou ionty transportovany do mist s nizSi koncentraci (do ochuzené
zony v blizkosti kofenu) a (iii) ristem kofenl (Vanék et al., 2012).

Rostliny mohou minimalizovat pfijatelnost a nebezpecnost RP nebo zvySovat
mobilitu prvkd (v€etné RP) vazanych na pevnou fazi pudy prostfednictvim nékolika
mechanizmu, napf. upravou pH vyluovanim chelatizujicich organickych kyselin,
komplexotvornych latek, chelatizacnich cinidel a protonu, tvorbou slizovych sloucenin
na kofenovych ¢&epiCkach apod. (Fuksova et al., 2007; Antoniadis et al.,, 2017).
V rhizosféfe tedy muze dochazet k chelataci RP kyselinami vylu¢ovanymi rostlinou,
zvySeni difuzniho gradientu a urychleni pfijmu RP (Fuksova et al., 2007; Maestri et al.,
2010). lonty prvk( pronikaji volné do tzv. volného prostoru kofend. Cast iontl je poutana
na zaporné nabité karboxylové skupiny kyseliny polygalakturonové obsazené v bunécnych
sténach (Vanék et al., 2012; Antoniadis et al., 2017), ¢ast iontl prochazi sténou dale
do bunék a ¢ast je transportovana pfimo apoplastem. lonty, které proniknou bunécnou
sténou, se soustfedi v prostfedi plazmatické membrany — plazmalemy. ZvySeny
koncentra¢ni gradient vede k transportu iontd pfes plazmalemu do bunky (Prochazka
et al., 1998).

Vstupu iontd RP do buriky nelze zcela zamezit, ale membranové transportéry
mohou prepravit ionty RP do vakuol nebo ven z bunky. Rostliny disponuji nékolika tfidami
transportértl RP, mezi tyto transportéry patfi P-ATPasy (P-type metal ATPases), NRAMP
(natural resistance associated macrophage protein), ZIP (zinc-regulated transporter,
iron—-regulated transporter protein), CTR (copper transporter), ABC (ATP-binding
cassette) a CDF (cation diffusion facilitator; Williams et al., 2000; Hall, 2002; Antoniadis
et al., 2017; Jalmi et al., 2018). P-ATPasy funguji jako membranové pumpy fady kationtd
v mnoha organismech. ATPasy z podskupiny P1B (oznaCované jako CPx-ATPasy)
se ucastni transportu tézkych kovl a lze je rozdélit na dvé skupiny, a to na prenasece
pro monovalentni kationty Cu*, Ag* a na ptenaseée pro divalentni kationty Zn?*, Co?*,
Cd*", Pb?" (Hall a Williams, 2003). Proteiny NRAMP se podileji na transportu iontti kov
(Mn%, Zn*, Cu?*, Fe®*, Cd**, Ni*" a Co?®") v fadé organismu (Hall a Williams, 2003; Jalmi
et al., 2018). Skupina transportért ZIP hraje dlleZitou roli v transportu iontd Zn?*.
V rostlinach jsou schopné prenaset také Cd**, Fe**, Fe**, Mn?*, Ni**, Co®* a Cu** (Pedas
et al., 2009). ABC transportéry jsou rozdélené do osmi podskupin, které hraji roli v riiznych
bunéénych procesech, jako je pfijem zivin, osmoticka homeostaza, transport hormond,
rezistence vUici patogenum, import mastnych kyselin a tolerance kovt (Jalmi et al., 2018).
Transportéry AtABCC1 a AtABCC2 patfici do skupiny ABC transportért jsou prenasedi
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komplexu fytochelatiny—Cd a glutation—Cd pres tonoplast do vakuol. Skupina pfenasec
CDF je také zahrnuta do transportu a sekvestrace iontu tézkych kovu, zejména Zn, Cd
a Co (Hall a Williams, 2003; Jalmi et al., 2018).

Pohyb iontl apoplastickou cestou se déje od rhizodermis aZz po endodermis
snhadno, pomoci hmotového toku nebo difuze. V endodermisu je apoplasticka cesta
preruSena Caspariho prouzky, které omezuji a reguluji pfijem iontd. Transport iontd
v apoplastu je tedy znacné& omezen. lonty prvku, které pronikly do vnitfniho prostoru
buriky, jsou transportovany do xylemu symplastem (Prochazka et al., 1998; Vanék et al.,
2012).

U malo pohyblivych prvkd, jako je Hg a Pb, je vyznamny i mimokofenovy pfijem,
tedy pfijem prvku listy (Cibulka, 1991; Vanék et al., 2012). Dalenberg a van Driel (1990)
zjistili, Zze atmosférickou depozici mulze byt pfijimano az 73-95 % Pb, zatimco
atmosfericky pfijem Cd byl velmi nizky. Jednotlivé ionty prvkl prochazeji kutikulou az
k povrchu bunéénych stén, jimizZ mohou difundovat. Tento pasivni apoplasticky transport je
v ur€itém misté nahrazen aktivnim vstupem do buriky pfes plazmalemu. Pfedpoklada se,
Ze systém prenosu iontd pfes membranu je podobny systémam zaijistujicim pfijem iontd
v kofeni (Prochazka et al., 1998).

2.2.2 Distribuce rizikovych prvki v rostliné

Pokud jde o distribuci RP vraznych &astech rostlin, byva pouze vyjimecné
rovnomérna a zavisi na druhu rostliny i na samotném prvku (Seregin a Kozhevnikova,
2008; Vanék et al., 2012, Chen et al., 2017). V rostlinach, které jsou schopny redukovat
pfijem RP (exkludory) jsou tyto prvky akumulovany pfedevSim v kofenech,
ale v akumulaénich rostlinach jsou transportovany do nadzemnich organd (Seregin
a lvanov, 2001; Seregin a Kozhevnikova, 2008).

Obecné velmi malo mobilnim prvkem v rostlinach je Pb, které se vétSinou
akumuluje v kofenech, tam je vazano na bunétné stény diky své vysoké afinité
k polygalakturonové kyseliné (Potec—Pawlak et al., 2007; Seregin a Kozhevnikova, 2008).

Podle nékterych autorl (Benavides et al., 2005) je i Cd akumulovano predevsim
v kofenech, napf. u soji az z98 % (Hasan et al., 2009), dale v listech, ve stoncich,
v plodech a nejniz8i obsahy se nachazeji v semenech (Cibulka, 1991). U nékterych plodin,
predevSim u tabaku, jsou vSak uvadény nejvyssi obsahy Cd v listech (Macek et al., 2002).
Pokusy TlustoSe et al. (2002) s vybranymi druhy zeleniny (zelena fazole, Spenat,

fedkviCka, mrkev) potvrdily vy$Si akumulaci Cd v kofenech zelené fazole oproti nadzemni
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biomase, ale ostatni zkoumané rostliny obsahovaly v nadzemni biomase vice Cd nez
v kofenech. Naopak As byl v nejvysSi mife akumulovan v kofenech Spenatu (pfedevSim
v kofenovém vlaseni), ale i v kofenech ostatnich plodin. Vyjimkou byla pouze zelena
fazole, u které byl nejvyS§Si obsah As nalezen v listech. Pokusy Chen et al. (2017)
se sedmi druhy polnich plodin a pleveld naopak ukazaly, Zze As, Cd, Cu, Pb i Zn jsou
akumulovany predevSim v kofenech. Vyjimkou byla pouze Brassica campestris, ktera
akumulovala As vyznamné v nadzemnich organech.

Také v pfipadé rychle rostoucich dfevin (RRD) neni distribuce RP rovnomérna
a muze se liSit u jednotlivych druhd. Di Lonardo et al. (2011) zjistili u topold vypéstovanych
z fizkl obecné vétSi akumulaci sledovanych RP (As, Cd, Cu a Zn) v kofenech
nez ve vyhonech. Ve studii Shi et al.(2017) bylo Pb u dvou sledovanych druht vrb
(S. matsudana a S. integra) také akumulovano vice v kofenech nez ve vyhonech,
ale obsahy Cd a Zn byly ve vyhonech S. integra vysSi nez v kofenech na rozdil
od S. matsudana. Laureysens et al. (2005) pozorovali, Ze kura klonu topolt vykazovala
obecné vysSi obsahy prvki nez drevo. Fischerova et al. (2006) a Tlusto$ et al. (2007)
Zjistili, Ze Cd a Zn byly v klonech vrb i topoll transportovany vice do nadzemni biomasy,
zejména do listll, naopak As a Pb byly ukladany predevsim do kofenu. Také podle dalSich
autoru (Vyslouzilova et al., 2003a; dos Santos Ultmazian et al., 2007; Bedell et al., 2009;
Kacalkova et al., 2015; Mleczek et al., 2017) jsou Cd a Zn v RRD akumulovany predevsim
v listech. Maxted et al. (2007a) fadi sestupné rostlinné nadzemni organy klont vrb

podle akumulace Cd a Zn takto: list > kara > dfevo.

2.2.3 Reakce rostlin na stres vyvolany rizikovymi prvky

Rostliny maji dvé zakladni strategie, jak se mohou vyrovnavat s pfitomnosti RP
v pudnim roztoku. Prvni strategii je rezistence, ktera v sobé zahrnuje schopnost vzdorovat
Ci zcela omezovat az vylu€ovat moznost plsobeni RP na citlivé receptory rostlin, tim Ze se
brani jejich pfijmu a transportu do nadzemnich ¢€asti. Druhou strategii rostlin je tolerance,
schopnost vyrovnavat se s pfitomnosti a pusobenim RP ve vét§im rozsahu (Prochazka et
al., 1998).

Za proces pfispivajici ke zvySeni rezistence rostlin vi¢i RP Ize povazovat
schopnost rostlin vyluCovat kofenové exudaty, které mohou snizovat mobilitu a toxicitu RP
jiz v rhizosféfe (Antoniadis et al., 2017). Kofenové exudaty je mozné rozdélit do dvou
skupin: nizkomolekularni (aminokyseliny - Kkyselina asparagova, kyselina glutamova,
prolin; organické kyseliny - kyselina Stavelova, sukciniova, vinna a dalSi; cukry; fenoly

a jiné sekundarni metabolity) a vysokomolekularni slouceniny - slizy a proteiny (Fuksova
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et al., 2007). Nékteré rostliny detoxikuji ionty AlI°" pomoci exudatd organickych kyselin
a tvofi s AI** stabilni netoxické komplexy (Figer et al., 2014). Podobny mechanismus byl
objeven i u kultivaru ryZze (Oryza sativa) rezistentniho k Pb. Ta uvolhuje ve svych
kofenovych exudatech kyselinu Stavelovou, ktera muaze snizit mobilitu iontl olova
v rhizosféfe (Yang et al.,, 2000). Exudaty mohou pfijem RP i zvySovat, jako v pfipadé
vyluCovani nékterych karboxylovych kyselin pfi nedostatku P, které mohou napomahat
mobilizaci As v rhizosféfe a zvysit tak jeho pfijem (Fitz a Wenzel, 2002). Exudaty rostlin
dale ovliviuji pocCet a aktivitu pUdnich mikroorganismu (Hartmann et al., 2009).
Mikroorganismy jsou schopny svymi Cinnostmi zvysit, ale i snizit, biologickou dostupnost
a toxicitu RP. Napfiklad bakterie Pseudomonas maltophilia redukuje toxicky a rozpustny
Cr®* na netoxicky a nerozpustny Cr** (Figer et al. 2014). Také nékteré kmeny bakterii
z rodu Streptomyces sp. mohou ovlivnit speciaci a mobilitu (Cd, Pb a Zn) a tim zvysit jejich
akumulaci rostlinami (Zloch et al., 2017).

Vyrazny vliv na schopnost rostlin snaset zatéz vyvolanou RP, maji symbiotické
(mykorhizni) houby. S kofeny rostlin vytvareji symbiézu dvé velké a ekologicky vyznamné
skupiny mykorhiznich hub, arbuskularni a ektomykorhizni houby. Zatimco arbuskularni
houby vytvafi mykorhizni asociaci predevSim s bylinami (dominuji v biomech stepi
asavan) a dfevinami v tropickém pasu, ektomykorhizni houby vytvafi symbiozu
s dfevinami v mirném pasu a v borealu (Smith a Read, 1997). Zmirnéni toxicity RP
pro rostliny diky aktivité ektomykorhiznich hub byla prokazana v fadé experimentu, které
ukazaly, Zze mykorhizni rostliny Iépe prospivaji v symbidéze s mykorhizni houbou nez bez ni
(Jentschke a Godbold, 2000). Pro vznik uspé&sSné mykorhizni asociace, dostatecné
ochranuijici hostitelskou rostlinu, rostouci na konkrétni kontaminované pidé jsou dulezité
tfi zakladni aspekty: (i) kompatibilita houby a hostitele, (ii) schopnost houby tolerovat zatéz
danych RP, (iii) schopnost zvysit rezistenci svého hostitele k této zatézi. ZvySeni tolerance
hostitele pfitom muze byt pfimé (aktivace mechanismu zvySujicich toleranci) nebo
nepfimé (zlepSeni vyzivy rostlin a jeji odolnosti vi¢i biotickému a abiotickému stresu;
Colpaert, 2008).

DalSi moznosti, jak zvysit rezistenci rostlin proti negativhimu vlivu RP jsou
transportni blokady. Jak uz bylo zminéno v kapitole 2.2.2, prvni ochranou barierou
proti RP je jejich zadrZeni v bunétnych sténach, prfedevsSim v kofenech, kde se vazou
na pektiny (kyselina polygalakturonova) a hystidylové skupiny (Hasan et al., 2017). Velmi
vysokou afinitu ke kyseliné polygalakturonové ma predevS§im Pb, ale i dalsi RP

(Pote¢—-Pawlak et al., 2007; Seregin a Kozhevnikova, 2008). Afinita prvki ke kyseliné
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polygalakturonové v bunéénych sténach klesa v poradi: Pb > Cr > Cu > Ca > Zn (Seregin
a Kozhevnikova, 2008). Afinita Cd k bunéCnym sténam je podobna jako u Zn (Williams
a Rayson, 2003).

Posledni prekazkou RP pfed vstupem do cytosolu buriky je plazmaticka membrana.
Transport RP pfes plazmatickou membranu muze byt znacné znesnadnén selektivitou
transportnich proteini a blokovanim transkripce gent kodujici transportni proteiny
(Prochazka et al., 1998; Antoniadis et al., 2017; Jalmi et al., 2018). Ne&které
z membranovych pfrenasecl, které jsou podrobné popsany v kapitole 2.2.1, mohou
exportovat ionty RP do vakuol nebo ven z buriky. Napfiklad jiZ zminéné ABC proteiny jsou
prenaseCi komplext fytochelatiny—-Cd a glutation—-Cd pfes tonoplast do vakuol.
Plazmatickd membrana je zaroven prvnim mistem v bunce, které muze byt plsobenim
RP poskozovano, a to v disledku oxidace proteint a vzniku vazeb s thiolovou skupinou
(Hall, 2002) a dale zménami ve slozeni lipidu (Jemal et al., 2000).

Zvysené mnozstvi RP v burice zplUsobuje Skody fadou mechanismu. Nejbéznéjsi je
produkce reaktivnich forem kysliku vyvolavajici oxidacni stres. Reaktivni formy kysliku
na normalni fyziologické urovni hraji zasadni vyznamnou roli, nicméné jejich zvySena
produkce zhorSuje fungovani bunék. Rostliny se proti nim brani mnoha obranymi reakcemi
(Hasan et al., 2017; Jalmi et al., 2018). K vnitrobunénym detoxikacnim mechanismium
patfi tvorba stresovych proteinl zahrnujici odolnéjSi isoenzymy, proteazy a ubikvitin
pro urychleni rozkladu poskozenych proteinli. Stresové proteiny mohou byt indukovany
nespecificky, pusobenim rdznych typu stresorl, nebo jejich indukce muze byt specificky
vazana na receptor a vyvolana urcitym stresovym faktorem. Mezi nespecificky indukované
proteiny patfi molekularni chaperony, proteazy a ubikvitin. Chaperony slouZi nejen k fizeni
zmeén konformace proteina pfi transportu pfes membranu, ale také jsou schopny upravit
jejich konformaci pfi mirném poSkozeni. Pokud dojde k nenapravitelnym zménam je
protein "oznacen" ubikvitinem a rozlozen proteazami na aminokyseliny. Ty jsou pak
pouzity pro tvorbu novych proteint (Prochazka et al., 1998; Hasan et al., 2017).

Velmi ucinnou obranou reakci rostlin proti RP je tvorba fytochelatind (PC)
schopnych poutat RP vazbou do chelatovych komplext (Hasan et al., 2017; Jalmi et al.,
2018). Zakladni sekvenci fytochelatinl je glutation, skladajici se z kyseliny y—glutamové
(Glu), cysteinu (Cys) a glycinu (Gly). Glutation muze existovat ve dvou stavech,
v oxidovaném (GSSG) a v redukovaném (GSH). Zakladni struktura fytochelatinu je tedy
(y-Glu—Cys)n-Gly), kde (y-Glu—-Cys) se mlze opakovat 2 az 11 krat, nebo koncova

aminokyselina Gly muaze byt nahrazena jinou aminokyselinou, napf. alaninem - (Ala),
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glutamovou kyselinou - (Glu) nebo serinem - (Ser), a pak vyslednym produktem jsou tzv.
isofytochelatiny (Cobbett a Goldsbrough, 2002). Proces syntézy fytochelatini probiha
enzymaticky transpeptidazovou reakci glutationu a je katalyzovan enzymem
y—glutamylcystein—dipeptidyl-transpeptidazou nazyvanym téz fytochelatinsyntetaza. Jejimi
nejsiln&j§imi aktivatory jsou ionty Cd** nasledované ionty Ag*, Bi**, Pb**, Zn**, Cu®*, Hg?**
a Au® (Zhu et al., 1999; Cobbett, 2000). Fytochelatiny vaZou predevsim ionty Cd?* pomoci
thiolovych skupin cysteinu a komplexy fytochelatin—-Cd jsou nasledné prenaseny
transportéry ze skupiny ABC do vakuol (Hasan et al., 2017). Tim je zamezeno toxickym
projeviim Cd®** v cytosolu. Ve vakuole se Cd uvolni a fytochelatin se vraci zpét
do cytoplasmy. Kadmium se nasledné ve vakuole vaze na organickou kyselinu a vytvofi

sul (Steffens, 1990; Sanita di Toppi a Gabrielli, 1999).

Obr. 1. a) Strukturni vzorec molekuly fytochelatinu (y—Glu-Cys)n-Gly (n = 2-11), b) model
struktury fytochelatinového komplexu kadmia Cd3(PCs)s. Struktura se sklada ze Ctyr
molekul (y—Glu—Cys)3;—Gly, které prostfednictvim dvanacti SH skupin vazou 3 atomy kovu

(e), karboxylové skupiny jsou vyznaceny (o). Pfevzato z Kizek et al. (2004).
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Dal8i moznosti snizeni toxicity RP po vstupu do cytosolu je jejich komplexace
s organickymi kyselinami a aminokyselinami a nasledné ukladani vyslednych komplexu
ve vakuolach, odkud mohou byt v pfipadé potfeby zpétné mobilizovany (Meharg, 2005).

Komplexace iontli kovu, jako napf. Zn?*, Mn?*, Fe** a AI**, s organickymi kyselinami
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a aminokyselinami se déje diky jejich vysoké afinité k ligandim obsahujicim kyslikové
atomy (Meharg, 2005). Vysledky Harmense et al. (1994) ukazuji, Zze Zn se v bunce vaze
na kyselinu jable€nou za vzniku jable€nanu zine¢natého, pomoci kterého je transportovan
do vakuoly, kde se Zn po uvolnéni vaze na kyselinu Stavelovou. Volny ionofor (kyselina
jable€nd) je transportovan zpét. Také u penizku modravého (Thlaspi caerulescens) je
zinek v nadzemnich Castech pfevazné vazan karboxylovymi kyselinami, ale v kofenech je
Zn komplexovan pfedevs§im aminokyselinou histidinem. Mezi aminokyseliny podilejici se
na snizeni stresu vyvolaného RP patfi také cystein, jehoz uloha byla popsana vySe v této
kapitole v souvislosti s fytochelatiny. PredevSim Cd stimuluje tvorbu fytochelatind
v cytosolu a tvofi s nimi komplexy s nizkou molekulovou hmotnosti. Tyto komplexy se vazi
s kyselymi labilnimi sulfidy (S%) a tvofi vysokomolekularni komplex s vysokou afinitou k Cd
iontim. Tento komplex je v pfitomnosti MgGATP transportovan pomoci specifickych nosicu
proti koncentracnimu spadu pfes tonoplast do vakuoly. Zde komplex v kyselém prostiedi
disociuje a Cd tvofi komplex s organickymi kyselinami (citronovou, jable¢nou, Stavelovou;
Sanita di Toppi a Gabbrielli, 1999). Dalsi dulezitou aminokyselinou je prolin. Jeho
akumulace v pletivech rostlin souvisi s reakci rostliny na Sirokou Skalu environmentalnich
stresu v€etné stresu vyvolanému RP (Pavlikova et al. 2007). Prolin se zapojuje proti stresu
riznymi mechanismy: osmo—-redox regulaci, chelataci RP nebo jako antioxidant (Sharma
et al., 2006).

2.2.4 Tolerance rostlin k rizikovym prvkim

Rostliny kolonizujici lokality s pfirozenym vy8Sim vyskytem RP tzv. metalofyty
vyvinuly fyziologické mechanismy, které jim umoznuji tolerovat toxicitu téchto RP.
Metalofyty uplatiuji dvé zakladni strategie, jak se vyrovnavat s pusobenim RP, podle toho
muzeme rostliny rozdélit do dvou zakladnich skupin (Baker, 1981; Lasat, 2002). Prvni
skupinou jsou exkludory, rezistentni rostliny mezi které patfi napf. vi€i bob (Seregin
a Kozhevnikova) nebo nékteré jednodélozné rostliny napf. kostfava (Tlustos et al., 2006).
Exkludory se brani pfijmu RP a jejich transportu z kofene do vyhon(. To vede k zachovani
relativné nizké koncentrace RP v jejich nadzemnich ¢astech oproti vysokym koncentracim
RP v pudé (Baker, 1981). Druhou skupinou rostlin jsou akumulatory, tolerantni rostliny,
mezi které patfi mnoho druhu z pfedevsim z Celedi Brassicaceae (napf. hoicice) a z Celedi
Compositae (salat, Spenat; Tlusto$ et al., 2006). Akumulatory hromadi RP ve svych
pletivech a transportuji je z kofenl do vyhonl. Fyziologické vlastnosti exkludornich

a akumulaénich druhd rostlin jsou povazovany za mechanizmy tolerance k RP (Baker,
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1981). DalSi skupinou rostlin, podle jejich reakce na RP, jsou tzv. indikatory, u kterych
existuje proporcionalni vztah mezi obsahem RP v pudé, jejich pfijmem a akumulaci
vrostliné (Baker, 1981). Mezi indikacni rostliny patfi vétSina zemédélskych plodin
(pSenice, oves; Tlustos et al., 2006).

Specifickou podskupinu akumulatort predstavuji hyperakumulatory, jsou to rostliny,
které béZné rostou na pudach kontaminovanych RP a jsou schopny dokongit svij Zivotni
cyklus bez pfiznaku fytotoxicity (Baker et al., 2000). Hyperakumulaéni rostliny obsahuji
v nadzemni biomase 100krat vysSi obsahy RP nez byvaji béZné namérfeny v ostatnich
rostlinach, coz je pro Hg > 10 mg-kg™, pro Cd > 100 mg-kg™, pro Co, Cu, Cr, Ni a Pb >
1000 mg-kg™ a pro Zn a Mn > 10 000 mg-kg™ (Baker a Brooks, 1989). Je znamo asi 400
druhl hyperakumulaénich rostlin ze 45 Celedi (Baker et al., 2000).

Tyto hyperakumulacni rostliny se zdaji byt pro své schopnosti tolerovat, pfijimat
a transportovat RP do nadzemnich casti, vhodné pro fytoextrakéni technologie (Yoon
et al., 2006; McGrath et al., 2006), avSak jejich nevyhodou je, Ze zpravidla produkuji méné
biomasy nez jiné druhy (Fischerova et al., 2006; Antoniadis et al., 2017), coz vede Kk jejich
relativné nizkému odbéru RP z plddy (Tlusto§ et al.,, 2005). Ve fytoextrakénich
technologiich existuji v podstaté dva hlavni trendy ve vybéru rostlin vhodnych k jejich
realizaci, a to bud pouZzivat hyperakumulaéni rostliny pro jejich schopnost akumulovat
vysoké hladiny RP a nebo RRD péstované systémem vymladkovych plantazi s kratkou
dobou obmyti (Maxted et al., 2007b).

2.2.5 Rychle rostouci dreviny

Mezi rychle rostouci dfeviny muzeme zaradit druhy rostlin z rodu topol (Populus
spp.), vrba (Salix spp.), bfiza (Betula spp.), olSe (Alnus spp.), jasan (Fraxinus spp.) a jefab
(Sorbus spp; Rosselli et al., 2003; Weih, 2004). V systému vymladkovych plantazi
s kratkou dobou obmyti jsou nejCastéji péstovany druhy z rodd Populus spp. a Salix spp.
patfici do Celedi Salicaceae, nasledné pak druhy z rodu Betula spp. a Alnus spp. z Celedi
Betulaceae (Weih, 2004). Dreviny z Celedi Salicaceae, maji nékteré spole¢né rysy,
pro které se staly nejvhodnéjSimi dfevinami pro vymladkové plantaze. Je to zejména veliky
rozsah stanovist, rychly pocate¢ni rust, avSak relativné kratka Zzivotnost. Dale snadné
vegetativni rozmnozovani a maly genom, coz jsou vlastnosti umoziujici rychlé
vylepSovani jejich vlastnosti prostfednictvim Slechténi (Weih, 2004). Z téchto davodu,
ale pfedevS8im pro svoji schopnost pfijimat, transportovat a ukladat RP do nadzemnich
Casti rostlin jsou vrby a topoly povazovany za vhodné rostliny pro fytoextrakéni technologie

(Pulford a Dickinson, 2006; Vyslouzilova et al., 2003b; Van Slyckena et al., 2013;
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Kacalkove et al., 2015; Mayerova et al., 2017; Shi et al., 2017;), pfedevSim na mirné
az stfedné kontaminovanych padach (Jensen et al., 2009), na rozdil od olSi, jasan(
a jefabu, které RP transportuji jen omezené do nadzemni biomasy (Rosselli et al., 2003).
Na silné kontaminovanych pudach lze aplikovat vapno, coz ma za nasledek snizeni
mobility RP a tim i zlepSeni kondice RRD. Péstovani RRD tak muze byt na silné
kontaminovanych ptdach vhodnym opatfenim pro kombinaci dvou strategii, fytoextrakce
pro mobilni prvky (Cd a Zn) a asistované fytostabilizace pro As a Pb (Vondrackova et al.,
2017).

2.2.5.1 Vrby

Rod vrba tvofi velmi po€etnou skupinu druhu, celosvétové se vyskytuje pres 350
druhG vrb, na naSem uUzemi je zastoupen 25-27 pUvodnimi druhy. Vrby se snadno
mezi sebou kfizi a jsou znacné proménlivé. Vrby jsou rozsifeny v mirném pasmu severni
polokoule, témér v celé Evropé, Asii, Himalaji, Tibetu a na kontinentech Severni a Jizni
Ameriky. Tvar listd je u jednotlivych druht velmi proménlivy a je dulezitym druhovym
znakem. Vrby jsou rostliny dvoudomé, kvétenstvim jsou jehnédy a plodem tobolky
(Simigek 1992). Nékteré druhy vrb jsou schopné kolonizovat kontaminované pady RP,
napf. S. alba, S. viminalis, S. cinerea a S. caprea, avSak tolerance k RP byla obecné
potvrzena jen u nékterych klon(l, zatimco dalSi snasely jen jeden nebo dva RP (Dickinson
et al., 1994).

2.2.5.1.1 Schopnost vrb tolerovat a akumulovat rizikové prvky

Klony vrb, ale i topoll, byly testovany v hydroponickych pokusech na rezistenci
a kumulaci RP (dos Santos Utmazian et al., 2007). V téchto pokusech byly nejvyssi
koncentrace Cd zji$tény v klonu S. dasyclados (315 mg-kg™?) a nejvy$si koncentrace Zn
v klonu S. smithiana (3180 mg-kg™), av8ak tyto klony mély niZ$i toleranci k t¢émto RP.
Naopak, klony S. matsudana, S. fragilis a S. purpurea mély o néco niz8i obsahy Cd a Zn,
ale vyssi toleranci k jejich toxicité.

Vysledky nadobovych pokust Fischerové et al. (2006) a polnich pokust Kacalkové
et al. (2015) a Mayerové et al. (2017) ukazaly, Zze vrby jsou vhodnymi akumulatory Cd
a Zn, zatimco topoly hromadi podle Fischerové et al. (2006) o néco vice Pb a maji
v nasich podminkach vy3Si vynos (Mayerova et al., 2017) nez vrby. Také nadobové
pokusy Vyslouzilové et al. (2003a) na dvou odliSné kontaminovanych pudach dokazuji
schopnost vrb hromadit ve svych pletivech Zn a Cd. Ov8em extrémné vysoka kontaminace

RP ve fluvizemi z nivy feky Litavky méla za nasledek vznik chloréz, opad listl a omezeni
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tvorby biomasy u v8ech sedmi sledovanych klont vrb. Obecné nejvysSiho odbéru Cd
z pldy bylo dosazeno u vrb na stfedné znecisténé kambizemi v okoli Pfibrami, a to diky
vysoké akumulaci Cd (maxima v listech 108 mg-kg™ v prvnim roce a 204 mg-kg™ v druhém
roce pokusu) spojené s vysokou produkci biomasy. Nejvyssi celkovy odbér Zn byl
zaznamenan u vrb na fluvizemi ,Litavka®“, diky vysokému obsahu Zn v pletivech vrby
(maxima v listech 5061 mg-kg™ v prvnim roce a 4484 mg-kg™ v druhém roce pokusu)
navzdory vyznamné redukci biomasy. K podobnym zavérim vedly také pokusy Fischerové
et al. (2006) a TlustoSe et al., (2007), i v téchto studiich byly u vrb nejvyssi obsahy Cd
a Zn nalezeny v listech, zatimco prvky As a Pb byly hromadény pfedevsSim v kofenech.
Schopnost vrb akumulovat Cd a Zn pfedevSim v listech potvrzuji i dalSi autofi
(Van Slycken et al., 2013; Kacalkova et al., 2015; Mayerova et al., 2017).

2.2.5.1.2 Vynos biomasy vrb

Vedle schopnosti akumulovat a tolerovat RP je pro fytoextrakéni technologie
vyznamnym parametrem také vynos biomasy pouzitych rostlin. Mezi nejvykonné&jsi klony
vrb v produkci biomasy patfi kifizenec S. smithiana (Tlusto$ et al., 2007; Mrnka et al.,
2011), ktery je spontannim hybridem S. viminalis a S. caprea. V devitiletém polnim pokusu
(3 obmyti) tento klon dosahl vynosu pres 14 t-ha™-rok™ suché biomasy (Weger, 2008)
a jeho vynos neklesal i v nasledujici ¢tvrté sklizni (Weger a Bubnik, 2011). Tlusto$ et al.
(2007) uvadeéji pro tento klon vynosy suché biomasy vypoctené z nadobového pokusu
na stfedné& kontaminované ptdé RP po prvni sklizni jen 2-5 t-ha™*rok™. Podle Havlickové
et al. (2010) vynos biomasy z prvni sklizné byva pfiblizné asi 30 % oproti vynosu biomasy
z nasledujicich sklizni. DalSimi Casto péstovanymi vrbami ve vymladkovych plantazich
s kratkou dobou obmyti jsou tzv. ,Svédské vrby“, které byly vétSinou vySlechtény
z kfizencl vrby S. viminalis. Tato skupina vrb zahrnuje registrované odrudy napf. klon
Tordis, Tora, Orm a mnohé dalSi (Havlickova et al., 2010). Sevel et al. (2014),
zaznamenali vynosy klonu Tordis ve druhém dvouletém obmyti v rozmezi od 8,7-11,9
t susiny-ha™-rok™® a Larsen et al. (2016) uvadé&ji vynos pro tento klon ve druhém t¥iletém
obmyti 7,2 az 10,2 t susiny-ha-rok™ v zavislosti na reZimu pouZivani hnojiv. Vynos
biomasy kloni RRD nezalezi pouze na volbé klonu, ale zaroveri i na podminkach
stanovisté (Mrnka et al., 2011; Larsen et al., 2014). Klon Tordis v prvni sklizni po tfiletém
ristu na péti odliSnych stanovistich dosahl ve studii Larsena et al. (2014) vynosu biomasy
rozmezi 5,2-10,2 t sudiny ha™*rok*, podobnych vysledkd jako klon Tordis dosahl i klon

Tora, ale pouze na dvou nejlepSich stanovistich. Naopak, Pulford et al. (2002), u klonu
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Tora zaznamenali po prvnim roce ristu na silné kontaminované pidé vynos suSiny pouze
0,09 t-ha™-rok™.

2.2.5.2 Topoly

Jedna se o opadavé listnaté dreviny, které jsou dvoudomé a vétSinou vétrosnubné.
Listy jsou stfidavé postavené, rapikaté. Kvéty jsou v jehnédach, jednopohlavné, stopkaté
a rozviji se pred rasenim listl, plody jsou tobolky. Zastupci rodu topol jsou na severu
rozSifeni az v lesotundrfe, na jihu se vyskytuji po Himalaj, Eufrat, severni Afriku ¢i Floridu.
Tento rod zahrnuje dle uzSiho vymezeni asi 110 druhd. Diky snadné vegetativni
reprodukci topold jsou v kultufe jako Kkultivary rozSifeny stovky kfizencd (Mottl
a Uradnigek, 2003).

2.2.5.2.1 Schopnost topold tolerovat a akumulovat rizikové prvky

Topoly stejné jako vrby jsou schopny akumulovat RP a transportovat je z kofenu
do nadzemnich c&asti rostlin za souCasné vysoké produkce biomasy. Tyto schopnosti
a fytoextrakéni potencial tfi klonl topolt zkoumali Di Lonardo et al. (2011) in vitro. Jednalo
se o dva autochtonni klony a jeden komer¢ni klon druhu Populus alba L. Oba autochtonni
klony vykazovaly vy$Si obsahy RP (Cd, Cu, Zn), avSak diky vy§Simu vynosu biomasy byl
nejvétsi odbér RP zaznamenan u komeréniho klonu.

Schopnost akumulovat a tolerovat RP u topoll byla zkoumana v mnoha
nadobovych pokusech, napf. Komarek et al. (2008) a Nikoli¢ et al. (2017). Fytoextrakéni
potencial dvou klonl topoll (Populus trichocarpa Torr. A Gray x P. koreana Rehd.;
Populus nigra x P. maximowiczii Henry.), tfi klonG vrb a dvou hyperakumulujicich rostlin
zkoumali také Fischerova et al. (2006) ve dvouletém nadobovém pokusu.
Hyperakumulatory potvrdily svou vysokou schopnost akumulovat RP, ale i pfes vysoké
obsahy RP v jejich pletivech, nebyl nalezen zadny vyznamny rozdil mezi nimi a RRD
v remediacni vykonnosti vyjadiené pomoci remedia¢niho faktoru (RF): P. trichocarpa — Cd
= 20,4 mg-kg™ (roéni RF 5 %); Pb = 17,3 mg-kg™ (roéni RF 0,024 %); Zn = 337 mg-kg™
(roéni RF 1,61 %), P. nigra — Cd = 17,3 mg-kg™ (roéni RF 4,6 %): Pb = 16,7 mg-kg™ (roéni
RF 0,025 %); Zn = 344 mg-kg™ (roéni RF 1,77 %), a to diky vy$si produkci biomasy
u klon RRD. Také v polnim pokusu Mayerové et al. (2017) s jednou vrbou (Salix x fragilis
L.), dvéma klony topolu (klon J-104 a klon J-105 oba kfizenci Populus nigra %
P. maximowiczii Henry) a s nékolika bylinnymi energetickymi rostlinami, potvrdily RRD
svUj fytoextrakéni potencial, avSak lepSich fytoextrakénich vysledk( dosahla vrba i kdyz

oba topolové klony mély o néco vyssSi vynos biomasy. Béhem tfi let klon J-104 odebral
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60,2 g-ha™ Cd, 80,8 g-ha™ Pb a 2,5 kg-ha™ Zn a klon J-105 odebral 66,2 g-ha™ Cd, 81,9
g-ha Pb a 2,8 kg-ha™ zZn.

Laureysens et al. (2004a; 2004b) ovéfili schopnost topoll tolerovat a hromadit RP
v polnim pokusu zaloZzeném v roce 1996. Sedmnact klonu topoll bylo péstovano na pudé
kontaminované Cd (0,8 mg-kg™?), Zn (160 mg-kg™) a dal$imi prvky v arealu byvalé odpadni
skladky nedaleko Antverp. Pro dalSi vyzkum bylo vybrdno 6 klond s vysokym
fytoextrakénim potencialem a vysokou produkci biomasy (Balsam Spire, Hazendans, Fritzi
Pauley, Trichobel, Gaver a Wolterson). Po dalSich dvou letech péstovani nejlepSich
vysledkd v akumulaci Cd a Zn dosahl klon Balsam Spire (57 g-ha™ Cd; 2,0 kg-ha™ Zn)
a klon Wolterson (47 g-ha™ Cd; 2,4 kg-ha™ Zn). Tyto dva klony se vyzna&ovaly &etnymi

mensimi vyhonky a vysokou miru hromadéni Cd a Zn (Laureysens et al., 2005).

2.2.5.2.2 Vynos biomasy topolu

Mezi nejproduktivnéj$i a nejéastsji p&stované klony vymladkovych plantazi v Ceské
republice podle Wegera (2009) a Wegera a Bubenika (2011) patfi kfizenci Populus
maximowiczii x P. nigra, pfedevsim klon J-105 a klon J-104 (Weger, 2009; Mrnka et al.,
2011). U téchto klonu topoll, oznaCovanych téz jako ,japonské topoly“ jsou typické vynosy
na nekontaminovanych pudach 6-18 t susiny-ha™-rok™. Fortier et al. (2010) péstovali
v Sestiletém obmyti kfizence Populus maximowiczii x P. nigra na urodnych bfezich potok
v Kanadé s vynosem 12 t susiny-ha*rok™. K podobnym vysledktim dospél i Weger (2009),
ktery u klonu stejného ptivodu dosahl v Sestiletém obmyti vynosu 11,7 t susiny-ha™-rok™,
avSak pokud byl tento klon sklizen v tfiletém obmyti, jeho vynos poklesl na 9,2 t suSiny-
ha *rok™ a pfi kazdoro&ni sklizni mél vynos pouhych 5,7 t susiny-ha™*-rok™. Nielsen et al.
(2014) ve své studii odhadli vynos tohoto klonu po 13 letech péstovani pouze na 5,1
t sudiny-ha™*-rok™. V tfiletém polnim pokusu Mayerové et al. (2017), ve kterém byl klon
J-105 péstovan na kontaminované pudé bez pouziti hnojiv, byl jeho vynos odhadnut
v prvnim roce na 8,2 t-ha™, ve druhém roce na 11,9 t-ha™ a ve tretim roce na 13,8 t-ha™.
Podle Wegera (2009) pro hybridy Populus maximowiczii x P. nigra je nejvhodnéjsi délka
obmyti 5-6 let. V pokuse Benetky (2009) s péti klony P. nigra (klony: 107, 113, 202, 210,
301) z mistni subpopulace a s jednim hybridnim klonem NE-42 se vynosy susSiny
Vv po sobé jdoucich skliznich pohybovaly, podle typu stanovisté a klonu, v rozmezi 0,8-9,4
t-ha-rok* v prvni sklizni, 1,3-11.4 t-ha™-rok™ v druhé sklizni a 9,4-26,1 t-ha™*-rok™ ve treti
sklizni. Ve studiich Laureysense et al. (2004a; 2004b) bylo na mirné kontaminované
zeminé RP testovano 17 klonu ze Sesti skupin topol. Vynosy napfi¢ vSemi skupinami se
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pohybovaly vrozmezi 2,2-11,4 t-harok™. U skupiny klon D x T (P. deltoides x
P. trichocarpa) byl vynos su$iny v rozmezi 2,8-3,7 t-ha*-rok*, u skupiny klond D x N
(P. deltoides x P. nigra) se vynos susiny pohyboval v rozmezi 2,2-5,2 t-ha™rok™, u klonu
ze skupiny T x B (P. trichocarpa x P. balsamifera) byl vynos susiny 4,8 t-ha™-rok™*; u klonu
ze skupiny N (P. nigra) byl vynos susiny 8,2 t-ha™-rok™; u skupiny klonti T (P. trichocarpa)
se vynos su$iny pohyboval vrozmezi 8-8,5 t-halrok® a ve skuping klond T x D
(P. trichocarpa x P. deltoides) byl vynos su$iny v rozmezi 3,7-11,4 t-ha*-rok™. Nielsen
et al. (2014) ve své studii odhaduji vynos klonu Wolterson po 13 letech péstovani pouze
na 1 tsusiny-ha’rok®. Verlinden et al. (2013) uvads&ji vynos tohoto klonu v prvnim
dvouletém obmyti 2,78 t susiny-ha™-rok a ve druhém dvouletém obmyti Verlinden et al.

2015) uvadéji vynos pfiblizné 11 t susiny-ha™*-rok™.
( ji vynos p y

2.2.5.3 ZlepSeni fytoextrakéniho potencialu rychle rostoucich dfevin

Produkce biomasy u RRD vyuzitych ve fytoextrakénich technologiich se zda byt
velmi vyznamnym parametrem (Komarek et al, 2008). Fytoextrakéni potencial RRD lze
tedy zvysit pomoci vhodnych agrotechnickych zasahu, které maiji pozitivni vliv na zvyseni
vynosu biomasy. Hlavni agrotechnickou operaci tésné po vysadbé je omezovani
zapleveleni, nebot je dobfe znamo, ze konkurence plevell muize snizit vynos RRD
v prubéhu roku vysadby (zalozeni porostu), ale také muze mit vazné dopady na vynos
I v nasledujicich letech (Clay a Dixon, 1997; Larsen et al 2014). | kdyZz vymladkové
plantdZe jsou pomérné nenaroCné na Ziviny, je tfeba doplnit odebrané Ziviny hnojenim
v podobé mineralnich nebo organickych hnojiv. Vhodnymi organickymi hnojivy
pro vymladkové plantaze mohou byt hnuj, kejda, kompost a pfipadné také digestat
a stabilizované kaly COV (Mrnka et al., 2011; Placek et al., 2017), jejichz pouziti
pro hnojeni béznych plodin uréenych pro produkci potravin neni zcela vhodné, nebot
mohou obsahovat vysoka mnozstvi riznych latek a RP (Han¢ et al., 2007). Aplikace
Cistirenskych kalG do pldy ma pfiznivy vliv na jeji urodnost a fyzikalni vlastnosti, zvySuje
porovitost pudy, stabilitu pudnich agregatt (Pagliai a Antisari, 1993; Placek et al., 2017)
a dodava do pudy velké mnozstvi makrozivin (N, P) a organické hmoty, coz ma pozitivni
vliv na produkci biomasy. Podle Chaney et al. (1999) a Placek et al. (2017) aplikace
Cistirenského kalu do pudy muze mit také vliv na snizeni pfijmu RP z pudy, nebot aplikace
organickych hnojiv mize omezit mobilitu a pfijatelnost téchto prvkd pro rostliny. DalSimi
moznostmi jak ovlivnit mobilitu, akumulaci RP a vynos RRD muze byt aplikace
bakterialniho (Ztoch et al., 2017), ektomykorhizniho (Phanthavongsa et al., 2017)
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nebo endofytického (Berthelot et al., 2017) inokula &i riznych €inidel jako je napf. EDTA
(Shahid et al., 2014; Antoniadis et al., 2017). Vliv na fytoextrakéni potencial mize mit také
délka obmyti, ¢i obdobi, ve kterém je sklizef provedena. Podle Michels et al. (2018) je
sklizen topolu ve vegetacnim obdobi i s listy kliCovou soucasti fytoextrakce Cd a Zn. Podle
Van Slycken et al. (2013) by se pfi sklizni vrb i s listem mohl zvysit potencial fytoextrakce
u Cd az o0 40 %.

2.3 Metody remediace pud

Mistem, kde se RP zachycuji a pfipadné i dale koncentruji, je pfedevSim pulda,
ktera je svymi vlastnostmi pfimo pfeduréena poutat kontaminanty. Proto je pravé puda
nejCastéji zmifiovana v souvislosti s remediacemi (Tlusto$ et al., 2004). K uspé&Snému
provedeni remedice je tfeba stanovit: (i) povahu kontaminantu a rizik biopfistupnosti,
(ii) pfesny rozsah kontaminace, a to jak plosné, tak i objemové a mozné riziko jejiho
pohybu, (iii) hraniéni hodnoty remediaéni urovné, neboli jakych vyslednych hodnot ma byt
dosazeno a vjakém Casovém intervalu a po té na zakladé zjiSténych informaci urc€it
zpusob remediace (Mulligan et al., 2001; Tlusto$ et al., 2004).

Metody remediace Ize rozdélit podle nékolika parametri. Evanko a Dzombak (1997)
déli metody remediace do nékolika kategorii na zakladé pouzivaného pfistupu: izolace,
imobilizace, redukce toxicity, fyzicka separace a extrakce. Metody remediace mizeme
dale rozdélit na ex-situ techniky, které predstavuji odtéZeni, odvoz a naslednou
dekontaminaci zeminy a in-situ techniky, které jsou vétSinou vice Setrné k pidé a jsou
provadény pfimo v misté kontaminace. Nékteré z metod Ize pouZit in—situ i ex—situ. Oba
zpUsoby vyuzivaji chemickych, fyzikalnich a biologickych principd (Boopathy, 2000;
Tlusto$ et al., 2004).

2.3.1 Fyzikalni a chemické metody

Fyzikalni separace - jednd se o procesy provadéné ex-situ, které separuji
kontaminovany material od zbylé ptdni hmoty vyuzitim urcitych fyzikalnich charakteristik
RP a pud. K dosazeni tohoto cill, je pouzito nékolik postupl. Patfi mezi né: sitovani,
hydrocyklony, fluidni loze nebo magneticka separace. Tato metoda se pouziva nejcastéji
k pfedCisténi pady, ¢imz dojde ke snizeni objemu kontaminované zeminy (Evanko
a Dzombak, 1997; Mulligan et al., 2001; Tlustos et al., 2004).

Pyrometarulgicka extrakce - jedna se pfevazné o ex-—situ metodu, ktera vyuziva

vysokych teplot 200-700 °C k odparovani necistot. Tyto metody jsou nejvice pouzivany
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pro rtut, protoze snadno téka. Metoda je vhodna pfedevSim pro vysoce kontaminované
pudy (Evanko a Dzombak, 1997; Mulligan et al., 2001).

Prani pudy (chemické vyluhovani) — pfi této ex—situ metodé mohou byt RP
odstranény z pudy za pouziti rGznych Ccinidel pfidavanych do pudy. To muaze byt
provedeno v reaktorech nebo na haldach zeminy. Jako €inidla jsou pouzivany anorganické
kyseliny, jako je kyselina sirova a chlorovodikova s hodnotou pH mensi nez 2, organické
kyseliny, vCetné kyseliny octové a kyseliny citronové, chelatacni Cinidla, jako je napfiklad
kyselina ethylendiamintetraoctova a rtizné jejich kombinace. Tato metoda je nejucinnéjsi
u piscité pudy (Mulligan et al., 2001).

Izolace loziska kontaminace - jednou z in—situ strategii remediace pUd je izolace
kontaminantli, aby se zabranilo jejich dalSimu S$ifeni. Ktomu lze pouzit vertikalnich
Ci horizontalnich stén zhotovenych z oceli, cementu, bentonitu a malty, ¢imz dojde
k uplnému uzavfieni loZiska kontaminace (Mulligan et al., 2001).

Solidifikace/stabilizace (S/S) - dalS$i moznosti jsou solidifikacni a stabilizaCni
in—situ technologie, které izoluji samotné necistoty a nikoli cela kontaminovana loziska.
Solidifikace je zapouzdfeni kontaminujici latky v pevné matrici, zatimco stabilizace
zahrnuje chemické reakce, vedouci ke snizeni mobility necistot (Evanko a Dzombak,
1997; Mulligan et al., 2001; Tlusto$ et al., 2004). Anorganicka pojiva, napfiklad cement,
popilek a organickd pojiva, jako je bitumen se pouzivaji k vytvofeni krystalického,
skelného nebo polymerniho obalu kolem polutantu. Dominantnim mechanismem, kterym
jsou RP imobilizovany je vysrazeni hydroxidl v ramci pevné matrice a vyluhovatelnost RP
z této matrice je zavisla na rozpustnosti téchto hydroxidd (Li et al., 2001). Pidy mohou byt
remediovany timto zplsobem in-situ, ale i odtéZeny (Evanko a Dzombak, 1997; Mulligan
et al., 2001; Tlusto$ et al., 2004).

Vitrifikace - je solidifikacné-stabilizacni proces vyzadujici tepelnou energii
(1600-2000 °C), vytvofenou pomoci elektrod vlozenych do pudy, ¢imz dojde k roztaveni
pudy. Vznika sklovita tavenina, ktera v sobé uzavie netékavé polutanty. Remediovana
zemina touto metodou by méla obsahovat dostatek Si, Al a oxidu alkalickych kovu
(Evanko a Dzombak, 1997; Mulligan et al., 2001; Tlustos et al., 2004).

Vymyvani pudy - principem této in-situ metody je solubilizace (pfevedeni
do roztoku) kontaminantu, pomoci proplachovani pidy vodou (Mulligan et al., 2001).

Elektrokineticka dekontaminace - je in-situ proces, pfi kterém dochazi
k vytvofeni elektrického proudu o nizké intenzité mezi katodou a anodou, které jsou

instalovany do podpovrchovych vrstev kontaminované puady. lonty RP se pohybuji
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mezi elektrodami, anionty sméfuji ke kladné elektrodé a kationty k zaporné elektrodé
(Evanko a Dzombak, 1997; Mulligan et al., 2001). Kovy mohou byt odstranény
elektrolytickym pokovovanim nebo vysrazenim na elektrodach (Smith et al., 1995).

Chemické procesy - chemické reakce se pouzivaji ke snizeni toxicity nebo mobility
RP. Pro tento ucel se pouzivaji tfi typy reakci: oxidace, redukce, a neutralizacni reakce.
Chemicka oxidace a redukce méni oxidacni stav RP. Zména oxida¢niho stavu kovu muze
vést k detoxikaci, vysrazeni nebo rozpusténi RP. Neutralizacni reakce se provadi
za uCelem nastaveni kyselého nebo zasaditého pH pudy (Evanko a Dzombak, 1997;
Mulligan et al., 2001).

2.3.2 Biologické metody

Odstranovani polutantd z kontaminovanych mist je mozné provadét chemickymi
nebo fyzikalnimi procesy, ¢i kombinaci obou téchto procesl. To je vétSinou ekonomicky
naro¢né a dochazi pfitom k vétSim zasahim do zivotniho prostfedi ve srovnani s moznosti
vyuziti pfirozenéjSich biologickych zpusobl (Melenova a Demnerova, 2004). Biologické
metody k dekontaminaci pidy, nebo jinych slozek zivotniho prostfedi, vyuzivaji zivé
organismy, pfedevSim mikroorganismy a rostliny. Primarné byly tyto technologie vyvinuty
k sanaci organickych polutantl, ale stale vice se uplatiiuji pfi dekontaminaci RP (Evanko
a Dzombak, 1997). Mezi biologické metody vhodné k sanaci pud mizeme Fadit biologické
procesy s vyuzitim mikroorganismu, které probihaji prostfednictvim riznych mechanismd,
jako je oxidaéné-redukéni reakce, sorpce a methylace, nebo fytoremediaéni metody, které

jsou realizovany pomoci rostlin.

2.3.2.1 Bioremediace

Mezi hlavni metody bioremediace patfi tzv. bioleaching a oxidacné-redukcni reakce.
Bakterie rodu Thiobacilus sp. v aerobnich, kyselych podminkach oxiduji kovové sulfidy
na kyselinu sirovou, ktera pak desorbuje kovy z pudy. DalSi vyluhovaci technikou, ktera
ma potencial pro sanaci kontaminované puady RP je produkce kyseliny citronové houbou
Aspergillus niger a jeji nasledné pusobeni, jako chelataéniho &inidla pro vyluhovani kov
(Mulligan et al., 2001).

Biosorpce je biologicka metoda, ktera spociva v zabudovani RP do biomasy
mikroorganisml. Tato metoda se pouziva hlavné pro odstrafiovani nizké koncentrace

kovl ve vodé (Evanko a Dzombak, 1997).
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Biologické oxidaéné-redukcni procesy mohou snizit napf. mobilitu chromu.
Mobilni a toxicky Cr (VI) je pomoci bakterie Bacillus subtilis redukovan na Cr (lll), ktery je
méné mobilni a témér netoxicky.

Biomethylace obnasi navazani methylové skupiny (-CH3) pomoci aktivity
mikroorganismu na RP, jako je As, Hg, Cd nebo Pb, ¢imz se zvySi tékavost RP (Mulligan
et al., 2001; FiSer et al., 2014).

2.3.2.2 Fytoremediace

Fytoremediace jsou technologie, ve kterych se vyuZivaji rostliny k odstranéni
polutantll z prostfedi, nebo je €ini méné Skodlivymi. Fytoremediace zahrnuji dva zakladni
procesy, a to imobilizaci RP a nebo jejich odstranéni (Wenzel et al., 1999; Bolan et al.,
2014). Stabilizacni metody, jako je fytostabilizace a fytoimobilizace neodstraruji RP
z kontaminované pudy, ale snizuji jejich mobilitu a tim i riziko jejich vstupu do potravniho
fetézce. Naopak, metody uréené k odstrafiovani RP z pady, mohou nékdy mobilitu téchto
prvki v pudé dokonce zvySovat za ucelem jejich snadnéjSiho pfijmu rostlinami.
Mezi metody vedouci k odstranéni RP zpuady patfi fytoextrakce, fytodegradace
a fytovolatizace (Wenzel et al., 1999).

Fytostabilizace vyuziva rostlin tolerantnich k RP pro mechanickou stabilizaci
znecisténych pad a prevenci vodni a vétrné eroze. Zarovenn muze dojit ke snizeni
extrahovatelnosti RP diky vyS8Si Urovni evapotranspirace v porovnani s pudou
bez vegetacniho pokryvu (Wenzel et al., 1999; Favas et al., 2014).

Fytoimobilizace omezuje pohyb a transport rozpustnych kontaminantl, a to diky
tomu, Ze rostliny snizi jejich pohyblivost v ptidé (Wenzel et al., 1999).

Fytodegradace je proces, kdy po pfijeti organickych polutantl do rostliny dochazi
k jejich degradaci uvnitf rostlinnych pletiv nebo pomoci mikroorganismu v blizkosti kofenu
(Wenzel et al., 1999; Favas et al., 2014).

Fytovolatilizace je proces transformace, degradace a volatizace tékavych
slou€enin kontaminujicich plddu pomoci rostlin a mikroorganismua (Wenzel et al., 1999;
Favas et al., 2014).

Schematické znazornéni téchto vySe popsanych fytoremediaénich principtu je

uvedeno v obrazku 2.
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Obr. 2. Znazornéni fytoremediacCnich strategii (upraveno dle Favas et al., 2014).

\v/‘u\ A
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Fytodegradace

Fytostabilizace Fytodegradace

2.3.2.2.1 Fytoextrakce

Fytoextrakce je metoda, pfi které dochazi k extrakci RP a anorganickych
a organickych slou€enin z pudy jejich pfijmem do rostliny, kde jsou transportovany
do nadzemni biomasy rostlin (Wenzel et al., 1999; Blaylock et al., 2000; Favas et al.,
2014). Tento proces schematicky znazornuje obrazek 3. Fytoextrakéni technologie jsou
nejen relativné levné a ohledupiné k zivotnimu prostfedi, nebot zanechavaji pldu
strukturalné, chemicky a biologicky neposkozenou, ale v pfipadé, Ze jsou realizovany
pomoci RRD jsou z dlouhodobého hlediska i ekonomicky navratné, diky vyuziti dfeva
pro primyslové nebo energetické zpracovani. DalSimi vyhodami fytoextrakénich
vymladkovych plantazi RRD je jejich pozitivni vliv na biodiverzitu, sekvestraci uhliku
a podruzné omezeni vodni a vétrné eroze, Cimz zabranuji uniku RP do okoli.
Fytoextrakéni metody jsou vSak Casové vétSinou velmi naro¢né (Michels et al., 2018)

a v praxi se zatim nevyuZzivaji (Favas et al., 2014).
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Obr. 3. Schématické znazornéni fytoextrakce RP z puady (upraveno dle Favas et al., 2014).
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Vynos biomasy a akumulacni schopnosti nékterych klont vrb a topoll byly jiz
zminény v kapitole 2.2.5. Celkovy obsah prvku v nadzemni biomase je vSak pouze jednim
ze sledovanych parametrd u rostlin, pouzitych ve fytoextrakénich technologiich.
NejvyznamnéjSi parametrem je patrné remediaéni faktor (RF), ktery predstavuje
procentualni podil prvku odstranéného z urcitého objemu plidy s ohledem na koncentraci
prvku vrostliné a rozsah sklizné (FiSerova et al., 2006; Komarek et al., 2008).
V nadobovém experimentu Fischerové et al. (2006) byla u vrb a topolU nizsi koncentrace
sledovanych RP ve vyhonech kompenzovana znacnou produkci biomasy ve srovnani
s hyperakumulaénimi druhy rostlin s vy$Simi koncentracemi RP a nizkym vynosem
biomasy. Vysledky pokusu Vyslouzilové et al. (2003a), ale i dalSich autort (Jensen et al.,
2009), ukazuji, ze RRD se zdaji byt vhodnymi fytoextrakénimi rostlinami, ale pouze
na mirné a stfedné kontaminovanych pudach. Presto, Ze odbér Zn na silné kontaminované
fluvizemi ,Litavka“ byl nejvySSi, RF byl velmi nizky (pod 1 %) vzhledem k extrémné
vysokému obsahu Zn v pudé. AvSak na stfedné kontaminované kambizemi ,Pfibram*
dosahl RF pro Cd 20 % a pro Zn 4 % po dvou letech trvani experimentu (Vyslouzilova

et al., 2003a).
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Stale jeSté neni znamo mnoho vysledkl z polnich pokusl, obzvlasté téch
dlouhodobych. Schopnosti klont vrb a topoll tolerovat a akumulovat RP (Cd a Zn)
provéfovali v polnich pokusech napf. Van Slycken et al. (2013), Hu et al. (2014),
Kacalkova et al. (2015); Mleczek et al. (2017) a Michels et al. (2018). Ve Ctyfletém polnim
pokusu Jensen et al. (2009) bylo dosazeno nejvysSich RF pouze 0,13 % pro Cd a 0,29 %
pro Zn. Schmidt (2003) a také Antoniadis et al. (2017) uvadéji, ze rostliny péstované
v nadobovych pokusech odebiraji vys$8i mnozstvi téZzkych kovl, nez v pfirodnich
podminkach. V polnim pokusu lze predpokladat, ze bude dosazeno pouze 20 % RF
v porovnani s RF v fizeném nadobovém pokusu. Také Dickinson a Pulford (2005) popsali
rozdily mezi teoretickymi vypocty a skutecnymi vysledky z polnich experimentd. Existuje
nékolik duvodl, pro€¢ tomu tak je: (i) kofeny rostlin se zamérné vyhybaji ohniskim
kontaminace, (ii) ¢ast odstranénych RP je ulozena v listech, které opadaji a nejsou
sklizeny a (iii) obsahy nékterych RP byvaji v kofenech vysoké a kofeny nejsou pfi skliznich
RRD sklizeny.

Z téchto dldvodu je potiebny dalSi vyzkum fytoextrakénich technologii s pouzitim
RRD v polnich experimentech, kde lze v praxi ovéfit ucinnost nékterych zlepSovacich
navrhi pro zvySeni remediaCniho potencialu, zjisténych v fizenych laboratornich
a nadobovych pokusech, jako jsou napf.: (i) aplikace extrakCnich Cinidel ke zvySeni
mobility RP v pudé a tim zvySeni jejich dostupnosti RRD; (ii) aplikace mykorhizniho
inokula nebo hnojiv pro podporu tolerance RRD k RP a zvySeni vynosu biomasy;
(iii) zavedeni sklizné RRD ve vegetacnim obdobi, kdy muze byt nadzemni biomasa

sklizena i s listy; (iv) optimalizace délky obmyti pro konkrétni klony nebo druhy RRD.

25



3 Veédecké hypotézy a cile prace

Tato prace se zabyva vyzkumem schopnosti rychle rostoucich dfevin akumulovat
rizikové prvky a je zaméfena na klony RRD zrodu Salix spp. a zrodu Populus spp.
péstovanych vymladkovym zpUsobem v pfirozenych polnich podminkach na lokalité
Podlesi v blizkosti mésta Pfibram, na pldé ktera je stfedné kontaminovana rizikovymi
prvky, zejména Cd, Pb a Zn. Pro hodnoceni fytoextrakéniho potencialu Ctyf vybranych
klonG vrb a topold a pro hodnoceni rizik pfi nakladani se sklizenou kontaminovanou

biomasou téchto klonl byly stanoveny nasledujici hypotézy:

1. Odbér rizikovych prvkl pfi sklizni rychle rostoucich dfevin provadéné jednou za Ctyfi
roky bude pravdépodobné odliSny oproti sklizni provadéné po dvou letech. Odbér
rizikovych prvkl a produkce biomasy budou dale ovlivnény terminem sklizné
a bude odliSna ve vegetacnim obdobi a v obdobi vegetacniho klidu.

2. Tvorba biomasy a s ni spojeny odbér rizikovych prvkd budou zavislé na aplikaci
Cistirenského kalu.

3. Pfi skladovani sklizené kontaminované biomasy existuje realné riziko zpétného

uvolnéni rizikovych prvku z této biomasy do prostiedi.
K potvrzeni uvedenych hypotéz byly stanoveny nasledujici cile:

1. Sledovani zmén tvorby biomasy a obsahl rizikovych prvkid nahromadénych
v biomase rychle rostoucich dfevin, péstovanych v realnych pfirodnich podminkach
a sklizenych jednou za dva nebo jednou za Ctyfi roky. Obsahy rizikovych prvku
budou mezi sebou porovnavany a na zakladé zjisténych rozdild bude objasnén vliv
délky ¢asového intervalu mezi skliznémi na odbér rizikovych prvku rostlinami. Dale
budou posouzeny rozdily mezi obsahy rizikovych prvkd nahromadénymi v pletivech
rychle rostoucich dfevin sklizenych ve vegetacnim obdobi a v rostlinach sklizenych
v obdobi vegetaéniho klidu a dlouhodoby vliv téchto letnich sklizni na vynos
biomasy rychle rostoucich drevin.

2. Posouzeni ucCinku aplikace Cistirenského kalu na produkci biomasy rychle
rostoucich dfevin, mobilitu a pfFijem rizikovych prvkd rostlinami a jejich hromadéni
v jednotlivych rostlinnych ¢astech.

3. Posouzeni miry uvolnéni rizikovych prvkl do roztoku pfi vyluhovani sklizené
kontaminované biomasy v laboratornich podminkach.
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4 Publikované prace

4.1 Zarubova (Kubatova) et al. (2015). Distribuce P, K, Ca, Mg, Cd, Cu,
Fe, Mn, Pb a Zn do vékovych tfrid dreva a kary vrb a topold vyuzivanych

pro fytoextrakci na kontaminované pudé rizikovymi prvky.

Nazev: Distribution of P, K, Ca, Mg, Cd, Cu, Fe, Mn, Pb and Zn in wood and bark age
classes of willows and poplars used for phytoextraction on soils contaminated by risk

elements.

Autofi: Zarubova (Kubatova), P., Hejcman, M., Vondrackova, S., Mrnka, L., Szakova, J.,
Tlustos, P.

Publikovano v ¢asopise: Environmental Science and Pollution Research. 22 (23).
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Abstract Fast-growing clones of Salix and Populus have
been studied for remediation of soils contaminated by risk
elements (RE) using short-rotation coppice plantations. Qur
aim was to assess biomass yvield and distributions of elements
in wood and bark of highly productive willow (8]1—[Salix
schwerinii * Salix viminalis] * 8 viminalis, 52—Salix =
smithiana clone 5-218) and poplar (Pl-Populus
maximowiczii * Populus nigra, P2—FP nigra) clones with re-
spect to aging. The field experiment was established in April
2008 on moderately Cd-, Pb- and Zn- contaminated soil.
Shoots were harvested after four seasons (February 2012)
and separated into annual classes of wood and bark, All tested
clones grew on contaminated soils, with highest biomass pro-
duction and lowest mortality exhibited by P1 and 52.
Concentrations of elements, with exception of Ca and Pb,
decreased with age and were higher in bark than in wood.
The Salix clones were charactensed by higher removal of
Cd, Mn and Zn compared to the Populus dones. Despite
generally higher RE content in young shoots, partly due to
lower wood'bark ratios and higher RE concentrations in bark,
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the overall removal of RE was higher in older wood classes
due to higher biomass vield. Thus, longer rotations seem to be
more effective when phytoextraction strategy is considered.
Of the four selected clones, 51 exhibited the best removal of
Cd and Zn and is a good candidate for phytoextraction.

Keywords Cadmium - Heavy metals - Lead . Phosphorus .
Phytoremediation - Papulus spp - Salix spp - Zinc

Introduction

Different willow (Salix spp.) and poplar (Papulus spp.) spe-
cies, clones and hybrids have been studied frequently for
phytoextraction of nsk elements (RE), such as Cd, Pb and
Zn, from slightly to moderately contarninated soils (Pulford
and Watson 2003; Laureysens et al. 2005; Brunner et al. 2008;
Jensen et al. 2009). Although these fast-growing trees cannot
be considered hyperaccumulators, they produce high biomass,
resulting in high removal of RE from the soil (Hammer et al.
2003; Pulford and Dickinson 2006} Due to low reproductive
barrers, different willow and poplar species can hybridise
easily, creating large genotypic variation. This enables
targeted breeding and selection of clones suitable for different
soils and environmental conditions, in which they exhibit dif-
ferent growth rates, tolerances to RE toxicity and RE accurnu-
htion in their organs (Zalesny and Bauver 2007b) Due to
deeper rooting compared to grassesherbs, willows and pop-
lars are able to extract RE from deeper soil layers and sta-
bilise the soil surface, preventing further spread of RE by
wind or water (Lonardo et al. 2011 As willows and poplars
produce large biomass, phytoextraction of RE can be asso-
ciated with the production of green energy. A number of
fast-growimng willow and poplar clones are available in the
Czech Republic; some are registered and commercially used
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i other parts of Europe, while others are native. Two prom-
ising willow clones, allochthonous ([Safix schwerinii * Salix
viminalis] = 5. viminalis) hybrid Tordis and autochthonous
Salix*smithiana clone 5-2 | 8 (hereafter denoted 51 and 52,
espectively), were selected. Of poplar clones, we selected
the most widely planted hybrid clone in the Czech Republic,
Populus maximowiczii ® Populus nigra 1105, also known as
Max-4, as well as P nigra clone Wolterson (hereafter denot-
ed Pl and P2, respectively).

Clone 81 belongs to the registered vaneties of *Swedish
willows"™, which were mostly hybrids of & viminalis
(Havlickova et al. 2010} Clone 5] achieved the highest bio-
mass yield out of 14 willow clones (hybrids of 5. viminalis) in
a study by Weih and Nordh (2002} Under a suitable nutrient
supply regime, the dry matter (DM) biomass yvield of clone 51
canreach 12 tha™' year™' (Sevel etal. 20 14). We are not aware
of any study testing 31 for phytoextraction of Cd and Zn in
field conditions.

Clone 32 1s a spontanecus hybrid of 8 viminalis and Salix
caprea (Tlustof et al. 2007) and belongs to the best-
performing clones n the Czech Republic. Its biomass produc-
tion can reach more than 14 t ha™ year™ (Weger 2008). In a
pot expenment performed by VyslouZzilova et al. (2003a,
2003b), clone 52 was charactensed by high accumulations
of Cd and Zn in leaves and was considered potentially suitable
for practical use in field conditions for remediation of Cd- and
Zn-comtammnated soils. Similarly, high leaf Cd and Zn accu-
mulations of several 8 * smithiana clones also were observed
by other authors using hydroponic screening for metal resis-
tance (Dos Santos Utmnazian et al. 2007) and pot expernments
with plantings of willows on contaminated soils (Dos Santos
Utmazian and Wenzel 2007; Wieshammer et al. 2007). In a
pot experiment conducted by Tlusto$ et al. (2007), clone 52
accumulated only negligible amounts of As and Pb m the
aboveground biomass and was thus considered not suitable
for remediation of soils contaminated by As and Pb. In the
same experiment, contents of Zn and Cd m the individual
organs of the studied willow clones decreased in the order of
leaves=bark=shoots >wood.

Phytoextraction potential of F maximowiczii * P nigra
hybrids (to which clone Pl belongs) has been studied to a
limited extent. Zalesny and Bauver (2007a) tested hybrids of
P maximowiczii * P nigra next to other clones of willows and
poplars for differences in contents of RE in leaves, sterns and
roots, The P maximowiczii * P nigra clones exhibited lower
overall phytoremediation potential compared to genotypes of
Populus deltoides = P nigra. Hybrid P maximowiczii ®
P nigra wested by Fischerova et al. (2006) was able to accu-
mulate Cd, Zn and, especially, Pb. According to Komarek at
al. {2008), this hybrid is not suitable for remediation of highly
contaminated soils.

Clone P2 was tested for biomass production together with
17 other poplar clones (Laureysens et al. 2004a). The lowest

@ Springer

RE concentrations were found in wood, and the highest RE
concentrations were generally recorded in leaves.
Concentrations of most metals in leaves increased with age
(Laureysens et al. 2004b). Laureysens et al. (2005) observed
no significant effects of plant height on metal content, but, in
wood, metal concentrations generally increased towards the
top of the shoot in August and decreased towards the top of
the shoot in November.

Most information regarding phytoextraction ability of the
aforementioned clones comes from hydroponic and pot exper-
iments, stressing the need to test the clones under true field
condition on soils contaminated by RE. To fill this gap, we
established a long-term field experiment with 81, 82, Pl and
P2 clones on soil anthropogenically contaminated by As, Cd,
Pb and Zn. We collected biomass samples durmg the vegeta-
tion rest period. Late winter harvest is widely used because of
lower water content of harvested biomass, less nisk of soil
compaction and higher availability of human resources and
mechamsation. In addition, winter harvest threatens the sur-
vival of plants less compared to summer harvest, as reserves
gored in roots can be used more effectively for regeneration
(Mitchell et al. 1999; Dawson 2007).

The aim of the research presented in this paper was to test
the following:

l. The effects of clone on biomass yvield and bark'wood ra-
tios 4 years after establishment of the expenment

2. The distmbution of elements in wood and bark of investi-

gated clones

The effects of shoot age on concentrations of elements in

wood and bark

4., Comparison of bioremediation potential of four investi-
gated clones for particular RE

!‘IJ

Materials and methods
Study site and field experiment

In Apnl 2008, we established the field expenment on multi-
RE (mostly Cd, Pband Zn)-contaminated soil near the village
of Podlesi (497 42" 24" N, 137 58" 32" E), near the town of
Piibram, 58 km south of Prague. Altitude of the study site is
500 m above sea level, with a2 mean annual precipitation of
700 mm and mean annual temperature of 6.5 *C. The soil type
is a weakly acidic modal Cambisol with a CEC of
166 mmaol l-:g", Ccrg of 4.1 %, C/N ratio of 9, humus horizon
thickness of 26 cm and soil bulk density of 1.35 t m™. The
mean pHypg 15 5.66, and pHgc 1s 5.27. Pseudo-total concen-
trations of elements extracted by agua regia are as follows:
73 mg Cd kg™', 218 mg Zn kg™ and 1368 mg Pb kg™’
(Our own measurements). Czech legislation limits for
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pseudo-total concentrations of elements in agricultural soils
are 1.0, 140 and 200 mg kg™' of Cd, Pb and Zn, respectively
(Anonymous 1994). Plant-available (Mehlich 11I; Mehlich
| 984) concentrations of P, K, Ca and Mg in the humus horizon
were 14, 84, 4441 and 324 mg kg~', respectively. Plant-
available concentrations of Cd, Pb and Znin the humus hon-
zon were 4,92, 705 and 37 mg Iu-:g'I , respectively.

The expenment was established using four clones de-
scribed inthe introduction (51, 52, P1 and P2) planted in four
completely randomised blocks. The size of each individual
expenmental plot with the same clone planted in one row
was 7.5 m= 1.3 m. Intra-row distance was 0.25 m, and the
mter-row distance was 1.3 m. Cuttings were 20 cm in length,
and 15 em was buried into the soil durmg planting.

Harvesting of plant material

Shoots of cuttings were harvested in February 2012 after four
vegetative seasons. The stems were cut 20 cm above the soil
surface. Harvested shoots were sorted based on shoot age into
four annual classes and weighed. Then, we subsequently sep-
arated ten shoots in each age class into wood and bark and
dried at 60 °C to determine DM content and weight. Total DM
mass of each bark and wood age class was then calculated
according to obtained bark’ wood ratio and DM content.

Laboratory analyses

Dry binmass samples were ground using a stainless steel mill
Retsch friction mill (Retsch, Haan, Germany; particle size (-
1 mm). The total concentrations of elements 1 the bark and
wood were determined using inductively coupled plasma with
optical emission spectroscopy (ICP-0ES, VARIAN Vista Pro,
Australia) for B, Cd, Cu, Fe, Mn, Pb and Zn and by flame
atomic absorption spectroscopy (FAAS, VARIAN
SpectrAA-280, Australia) for K, Ca and Mg, where dry ashing
procedures (Mader et al. 1998) were applied for sample
decomposition.

Remediation factor

Phytoextraction potential of the examined clones was
expressed as a remediation factor (RF, %), which indicates
the proportion of elements removed by harvested biomass
from the total contents of elements at the site. The RF was
calculated as follows (13:

!:']., Lam ?\'{DF lamt

Rf () = Col gl

100 ()
where Cjan 15 the concentration of a metal in plant dry bio-
mass (g t"}l, MDD an the dry weight plant biomass yvield (t),
C,.; the total concentration of a metal in soil (g ') and W,

the amount of soil in humus horizon per hectare (t), modified
according to Komarek et al. (2008).

Data analyses

All statistical analyses were performed using the Statistica
10,0 (wanw, statsoft.com) and CANOCO 4.5 (ter Braak and
Smilaver 2002) programs. All data were checked for homo-
geneity of varnance and normality (Levene and Shapiro-Wilk
tests). Collected data did not meet assumptions for the use of
ANOVA and were thus evaluated by non-parametnie Kruskal-
Wallis test. The relationship between yvield and age classes, the
relationship between concentration of elements and age clas-
ses, and the relationship between mortality and biomass pro-
duction were evaluated using linear regression. The linear
regression and Kruskal-Wallis test were performed using the
Statistica 1 0.0 program. Principal component analysis (PCA),
eing the CANOCO 4.5 program, was applied to all collected
data together (concentrations of elements in the wood and
bark aswell as biomass yield). We used standardised “species
data” because data of different character and units were
analysed together. The PCA was used to make visible corre-
Btions between all analysed data and similanties of different
clones. The results were visualised in the form of a bi-plot
ordimation diagram using the CanoDraw program.

Results

Biomass yield, bark'wood ratio and mortality

The effect of clones on the yield of wood and bark was not
ggnificant for any age class (Table 1), where proportion of
wood of total biomass increased with age from (.66 in 1 -year-
old shoots to 0,80 in 4-year-old shoots (Table 2). Smmilar re-
sults were reported for total wood and bark vields over four
age classes together (Table 3) Biomass production of shoots
(wood and bark together) decreased in the order of P1=82=
P2=51, but differences between clones at the levels of indi-
vidual plants and per hectare were not significant due to high
data vanability (Tables 3 and 4).

Yield of wood, bark, and wood and bark together signifi-
cantly increased with age only in clone 81 (linear regression for
51, 8=0.73, p=0.001 for wood; R=0.57, p=0.021 for bark; for
wood and bark together R=0.51, p=0.003). A significant dif-
ference in wood and bark vield between age classes was found
only mn clone 81 (Table 1) There was the least vanability
wood and bark vield in clone 51 compared to other clones.

Mortality of clones increased in the order of P1 (19 %) <82
(23 U5)=P2 (24 %) <581 (42 %) and was negatively related to
biomass production (linear regression R=—0.51, p=0.044, =
11.4-0.02 % x, with v bemng mortality rate and x being biomass
yiekd).
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[afferences hetween clones and wood and bark were evalunted by Emskal-Wallis test, Clones with the same cpital letier for each wood and bark ape categny were not sipnificantly different. In the each

done, ape classes of wood amd hark with the same small letter were not sipnificantly different

Table 2 Mean (=8E) wood: (wood + bark) mtio
Clones Age shoots Ratio wood/\(wood + bark)
&l | wear old 0.71=0.02a
2 years old 0.73=0.02 ab
3 wears old 0.82=0.02 b
4 wears old 0.82=0.02 ab
Mean (=5E) 0.77=0.03
82 | year old 066=0.05a
2 years old 0.72=0.04a
3 years old 0.E2=0.02a
4 years old 0L84=0.02 2
Mean (=5E) 0.7a=0.04
Pl | year old 0.67=0.04a
2 years old 0.73=0.04 2
3 years old 0.76=0.08a
4 years old 0.75=0.07 a
Mean (=SE) 0.73=0.02
P2 | year old 0.6=0.07 a
2 years old 0.67=0.07a
3 years old 0.73=0.02 2
4 wears old 0.8=0.02 a
Mean (=5E) 0.70=0.04

Differences in mtios between differently aped twigs within each clone
were evaluated by Kruskal-Wallis test. Ape classes with the same letter
for each clone were not significantly different

Concentrations of elements

Concentrations of all analysed elements were generally
higher in bark than in wood (Table 1). There were only
several small exceptions to this pattern. For example, P
concentrations were slightly higher in wood than in bark
in the P2 clone in 1-, 2- and 4-year-old shoots.
Concentrations of Cu were higher in wood than in bark
n the 52 clone in |- and 2-year-old shoots and in the P2
clone in 2-year-old shoots.

When data from all clones were analysed together, concen-
trations of most analysed elements (P, K, Mg, Cd, Cu, Fe, Mn
and Zn) in wood and bark decreased with age, but a significant
decrease was recorded only in the case of P (R=—.63,
20001 in wood; R=—0.47, p=0.001 for bark), K (R=
—0.65, p<0.00]1 in wood; R=—0.29, p=0.026 in bark)
(Fig. la—d), Mg (R=—045, p=0.001 in wood; B=—026, p=
0.049 m bark), Cu (R=—0.66, p<0.001) in wood; Fe (R=
=043, p=0.001) in bark; and Zn (R=-0.36, p=0.00%) in
wood. Concentration of Ca decreased with age in wood, but
the opposite trend was recorded in bark (Fig. le, f).
Concentration of Pb was stable or exhibited a small increase

with age in wood, but a decreasing trend was recorded in bark
(Fig. lg. h).
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Table 3 Mean (=3E) dry matter weight and amount of B, K, Ca, Mg, Cd, Cu, Fe, Mn, Pb and Zn in wood, bark, and in wood and bark together in

ndividual plant
Clones 81 82 Pl P2
DMW (g plant™) Wood 4247=040 Ba 140,00=59.93 Aa IBLOT=T6.80 Aa T7.85=51.65 Aa
Bark I058=1.29 An 313221093 Aa 590.73=27.40 Ax 2502=14.78 Aa
Flant 530527702 1713257042 2 240.80=100.94a I02.E7=66.42 a
Removal P (mg plant™) Wood 6421=7.03 Ba 194 26=85.50 Aa 32273213149 Aa 12391=79.99 Aa
Bark 2859535 An 693922426 Aa 1352326417 An 472523026 Aa
Flant 9280=1227 a 26365210926 a 457.96=181.03a 17L16=11023 a
Removal K (mg plant™) Wood 6204=9 14 Aa 2139229505 Aa 450.60=206.74 Aa 164 12=110510 Aa
Bark 34522417 An 1311724981 Aa 34272214620 Aa 196.81=113.11 Aa
Plant 96.56=13.10a 1450914399 a B0232=338.89a 36093223 55
Removal Ca (mg plant™) Wood TOE6=12.06 Aa IZR.BE=14001 Aa 3995216125 Aa 211.76=130.98 Aa
Bark f541=11.24 Aa 43023214758 Aa 6486335979 Aa 22462=102.59 Aa
Flant 1362722148 a 7591128564 a [(4E [ 5=445 98 a 436.38=232 36 a
Remaoval Mg (mg plant™") Wood 14882239 Ba 16 M=1510Aa 639622634 Aa 3493=2] 85 Aa
Bark TAl=1.12 Aa IBo0=1421 Aa 12773573 Aa A0.79=21.10 Aa
Fant 2228=340a 749422907 a 136.73=5904 0 757224291 a
Remaoval Cd {mg plant™) Wood 2142024 Aa 5512219 Aa 309=1.08 Aa L77=1.13 Aa
Bark I A4=0.24 Aa 33I=1L12 Aa 265=1.17 Aa L19=0.73 Aa
Fant 378=047a BEI=311a 574=2.13a 296=1.86a
Remaoval Cu {mg plant™) Wood 0282004 Aa 1.42=0.63 Aa 1262054 Aa 058=0.39 Aa
Bark 0.16=0.04 Aa 0.32=0.10 Aa 072=0.30 Aa 023=0.13 Aa
Fant 044=0.07 a 1.74=0.72 a L98=0.82 a 0BI=0.52a
Removal Fe (mg plant™) Wood [.13=0.49 An 279111 An 278x1.06 An L31=0.94 Aa
Bark 044=0.08 Aa 1.75=0.76 Aa 293=1.30 Aa 0E0=0.54 Aa
Mant 1572049 a 454=1.86a 571230 a 21l=1.49a
Removal Mn (mg plant™") Wood 320=0.85 Ax 6.34=2.79 Aa 291=1.16 Aa 226=1.27 Aa
Bark LEI=0.48 Aa 3022130 Aa 219103 Aa 1532094 Aa
Fant 500=1.34a 936=4.06 a 510=190a 379=221a
Removal P {mg plant™) Wood 08E=0.13 Aa 2. 19=0.85 Aa 397=1.59 Ax LO9=01.68 Aa
Bark 081=0.19 Aa 2 832096 Aa 497=1.99 Aa 092=0.57 Aa
Fant 1.69=0.18a 502=1.79 a BE94=327a 200=1.25a
Removal Zn {mg plant™) Wood 1731285 Aa 4394=1783 Aa 2B95=11.18 Aa 1L14=7.13 Aa
Bark 13122246 An 2359=F.29 An 17.57=7.82 Aa H.59=4.42 Aa
Fant I043=528a 67.53=26.06a 46.52=1752a 17.73=11.55a

Dfferences between clones and wood and bark were evaluated by Kruskal-Wallis test. Clones with the same small letter wers not significantly different,
and wood and bark within the same clone and with the same capital letter were not significantly different Clone abbreviations are given in Table |

Removal of elements from the soil

With the exception of Ca and Mg, the amount of elements
removed by wood was generally higher than that removed
by bark (Table 3). With the exception of Cd, Mn and Zn, the
amount of removed elements increased in the order of 51 <P2
<52<P] and followed the order of biomass production. Salix
clones were charactensed by higher removal of Cd, Mn and
Zn compared to Populus clones,

With the exception of Zn, Cd and Mn, the amount of ele-
ments removed by harvested wood and bark per hectare was
highest for Pl and corresponded the most with biomass yield.

@ Springer

The highest amount of removed Cd, Mn and Zn was recorded
for clone 82 (Table 4.

Approximately 6070 % of Cd, Pb and Zn were removed
mn 3- and 4-year-old shoots, which represented 6 [-80 % of
whole shoot biomass (Table 5.

Results of principal component analysis

The first axis of the PCA of element concentrations and DM
biomass vield explained 55 % ofthe data vanability, while the
first two axes together explained 75 % (Fig. 2) The length and
direction of the vectors mdicate the strength of the vector
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Tabled4  Mean (=8E)dry matter vield of wood and bark and amount of B, K, Ca, Mg, Cd, Cu, Fe, Mn, Pb and Zn removed inharvested wood and bark

(30,769 plants ha™" minus muortality)

Clones St g2 Pl p2
DWW it ha™) Wood 0.82=0.24 Aa 3.89=1.90 Aa 444=1 92 Aa 222=1.64 Aa
Bark 0.20=0.06 Aa 0.56=0.36 Aa 142=0.60 Aa 070=0.47 Aa
Plant 1.02=031a 4752254 SE6=244a 292221l a
Bemoval P (kg ha™") Wood 1.16=0.30 Aa 541=2.71 Aa 7972338 Aa 351=2.54 Aa
Bark 0.54=0.16 Aa 1.90=0.81 Aa 318=1.36 Aa L33=0.96 Aa
Plant 1.70=0.46a 7.31=350a I1.15=4.38a 484=3 504
Removal K (kg ha™") Wood 1.20=0.36 Aa 5.94=3.00 Aa 11342532 Aa 469=3.50 Aa
Bark 0.66=0.21 Aa 362=1.63 Aa 8232327 Aa 548=3.04 Aa
Plant 1.86=0.57 a 9.56=4.60a 1957=8.27a 0 17=7. 142
Bemoval Ca (kg ha™") Wood 1.37=0.40 Aa 9152443 Aa 1002=4 38 Aa 599=4.17 Aa
Bark 1.31=047 Aa 11.76=4.90 Aa 1517=7.72 Aa G06=3.32 Aa
Plant 268=0.85a 209129274 25191020 a 12.05=747a
Bemoval Mg (kg ha™) Wood 0.29=0.09 An 1LO0=0.48 Aa 1.57=0.67 Aa 099=0.69 Aa
Bark 0.15=0.05 Aa 1L06=0.47 Aa 1.72=0.78 Aa L12=0.68 Aa
Plant 044=0114a 206=094 a 329=1.36a 211z1.37a
Bemoval Cd (g ha™) Wood 37342879 A 152 36=T70.01 Aa 76032771 Aa 50.11=35.88 Aa
Bark 20822776 Aa BO.62=37.66 Aa 6298=2535 An 332222327 Aa
Fant 67 16=16.54 a 241 98=107.71 a 13001=499] a 833359 12a
Bemoval Cu (g ha™) Wood 517=140 Aa 39.56=19.82 Aa 3099=1363 Aa 16.62=12.29 Aa
Bark 283=086 Aa B.76=3.51 An 17.17=6.66 Aa 6.39=4 27 Aa
Plant BO0=221a 483222316 a 48.16=19.57 a 2301165
Bemoval Fe (g ha™) Wood 2555=1548 An 76.76=3552 Aa HE09=26.46 Aa 37.96=29.64 An
Bark B3=230 49 48.05=24.56 Aa 6985=29.03 Aa 2297=17.19 Aa
Fant 33891678 a 124 B1=5988 a 1379425384 a 60.93=46 83 a
Removal Mn (g ha™) Wood 66, 16=2547 Aa 1793528741 Aa 729023115 Aa 63.00=4093 An
Bark 37.45214.55 A Bi42=4]44 An 51.86=21.85 Aa 432723016 Aa
Fant 103.61=40.06 a 2627712802 a 124 85=46.00 a 106927107 a
Removal Phig ha™") Woad 13991227 An 500222764 Aa OBA5=42.40 An 08721 .62 Aa
Bark 15172453 An 772323088 Aa 119054396 Aa 250221834 An
Plant 20 162669 a 1371525888 a 2177057976 a 56.70£3095 5
Bemoval Zn (g ha™) Wood 3B TO=ER.A0 An 1218.522571.20 An TIB222200.74 Aa J16.34=226 62 Aa
Buark 2494527372 Aa 645 602275 46 Aa 41625 168.00 Aa IB7.87=140.10 Aa
Fant 568.24=16220a 1864, 122844 93 g 1134472422 800 504.21=366.59a

Differences betwesn clones and wood and bark were svaluated by Kriskal-Wallis test. Clones with the same small letter wers not significantly different,
and wood and bark within the same clone and with the same capital letter were not significantly different Clone abbreviations ane given in Table |

effect and comelation between vectors. A long vector for a
particular vanable indicates that it greathy affected the results
of the anabyss, while the opposite is the case for a short vector.
For example, DM vield of biomass was clearly negatively
related to concentrations of all analysed elements, as their
vectors were directed into opposite parts of the diagram. The
concentration of Zn in plant biomass was positively correlated
with concentrations of Cd and Mn, as indicated by the angles
gmaller than 907 between the vectors for Zn and Cd or Mn.
Markers for wood (squares) are more abundant on the right
ade of the diagram and are clearly separated from markers for

bark (circles), which are located on the left side of the dia-
gram. This indicates higher yield of wood compared to bark
and lower concentrations of all elements in wood compared to
bark. The category of 3—d-vear-old wood (empty squares) was
characterised by the lowest concentrations of elements in
highest contrast to 1—2-year-old bark (filled circles) with the
highest concentrations. The second axis divides markers ac-
cording to genus (Pgpulus clones into the upper part of the
diagram and Safix clones into the bottom part). Salix clones,
especially 51, were characterised by higher concentrations of
Zn, Cd, Mn, P and Cu compared to Populus clones.
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Fig. 1 Relationship between concentration of elements (P, K, Ca and Pb) and age classes. a, ¢, ¢, gwood and b, d, f, h bark over all clones (S1, 82, PI
and P2) together
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Tables  Share(in %) of |-, 2-, 3- and 4year-old shoots (=8E) on total shoot vield and amount of removed P, K, Ca, Mg, Cd, Cu, Fe, Mn, Pband Zn

Varable Age shoots Clones
&l 82 Pl P2
Dry biomass (%) | vear-old shoots 122228 ABa 12.7=1.6 Aa 230=34 Aa 17813 Aa
2year-old shoots B0=1.8 ABa 17.825.8 Aa 12.527.3 Aa 20.5=2.3 ABa
3year-old shoots 31.5=6.6 ABa 12.6=9.3 Aa I0E=174 A0 359=33 Ba
Loyear-old shoots 48.2=10.5Ba 36.9=8.0 Aa 3372213 Aa 259=1.5 ABa
P (%) l-vear-old shoots 16.2229 ABa 16.9=1.4 Aa 277254 Aa 279219 Aa
2oyear-old shoots 10.7=1.6 Aa M A=f.5 Aa 139276 Aa 225229 Aa
3year-old shoots 124249 ABa 3.0=82 Aa 297z173Aa 207=1.8 Aa
Loyvear-old shoots 40.6=7.8 Ba X 5=f4 Aa 2EB=195Aa 199=1.5 Aa
E (%) lavear-old shoots 16.5=34 ABa 200523 Aa 2R1=32 Aa 26.9=1.5 Aa
2oyear-old shoots 10.8=24 Aa 21.9=6.4 Aa 132286 Aa 21.8=1.2 Aa
3year-old shoots W.2=55ABa 30.7=6.5 Aa 291153 Aa 314233 Aa
Lovear-old shoots 4252103 Ba 274251 Aa 2062207 Aa 199=1.5 Aa
Ca (1) lvear-old shoots 13.2=44 Aa IB.0=38 Aa 220=0.9 Aa 20,3203 Aa
2oyear-old shoots 10.0=28 Aa IR.B=6.2 An 150299 Aa 209=1.7 Aa
3year-old shoots 28.526.7 Aa 31,3257 Aa 291=132 A 342228 Aa
Lovear-old shoots 483121 Aa 12.0=47 Aa 3392241 Aa 245227 Aa
Mg (%) l-vear-old shoots 143237 ABa 193229 Aa 284209 Aa 26.9=0.9 ABa
2ovear-old shoots 104227 Aa 200262 Aa 12.729.0 Aa 228=1.2 ABa
Jvear-old shoots 3.9=63 ABa 12.6=59 Aa 281131 Aa 30.8=20 Ba
Lovear-old shoots 4432114 Ba 2R2=43 Aa 3082230 Aa 195222 Aa
Cd (%40) lvear-old shoots 149=30ABa 16.3=21.7 Aa 300222 Aa 216212 Aa
Z2avear-old shoots 99=1.5 Aa N O9=f8 Aa 15.6=7.5 Aa 210223 Aa
3vear-old shoots 311.9=57 ABa 30,7282 Aa 252=z148 Aa 343228 Aa
Lovear-old shoots 432286 Ba X 2=6.6 Aa 2022201 Aa 230=1.8 Aa
Cu (%) lvear-old shoots 18.6=3.4 Aa 19.0=24 Aa 31.8z4.1 Aa 30.1=1.8 Aa
Zovear-old shoots 10.2=1.1 Aa X 4=6.0Aa 133272 Aa 20123 Aa
3vear-old shoots 31.6=4.0 Ba X 6=T.0 Aa 274=160Aa 26.5=1.3 Aa
Lovear-old shoots 10.6=7.6 Ba X 0=6.7 Aa 2952191 Aa 223225 Aa
Fe (%1) lvear-old shoots 17.224.9 Aa 211231 Aa 2B0=42 Aa 26743 Aa
Z2avear-old shoots I1.5=1.5 Aa MO=T1 Aa 152282 Aa 19924 Aa
3vear-old shoots 28.5=7.0 Aa X 1=69 Aa 273z170Aa 272240 Aa
Lovear-old shoots 428130 Aa 200=9.1 Aa 206=21.0Aa 26.3=7.3 Aa
Mn (%4) I-year-old shoots 14337 ABa IR4=25 Aa 303258 Aa 250=2.0 Aa
Z2oyear-old shoots 10.5=1.6 Aa 262274 Aa 145273 Aa 220223 Aa
3vear-old shoots 12 8=55ABa 2R.5=64 Aa 2762173 Aa 30.0=1.7 Aa
Lovear-old shoots 424293 Ba 269252 Aa 277189 Aa 22R=2.7 Aa
Pb (4] I-year-old shoots 122235 Aa 14.7=1.2 Aa 07124 Aa 18 7=1.0 Aa
Zovear-old shoots 108220 Aa 216271 Aa 16.8=8.3 Aa 233221 ABa
Jyear-old shoots 332263 Aa 33,8284 Aa 263189 Aa 32,5223 Ba
4ovear-old shoots 43.8=9.6 Aa 20.Ex50Aa 2622149 Aa 255=1.9 ABa
Zn (%) l-vear-old shoots 16.4=3,1 ABa 1B.9=2.6 Aa 2B.5=4.0 Aa 257=1.7 Aa
Zovear-old shoots 12.0=1.7 Aa 257274 Aa 154=8.3 Aa 222227 Aa
Jyear-old shoots 12.6=50ABa 292279 Aa 2762156 Aa 30.8=2.0 Aa
4ovear-old shoots 39.0=7.5 Ba 2254 Aa 2552199 Aa 21.3=1.7 Aa

Differences between clones and ape classes of shoots were evaluated by Kmiskal-Wallis test. Clones with the same small letter were not significantly
different and age classzs within the same clone and with the same capital letter wers not significantly different, Clone abbreviations are given in Table |
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Fig. 2 Ordination diagmm showing results of PCA of dry matter yvizld of
wood and bark per plant (DMW) and concentrations of elements in wood
and bark (based on data provided in Table 1) 57 (Safic sofwertni =
8 viminglis) = 8 viminalis, §2 8 smithianag, PI Populus macimawiczii=

£ nigra, P2 P nigra

The first axis of the PCA analysis of removed elements and
DM biomass yvield per plant explamed 5 %; and the first two
axes together 92 %, of the data vanability (Fig. 3). DM weight
of biomass was clearly positively correlated with amount of

o P ——
— elorm 81, hark:
W clone 52, weocd
@ clone 53, bark
W clone P, weaoosd
il clonm P11, hark
B cicen P2 wood
il clone P2, Bark

<
"

-1.0 1.0
Fig. 3 Ordination diagmm showing results of PCA of dry matter vield of
wond together with bark per plant {DMW) and amount of elements re-
moved by wood and bark (hased on data provided in Table 3). 87 (Salix
schwerinii * 8 viminalis) = 8§ viminalis, 82 8 smithiana, P Populus
maeimowiczii = P nigra, P2 B nigra
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removed elements, as all vectors were directed into the same
part of the diagram. The second axis divided clones into Salix
i the upper part of the diagram and Pepulus i the bottom
part.

On the left side of the diagram, there are markers for clones
with low vield of biomass and, therefore, also with less re-
moval of elements, as was the case of the 511 clone. The
ordination diagram clearly indicates a large positive effect of
biormass yvield on removal of elements.

Remediation factors

Remediation factors for Salix clones 81 and 82 were (.24 and
0.85 % for Cd, 0.001 and 0.003 % for Pb and 0.08 and 0.15 %
for Zn, respectively. Remediation factors for Populus clones
Pl and P2 were 0.49 and 0.29 % for Cd, 0.005% and 0.001 %%
for Pb and 0.15 and 0.07 % for Zn, respectively.

Diseussion
Biomass yield and mortality

Although all tested clones were able to grow on moderately
contaminated soil, the most productive with the lowest mor-
talities were Pl and 52 clones in the first 4 years of the
experiment. The Pl and 52 clones were listed among the
most productive clones in the Czech Republic by Weger
(2009 and Weger and Bubenik (2011} with P1 the most used
clone for short-rotation coppices in the Czech Republic. For
these clones, average yvields ranging from 6—18 t DM ha™ are
typical at optimal, unpolluted stands with different rotation
engths. The estimated yields of clones in our experiment
mnged from 0.8 (3] )to 7.4 t DM ha™' (P13 the first harvest
performed 4 years after establishment of the experiment. Such
yields are low compared to data published by other authors.
For example, Fortier et al. (2010) observed yield amounts of
12t DM ha™ year™ of the hybrid P maximowiczii= P nigra
clone WMG6 (the same parentage as Pl used in this studv) on a
highly fertile riparian buffer strip (G-year rotation). For clone
582, Tlustos et al. (2007) quoted yields of 2-5 t DM
ha™' year™' (first rotation). Laureysens et al. (2004b) pub-
lished that clone P2 achieved almost 9 t DM ha™ year™ on
a former waste disposal site moderately polluted by RE. Sevel
et al. (2014}, using clone 51, recorded vield amounts ranging
from 8.7 to 11.9 t ha™' year™, depending on the fertiliser
application regime. It is important to note that biomass yield
of the first harvest was approximately 30 % of biomass yield
from the following harvests (Havliékova et al. 2010). For
example, Pulford et al. (2002), using clone Tora (similar to
S1), recorded only 0.09 t ha™ yield after the first year of
@owth on heavily contarminated soil. Soil at our site was also
poor in plant-available P, which may contribute to low yield
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and explain the favourable response of most clones to sewage
dudge application (personal communication). Long-term
measurements throughout several rotations are necessary to
properly assess yield potental of a given clone (Weger and
Bubenik 20113 Obviously, yields are highly dependent not
only on the clone but also on the level of soil contamination,
nutrient and water availahilities, climate conditions and weed
infestation.

The relatively high mortality of plants was probably the
result of the high density of planting, which caused consider-
gble self-thinning. Typical planting densities used by other
authors range from 6000 o 12,000 for poplar clones and
G000-15.,000 for willow clones (Haviickova et al. 2010). We
used a high density of planting because of the low competition
of small plants during early years of the experiment, increased
competitive ability of small plants agamst weeds under a
higher density of planting and continuous collection of bio-
mass samples for expenimental purposes.

Biomass vield increased with shoot age in our experiment,
which i1s in agreement with results by Maxted et al. (2007),
who recorded much higher annual biomass merements in 3-
year-old shoots compared to 1-year-old shoots of tested wil-
low clones. Because the maximum mean amnual increment for
poplars never occurs before the fifth vear, rotations exceeding
this period are recommended (Kauter et al. 2003). However, in
practice, 2—f-year-long rotations are most common, due to
economic reasons (1.e. harvest costs, etc.). In willows, the
optimal rotations are somewhat lower. The proportion of bark
of the total biomass was lower in tested willows compared to
poplars. The mean proportion of bark oftotal biomass (~30 %)
and decrease in the proportion of bark with age agree with
results of other authors (Laureysens et al. 200%5; Maxted
et al. 20077,

Concentrations of elements

Concentrations of all analysed elements were generally higher
in bark compared to wood, which is in agreement with other
authors (Laureysens et al. 2005; Maxted et al. 2007}y There
were only several minor exceptions. Concentrations of P and
Cu in the wood were slightly higher than in the bark of clones
P2 and 52. Similar results were reported by Pulford et al.
(2002), who found a group of willows with lower concentra-
tions of Wi and Cu in the bark compared to the wood in clones
with good survival rates and biomass production.

The concentrations of most elements (P, K, Mg, Cd, Cu, Fe,
Mn and Zn) in the wood and bark decreased with age of
shoots. A decrease in concentrations of elements in shoots
with age 15 commonly explamed by the fact that a decrease
in the proportion of element-rich bark 1s associated with an
increase in the proportion of element-poor wood with age
(Sander and Ericsson 1998). Since we separated wood and
bark and analysed them separately, we revealed that a decrease

in concentrations of elements with age 15 associated not only
with the change of barkwood proportion but also with a de-
crease n concentrations of elements in both wood and bark.
Higher concentrations of elements in the younger compared to
older shoots can be explamed by the dilution effect; the dilu-
tion of elements in the younger shoots is lower than in older
ones, since younger shoots have much lower amounts of bio-
mass. The exceptions in our study were Ca in bark and Pb in
wood, which slightly increased with age. Increase of Ca con-
centration with age is a common feature also reported by other
authors (Laureysens et al. 2005) and can be explained by low
mobility of Ca in plants. Smece plants cannot redistribute Ca
efficiently over long distances, Ca absorbed by roots and
transported through the xylem 1s largely utilised or seques-
ered locally. Most of the Ca absorbed by plants is found in
the cell walls, where Ca”" plays a role in strengthening the
wall by cross-linking the carboxyl groups of the pectic poly=-
mers (Gilroy et al. 1993). Also, Pb has low mobility and was
found to accumulate mamly in roots with good affinity to
glacturonic acid, the main component of two pectin domains,
homogalacturonan and rhamnogalacturonan (Polec-Pawlak
et al. 2007).

Each clone accumulated elements in different pattemns.
Cenerally, the clones of willows, particularly clone 51, had
higher concentrations of Zn, Cd, Mn, P and Cu than poplar
clones, and conversely, poplar clone P1 accumulated more Pb.
This 15 consistent with results of Fischerova et al. (2006), and
gnotype seems to have profound effects on accumulation
abilities for different elements,

Removal of elements

Based on our results, efficiency of phytoextraction for many
elements is driven to a large extent by biomass yvield, followed
by the concentrations of elements, in the biomass. Similar
results also were presented by Komarek et al. (2008) and
Laureysens et al. (2004a). Despite higher concentrations of
elements in bark compared to wood, bark quantity is substan-
tially lower compared to wood, and thus, the bark 1s not as
gpnificant for removal of elements from the soil (with the
exception of Ca and Mg). The removal of elements from the
soil by clones increased in the order of 51 <P2<52<P1, and
this is the order of biomass production. The exceptions only
mcluded Cd, Mn and Zn, which were removed more by
willows than by poplars (32=P1, 51 =P2), due to very high
concentrations of these elements in willow clones. It must be
noted that biomass production of clones can change during
ollowing years, and the order of clones according to biomass
production durng the first 4 years of plantmg may be different
m following years. Higher proportions of elements were re-
moved by 3- and d-year-old shoots than by yvounger shoots,
particularly in willows. The most effective remediation strat-
egy therefore seems to be longer cutting frequency, at least
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3 years or probably more, due to the higher accumulation of
biomass in several-year-old shoots.

The higher concentrations of RE in young, fast-
growing tree stands also may create a health nsk via
contamination of game meat If not fenced, twigs or
bark of willows (and, to a lesser extent, of poplars)
are common components of winter diets of large herbi-
vores (Hejecman et al. 2014). In our experimental field,
we recorded intensive browsing of plants by roe deer
during the first season, before fencing the area.

Remediation factors

Observed RF in our study was very low compared to the RF in
pot expenments with the same willow and poplar clones
VyslouZilova et al. 2003a; Komarek et al. 2008) but was
similar to RF (0.13 % for Cd and 0.29 % for Zn) found in a
field study on moderately polluted soil by Jensen et al. (2009).
Schmidt (2003) reported that plants grown in pots absorb a
higher amount of heavy metals than in natural conditions. In
field experniments, we can assume only 20 % RF compared to
controlled pot experiments. Also, Dickinson and Pulford
(2005) descnbed the difference between theoretical calcula-
tions and real results from field experiments. There are several
reasons for different results: (1) the roots of plants intentional by
avoid the centre of contamination, (i) part of removed RE is
stored in the leaves that fall off and are not harvested, and (11}
concentrations of Cd and other elements are almost abways
ggnificantly higher in the roots than in above-ground tissues,
and the roots are not harvested until plantation termination.

There are several techniques designed for processing of
contaminated biomass, Mmka et al. (2011) recommended
the application of contaminated biomass with Pb as an addi-
tional fuel m the furmaces m smelters. 5}1: et al. (2012} also
stated incineration of biomass as one of the best ways to pro-
cess contaminated biomass, because most of RE remain
bound in ashes. Contaminated biomass can be processed by
pyrolysis, which results in formation of biochar, Biochar can
be applied into the soil as a stable soil additve with ability to
bind contaminants in the soil (Brendova et al. 201 5).

Conclusions

All clones were able to easily grow on moderately contami-
nated soil. The most productive ones with the lowest mortality
were Pl and 52 clones in the first 4 years of the experiment.
Biomass vield and wood'bark ratio increased with the age of
the shoots. Conversely, concentrations of most elements de-
creased with the age of the shoots and were generally higher in
the bark than in the wood.

Biomass yield seems to be more important for
phytoextraction than concentration of RE in plant biomass.

@ Springer

The removal of most elements (including Ph) from the soil
by clones increased in the order of 51 <P2<52<P], which is
n agreement with biomass production. From the point of view
of phytoextraction, longer rotations seem to be more effective.
Cd, Mn and Zn were removed in higher extent by willows
than by poplars (S2=P1, 51=P2), and therefore, 52 clone
seems to be the best candidate for phytoextraction on moder-
ately contaminated soil with these RE.
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Abstract Fast-growmng clones of Salix and Populus species
have been studied for phytoremediation of soils contaminated
by risk elements (REs) using short-rotation coppice planta-
tions. Biomass yvield, accumulation and removal of RE (Cd,
Pb and Zn) by highly productive willow (81—(Salix
schwerinii ® Salix viminalis) = 8 viminalis, 82—38alix =
gmithiana) and poplar (Pl—Populus maximowiczii =
Populus nigra, P2—P nigra) clones were investigated with
and without sewage sludge (55) application. The precise field
experiment was established in April 2008 on moderately Cd-,
Pb- and Zn-contaminated soil. Initially, shoots were harvested
after four seasons in February 2012 and then after two more
seasons in February 2014, The application of 88 limited plant
growth during the first vears of the experiment in the majority
of treatments, mamly due to weed competition and higher
concentrations of available soil nutrients causing lower yields
than those of control (C) treatments. Well-developed roots
were able to take advantage of 55 applications, and shoot
vield was mainly higher in 85 treatments in the second har-
vest, reaching up to 15 t dry matter (DM)ha™. Willows
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performed better than poplars. Application of 88 reduced
RE shoot concentrations compared to the C treatment. The
removal of RE was significantly higher in the second harvest
for all clones and elements (except the P2 clone), and the
biomass yield was the major dnving force for the amount of
RE removed by shoots. Well-developed plantations of fast-
growing trees showed better suitability for the phytoextraction
of moderately contaminated soils for Cd and partly for Zn but
not for Pb, which was less available to plants. From the four
tested clones, 32 showed the best removal of Cd (up to
0.94 %) and Zn (up to 0.34 %) of the total soil element con-
tent, respectively, and this clone 1s a good candidate for
phytoextraction. 55 can be a suitable source of nutrients for
Salix clones without any threat to the food chain in terms of
biormass contamination, but its application to the soil can re-
sult in an mcreased incidence of some weeds durng the first
years of plantation.

Keywords Cadmium - Lead - Populus spp. - Salix spp. -
Sewage sludge - Zinc

Introduction

Sustainable use of environmentally friendly remediation
methods of contaminated sites 15 among the major environ-
mental issues [ 1]. Therefore, the interest in use of suitable
methods to decontaminate soils is still increasing [2].
Phytoextraction, removing RE from the soil by ther accumu-
hltion in plant tissues, is a very challenging technigue [3].
Many plant species have been tested for their ability to accu-
mulate elements in their aboveground biomass. According to
Pulford and Dickinson [4] and also from our previous experi-
ence [5=T7], the plants suitable for phytoextraction of metals
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are fast-growing trees; mainly species of willows and poplars
perform well in medium and moderately contaminated soils
[E]. Ther advantages include ther ability to accumulate and
translocate metals to the aenal parts, fast growth and extended
root systems [9]. Willows and poplars have the added advan-
tage of producing biomass that can be used for energy pro-
duction [4].

Phytoextraction potential of Salix and Populus clones has
been tested, for example, using hydroponic screening [10].
Also, the results of pot experiments with Cambisol moderately
contaminated with RE (5.46 mg Cd kg™', 956 mg Pb kg™,
279 mg Zn kg~ ') revealed that Salix clones are able to accu-
mulate Cd and Zn well (Salix dasyclados, 41 mg Cd l-:g",
591 mg Zn l-:g"}, whereas Populus clones prefer to accumu-
late more Ph (Populus trichocarpa, 17.3 mg Pb kg™ ) than do
Salix clones. Remediation factors (RFs) of these clones were
comparable to hyperaccumulators [7]. Evaluation of
phytoextraction effectiveness 15 usually based on the results
of pot and laboratory expenments, but due to long plant stands
at a specific site and unlimited root growth, it is vital to test
plants in field conditions within a longer period of time on a
global scale. Maxted et al. [11] performed field experiments
with Salix clones. The best Salix clones removed within
4 years 15-20 % of the available Cd content in soil.
Laureysens et al. [12] carmried out field expenments with
Papulus clones on slightly contaminated soil. The best reme-
diation efficiency was shown with clones with high numbers
of shoots and with high ability of Cd and Zn accumulation.
VyslouZilova et al. [5] confirmed in pot experiments the
phytoextraction potential of clones in moderately contaminat-
ed soil (RF for Cd=20 % and for Zn=4 %), but on heawily
contaminated soil, the RF for Zn was less than | %% In this
context, the methods of RE immobilisation in the soil are
tested to decrease RE concentration in the soil solution and,
subsequently, to decrease the phytotoxic effect of the extreme
soil RE contents. The correct choice of the suitable RE immo-
bilisation agent is a crucial point of the successful remediation
of such a soil.

Disposal of 55 poses a senous threat to our environment. 1t
is assumed that the amount of 55 produced in Europe will
mcrease in the near future, mainly due to increasing demands
for quality of clean sewage water [13]. At present, there is
growing pressure to minimise or forbid landfilling of 85;
therefore, there are mainly two ways of its disposal: applica-
tion on agricultural land and incineration. In economic terms,
the application of 88 onto the soil is considered to be an
advantageous method due to the significant portion of nutrient
recycling. However, this solution involves severe risks with
mspect to the occurrence of organic and Inorganic contarmi-
nants, mamnly some pathogens and RE present in the sludge.
Both organic and inorganic contaminants could be accumulat-
ed in the soil, taken up by plants and thereby transferred to
humans via the food chain [14] On the other hand, the
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gpplication of 58 has a positive effect on soil fertility and its
physical characteristics, such as increasing porosity of the soil
and stability of soil aggregates [15], and the sludge 15 a good
source of N, P and other nutrients. Application of organic
fertilisers can decrease mobility and availability of these ele-
ments to plants, especially for Cu [16, 17]less for Pb and Cd
[L& 19]; conversely, Zn mobility can be increased [18, 19].
Thus, 55 can be a significant source of organic matter for
potential RE immobilisation. However, the application of 5%
can result in the addition of the toxic organic and inorganic
compounds into soil together with the ferhilisation effect [20].
Chaney et al. [2]] proved that organic fertilisation and other
agronomic activities (e.g., liming) can limit RE uptake by
plants. Behaviour of RE in the sludge-treated soil and their
plant uptake are difficult to generalise because they are strong-
Iy dependent on the nature of the metal, sludge, soil properties
and crop planted [22].

At our experimental location, the amounts of most RE in
contaminated soils are much higher (with the exception of Zn)
than the obvious contents of the RE in 85. Therefore, the
gpplication of local 88 should not increase the soil contamni-
nation but rather should dilute the soil RE content and enrich it
with nuirients. Investigation of 55 application has not been
studied under the mentioned conditions o far, but 55 amend-
ment can help plants develop higher biomass amounts and
close a loop of on-site safe recycling and utlisation of 88,
The application of 58 for biomass production can also reduce
total cost of remediation and 55 utilisation.

In our field study, the biomass production and
phytoremediation potential of four clones of fast-growing
frees were investigated as follows:

(1) Clone (Safix schwerinii * Salix viminalis) = 8 viminalis,
called Tordis S8W 960200, belongs among the registered
varnieties of ‘Swedish willows®, which were mostly hy-
brids of & viminalis [23]. Clone Tordis achieved high
biomass yields [24, 25] and responded positively to the
application of different fertilisers containing N [25].
Clone Tordis was tested for phytoextraction of As, Cd,
Pb and Zn in field conditions at project KBBE-266124
[26]and inthe study of Zarubova etal. [27] (only for Cd,
Pb and Zn), in which this clone achieved high concentra-
tions of Cd (148-171 mg kg™" n bark, 50-73 mg kg™ in
wood) and especially Zn (11041388 mg kg™' in bark,
338-723 mg l-:g'I n wood) but very low biomass vield
(0.26 t DM ha™ year™).

(1) Clone Salix ® smithiana, 5-21 ¥ 15 a spontaneous hybnd
of 8 viminalis and Salix caprea [28] and is among the
best-performing clones in the Czech Republic. This
clone reached biomass yields of more than

14 t ha™ year™' [29]. Simultanecusly, the S-218 clone
demonstrated a high ability to accumulate Cd
(76.8 mg kg™ n leaves, 41.9 mg kg™ in twigs) and Zn
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(2105 mg kg™ m leaves, 592 mg kg™ n twigs) in pot
experiments in soil with an addition of 100 mg Cd kg™,
2000 mg Pb kg™ and 2000 mg Zn kg™' [6]. Also, in the
pot expermment [28], clones of 5. smithiana (S-21¥ and
5-150) demonstrated higher phytoremediation potential
compared to the remaining ones, where 3-2 18 and 5- 150
clones were characterised by the highest biomass yield
(up to 15t DM ha™ year™).

Clone Populus nigra = Populus maximowiczii, 1105 15
among the most productive clones in the
Czech Republic, according to Weger [30] and Weger
and Bubenik [31]. Hybrid P. nigra = P maximowiczii,
tested by [ 7], was able to accumulate Cd (17.3 mg l-:g"}l,
Zn (344 mg kg™") and especially Pb(16.7mgkg™"). For
this clone, the Pb RF was 0.025 % higher than for
hyperaccumulating plants. However, according to
Komarek et al. [32], this hybnd 1s not suitable for reme-
diation of moderately and highly contaminated soils
{4.86 mg Cd kg~', 1360 mg Pb kg™', 266 mg
Zn kg™') because the RF for Pb was only 0.02 %.
Clone P nigra, Wolterson was tested in a field experi-
ment on a former waste disposal site slightly polluted by
RE (0.4-0.8 mg Cd kg™', 39-52 mg Pb kg™', 103~
161 mg Zn kg™' [33]) for biomass production and for
accumulation of RE m studies by [12]. In this study,
clone Wolterson was among clones with the best reme-
diation potential (removed 47 g Cd ha™ and 2400 g
Zn ha™' during 2 vears in a second rotation) and with
best biomass yield (9 t DM ha™' year™).

(i)

(v}

The main ohjectives of the study were (1) to evaluate the
potential immobilisation effects of S5 application on plant
growth and/or RE uptake and (1) to compare the RE (Cd, Ph
and Zn) phytoremediation efficiency of individual willow and
poplar clones.

Materials and Methods
Study Site and Field Experiment

The field experiment was established in April 2008 on
multi-RE (mostly Cd, Pb and Zn)-contaminated agncultur-
al soil in Podlesi (49° 427 24" N, 137 58 32" E), near the
town of Pfibram, 58 km south of Prague. The altitude of
the study site 1s 500 m above sea level, with a mean annual
precipitation of 700 mm and mean annual temperature of
6.5 °C. On this expenimental area were 64 rows (expern-
mental units) [34], each row contained one clone and one
treatment. Each row was 7.5% 1.3 m, and the intra-row
distance among plants was .25 m. Experimental units
were arranged in a split-plot randomisation. Treatments
[control (C) and sewage sludge (58)] were whole plots

arranged in a completely randomised design with eight
eplicates. Each whole plot contained four sub-plots, cor-
esponding to two Salix aud two Populus clones [34].

Two promising Salix clones, allochthonous (8 schwerinii
® & viminalis) x 5 viminalis) hybnd Tordis and autochtho-
nous S, * smithiana clone 5-21 8 (hereafter denoted 51 and 52,
respectively), were selected. Among Populus clones, we se-
lected the most widely planted hybrid clone in the
Czech Republic, P maximowiczii ®* P nigra J=105, also
knovwn as Max-4, as well as P nigra clone Wolterson (hereaf-
ter denoted P1 and P2, respectively). These clones were
grown in contaminated soil (especially Cd, Pb and Zn) in
the C treatments and in treatrments with the application of 35,

The soil type 15 a weakly acidic modal Cambisol, with a
cation exchange capacity of 166 mmolg. l-:g", Corg 0f 4.1 %,
C/Nratio of 9, humus hornzon thickness of 26 cm and =01l bulk
density of 1.35 1t m™. The mean scil PHizg 15 5.66 and pHyq
5.27. Pseudo-total (Agua regin-soluble) concentrations of ele-
ments in the soil are as follows: 7.3 mg Cd kg", 218 mg
Zn kg™ and 1368 mg Pb kg™ [27]. Czech legislation limits
for pseudo-total concentrations of elements in agriculural soils
are 1.0, 140 and 200 mg l-:g" of Cd, Pb and Zn, respectively
[35]. Plant-available Mehlich 111 [36 ] concentrations of B, K, Ca
and Mg in the top horizon were 14, 84, 4441 and 324 mg kg™,
respectively. Plant=available concentrations of Cd, Pb and Zn in
the top horizon were 4,92, 705 and 37 mg kg™, respectively,
determined in Mehlich 111 [36], as well.

Application of Sewage Sludge

Fresh S5 was applied to all 32 experimental units of the 55
treatrnent for the first ime n Aprnl 2008 before planting of
willow and poplar clones at rate 7.5 kg m™, and a second
application was done in May 2012 at rate 3.5 kg m™. 58 was
ploughed into the soil immediately after application. The main
charactenistics of the both sludges are summansed in Table 1.

Harvesting of Plant Material

Shoots of cuttings were harvested in February 2012 after four
vegetative seasons and again in February 2014 after the next

two seaszons, The shoots were cut 20 cm above the sml sur-
face. Harvested shoots were dried at 60 °C and weighed.

Laboratory Analyses

Dry biomass samples were ground using a stainless steel
Retsch friction mill (Retsch, Haan, Germany; particle size
(1 mm). The total concentrations of elements 1n the biomass
of shoots were determined using inductively coupled plasma
with optical emission spectroscopy (ICP-0ES; VARIAN
VistaPro, Australia), where dry ashing procedures [37] were
applied for sample decomposition.
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Table 1 Dry matter content (DM), concentmtion (in DM and amount of elements applied by sewape sludge in 2008 and 2012

Sewape sludge DM (%40) M P K Ca Mg Cd Pb Zn

2008 Contant (mg kg_l] 12 40,800 7950 2602 17,484 4053 29 102 913
Rate (kg ha™") 367 71 23 157 36 0.03 092 g

Az Content (mg kg™) 18 51,200 10,531 BE21 R348 2126 210 46 571
Rate (kg ha™") 323 1 54 53 13 0.01 029 4

Remediation Factor

Phytoextraction potential of the examined clones was
expressed as an RF per cent, which indicates the proportion
of elements removed by harvested biomass from the total
contents of elements at the site. The RF was calculated as
follows (10

C;bn.rﬂ-w;bm

RFI: EFE:I = C.uj'." H,.".mi"

100 i)
where Cpig 18 the concentration of a metal in the plant dry
biomass (gt ']l, DM oy the dry matter plant biomass yield (t),
it the total concentration of the metal in soil (gt ']I and W
the amount of =oil in the top horizon (t ha™ ']l, maodified accord-
mg to Komarek et al. [32].

Data Analyses

All statistical analyses were performed using the Statistica
10,0 (www.statsoft.com) and CANOCO 5 [38] programs.
All data were checked for homogeneity of variance and
normality (Levene and Shapiro—Wilk tests). Collected data
did not meet assumptions for the use of analysis of vanance
(ANOVA) and were thus evaluated by the non-parametric
Kruskal-Wallis test. Principal component analysis (PCA), in
the Canoco 5 program, was applied to all collected data to-
gether (concentrations of elements in plants as well as biomass
yvield). We used the standardisation of species data because
data of a different character were analysed together. The re-
sults were visualised in the form of a bi-plot ordination dia-
gram in the CanoDraw program 5. The PCA is a multivariate
method, useful for data presentation, because of overview
formation over the correlations among all the analysed data
and because of showing general trends visible in one ordina-
tion diagram.

Results
Biomass Yield and Mortality
With the exception ofthe 5] clone, biomass vield was higher

in the C than in all 35 treatments in the first harvest in 2012
(Tables 2 and 3). Inthe C treatment, the mean yield decreased
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in the order of Pl = 82 > P2 % 51 clones, whereas in the 85
reatment, the vield decreased in the order of S2 = P1 = 51 =
P2 clones calculated per plant. The order was changed to 52 =
51 = P1 = P2 if the mortality was included into the calculation,
and results were expressed on a per hectare basis (Table 4).

With the exception of the P2 clone in the C treatment,
biomass vield in 2014 was substantially higher than in 2012,
n which higher biomass yield was recorded in the 55 com-
pared to the C treatment (with the exception of the P1 clone).
In 2014, the biomass yvield inthe C treatment decreased in the
arder of P1 = 32> 51 » P2 clones and in the 55 treatment 52 =
51 = Pl » P2. No changes in the clone order were observed
after recalculation of the vield per hectare (Table 4). Biomass
yield adversely comesponded with the plant mortality. In the C
reatment, mortality increased in the order of P1 (15 %) < 82
(23 %)= P2 (25%) =51 (48 %) clones and in the 55 treatment
increased mn the order of 82 (40 %)< 81 (41 %)< P1 (50 %) <
P2 (5] %) clones m the second harvest.

Concentrations of Elements

In 2012, the concentration of RE in shoots was higher in C
reatments than in S5 treatments (with the exception of the P2
clone with higher Zn concentration in the 85 compared to the
Ctreatrment). In the first harvest, the highest Cd and Zn con-
centrations were recorded in the S1 clone in the C treatment,
and the highest Pb concentration was recorded inthe P clone
mn the C treatment, where the higher RE contents were mainly
associated with the lowest biomass yield (Table 2). A similar
pattern was observed in 2014, In 2014, however, in the 88
treatment, the concentration of Ph was lower than in 2012
(with the exception of the P1 clone). In 2014, concentrations
of Pb in clones §1 and 52 were higher in the 55 than in the C
reatment { Table 2). Thus, the results showed a higher effect of
clone rather than 58 application on the concentrations of in-
vestigated RE.

Removal of Elements from the Soil

In 2012, the removal of Cd and Zn per plant in the C treatment
was the highest for clone 52 and in the 58 treatment for clone
51, and the remaining clones decreased in the order of 82> P
= P2, Removal of Pb per plant by clones harvested in the C
reatment decreased inthe order of Pl > 82> P2 =51, and this
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Table 2 Mean (=5E) standing
hi_um H.I'Id mngrnmti_.ung uf' 1lnjt;ﬂ.'l'lv!l..h lf TI.ITE Tﬁ-ﬂ'l'l'lfl'lt Cl.L'II'ICE
elements {Cd, Pband Zn}in
shoots (wood + bark) of Salix 51 52 Pl P2
(51— 8§ sohwerinii =
8 viminalis) ® § viminalis, Drv biomass 2002 C IR E=6.9% 132 = g9 197=4345"  p=2g | AEe
=1
82—8& smithigna) and Papulus (g plant™) 23 97 422208 119222 9% [0R=13.6%  Sp4=124™
(P1—F mximowricsii % I} wigrs, N4 C RS IRIN GR2 1370 5412 104%  TI22166
P2—F nigra) clones gmown in u - s an
contral {C) and in sewage sludg: ] Slh= 358 TIS =203 495118 148=15.8
(58] treutments Cdimgkg ) 2012 C 55=6.53% 444279 mpz20* 2532336
5% 482=5.175 329227850 gzo | gt 25 = g0
2004 C 26,7=1.99%  zao| 5185 | opgRe 14.4= 1 6348
88 24,1228 19.8=2.560 Ra3=146 137280
Pbimgkg™ 2012 C 2R.B=4.02%0 245=3.57M =289 195=3.20%
5% 23,1=2.79% A=207Y 2272223 194=) 2
2014 C 148209742 144=1.28% 27322749 jg9x1.74M
5% 1642127488 187224288 240200492 51z .04™
Znimgkg™y 2012 C S0n=66.258 a3=ageft aT=238M ggon) gt
s 457 =42 580 WE=24.458% 7521440 174 15,74
W4 C 28] 22480 187 = 1682 15=7.81% 120 14,34
8% 224216459 18l =22 7482 [poxg 7o 136= 25,742

Differences between clones and treatments were evaluated by Kruskal-Wallis tests, Clones with the same capital
letter for each treatment in each harvest vear wers not significantly different. In each clone during both harvest
vears together, treatments with the same lowercase letter were not significantly different

order was in accordance with biomass yield. Removal of Pb
per plant in the S5 treatment was similar to that m the C
treatment, and clone 81 removed a higher amount of Pb than
clone P2 (Tahle 3).

In 2014, all the investigated clones removed significantly
more RE than in 2012, The only exception was in the case of
clone P2 in the C treatment, with a lower amount of removed

RE than n 2012, Among the elements, the highest removal was
reported for Zn. In 2014, Salix clones, In comparison to
Populus clones, removed higher amounts of Zn and Cd per
plant in both reatments. The most apparent differences were
observed especially for clone 51 m the C and clone 52 in the 55
reatments. In the C treatment, Pb was removed predominanthy
by clone P1 and in the 5§ treatment by clone 52 (Table 3).

Table 3 Mean (=5E) amount of

Cd. Pband Zn in shaots of Removal Time  Treatment Clones
individual plants grown in contral
{C) and in sewage sludge (85) sl 82 Pl P2
tmatments
Cd(mg plant™) 2012 C 2.06=045% §76=098% 22621 07MEY  243-079M
88 4242 1.01%  3520.54% LGh=0,1%8 127=0.22%
M4 C 12226290 4=308% g§13z1.33% 1=0.23%
58 I1.4=3 38 128=3.518 1512069 2pR=p4™
Phimgplant™) 2012 C L=0.18% 312203899 s44- E"T oo TR
58 20120474 21520.36% 221203M 100 =0.20%
4 C 6.30=298%  gaps | g 51243080 127=0.42%
s .77 1L799A 322 71® (10z2.358 22420374
Zn{mgplant™y 2012 C [R1=38% 45402150 RAZ94RMEY qoog 1M
&8 16475380 151447 17.221.6%% 97522 400
M4 C | 2849 480 G103 =248 g4 gghn BE1=208M
g5 1122325 119=35 g8 2A=136%0 21 2o541M

Differences between clones and treatments were evaluated by Kroskal—Wallis tests. Clones with the same capital
letter for each treatment in each harvest vear were not significantly different. In each clone during both harvest
vears together, tratments with the same lowerease letter were not significantly different. Abbreviations of clones
and treatments are given in Table |
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Table 4 Mean (=SE) dry matter

vield and amount of Cd, Pb and Vanable Time  Treatment  Clones
Zn removed by harvested shoat
biomass of plants grown in 5l 52 Pl Pz
control {C) and in sewage sludgs
(S8 treatments (30,769 Dry biomass 2002 C 06T=018% 126=057% 5142 108%™ 2sg=p9t®
plants ha™' minus mortality) it ha™) 58 19320624  2612074%  L6ER20.53% 1L06=0.45%
M4 C f28=2 B L7310 |41=252% L70=0.46%
a5 99923 19" [5.12494%  RA4=370% 2412067%
Cdigha™) 2012 C 12620858 1332205"  oE=248 pogz247M
5% Th2 = [ R4M0 T4 1THM 25zg2M e JE R
M4 C [BE= 06T 2p8 2 70.67%  [5R L34 MA=6 16
55 2152652 265 =RRGT SRE-22 A 3 sog e
Pbigha™) 2012 C 15.5=3.94% TLE=RIGMT 14 =288° 4. 7= 730
3 1T.R=§.ALM0 455211.4%  324-908% 19.1=755%
M4 C 952 =4p, 70 IR =44 amg o agse WT=11.7%
a5 146444, 748 220390 [RRLT4TAEER 1 aogTete
Zn(ghd"y 2m2 C 2RR=TH.T [090= 1855 9R4 =208 4] =|ghm
55 BT5= AL TG 2100 2AZ <696 19788 1%
204 C 1930 = 10805 2 1a0= 58858 172045380 4= 5R 4N
88 2140= 978" 2540=9389  @ai=antE o et

Differences between clones and treatments were svaluated by Kruskal-Wallis tests. Clones with the same capital
letter for each treatment in each harvest year were not significantly different. In each clone during both harvest
vears together, teatments with the same lowercase letter were not significantly different. Abbreviations of clones

and treatments ar: given in Table |

In 2012, removal of RE per hectare in the C treatment
displayed a similar pattern as removal of RE per plant. In
2012, in the 88 treatment, removal of Cd per hectare displayed
a similar pattern as removal of Cd per plant, but the order of
clones according to removed Zn and Pb per hectare was dif-
ferent: 82 = 81 = Pl = P2 (Table 4).

In 2014, the 52 clone in the C treatment removed higher
amounts of Cd and Zn per hectare than did the 31 clone.
Removal of Pb per hectare in the C treatment and removal
of Cd, Pb and Zn per hectare in the S5 treatment reflected
the remowval of these elements per plant ( Table 4).

Results of Principal Component Analysis

The first axis of the PCA of RE concentrations and DM bio-
mass yield explained 59 % of the data variability, and the first
two axes together explained 80 % (Fig. 1) The length and
direction of the vectors indicate the strength of the vector
effect and cormrelation between vectors respectively. A long
vector for a particular vanable indicates that it highly affected
the results of the analysis, while the opposite is the case for a
short vector. For example, DM vield of biomass was clearly
negatively related to concentrations of all RE, as their vectors
were directed into opposite parts of the diagram. The concen-
tration of Zn in plant biomass was positively correlated with
the concentration of Cd, as indicated by the angle smaller than
O0F between vectors for Zn and Cd.
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Fig. 1 Ordination diagram showing results of principal component
analysis of dry matter vield of shoots per plant (DMW) and
ooncentrations of Cd, Pb and Zn in shoots of plants grown in control
and sewage sludge treatments in harvest vears 2002 and 2004 (based on
data provided in Table 23 Clone abbreviations: 51 —{Salir sohwerini *
8 wviminaliz) = §& viminalis, 32—S8&. smithiana, Pl—Paopulus
maeimawiczii * P nigra, P2—P nigra
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Markers for the 58 treatment in 2014 (empty squares) and
markers for the C treatment in 2014 (empty circles) were
located on the right side of the diagram, while markers for
the S8 treatment in 2012 (filled squares) and markers for the
C treatment m 2012 (filled circles) were located on the left
ade of the diagram. This indicates higher biomass vields and
lower concentrations of RE in 2014 compared to 2012

Salix clones, especially 31, were charactensed by higher
concentrations of Cd and Zn compared to Populus clones.

Remediation Factors

The ability of plants to remove relative portions of metals
showed significant differences between individual harvests
for Cd and Zn (Table 5). In both cazes, RF increased several
times in the second harvest compared to the first one. Willows
showed better rermoval of Cd and Zn, reaching up to 0.94 %
for Cd and (.34 % for Zn in the 52 clone. RF of poplars was
lower. The RF for Pb was negligible for all tested clones,
reaching less than 0.01 %.

Discussion
Biomass Yield and Mortality

The estimated yields of clones m our experiment in the C
treatment ranged from 0.7 (S1) to 5.1 (P1) t DM ha™ in the
first harvest (2012}, provided 4 vears after the establishment
of the experiment. P1 and 52 clones were the most productive
ones with the lowest mortality. These clones also were listed
among the most productive clones in the Czech Republic by
Weger [30] and Weger and Bubenik [3 1]. The estimated yields
of clones treated with 3% provided 4 years after the establish-
ment of the expenment were lower, ranging from 1.6 (P2) to
268t DM ha~! in the first harvest (2012). The yield sup-
pression was probably caused by higher incidence of weeds in
the experimental units with the application of 85. There espe-
cially was Rumex obtusifolius, which is a highly problematic
and widely spread weed [39]. It is well established that the
occurrence ofweeds can reduce the yvield of fast-growing trees
during the establishment year, but weeds can also have severe
effects on vield in subsegquent vears [40, 41]. The application
of §5 increased yield of biomass only for the 8] clone, where
the yvield in the C treatment was the lowest among clones.
Also, Sevel et al. [25] cited that the 5] clone positively
responded to application of N fertilisers, including 35,
According to Havlickova et al. [23], the biomass yvield of
the first harvest represented approximately only 30 % of the
biomass yvield from the following harvests. This corresponds
well with our results, because the yields of the biomass har-
vested in 2014 were generally substantially higher than those
in the first harvest in 2012, In the second harvest (2014), vield

Table 5 Remediation factor (RF, %) indicates the proportion of
dements (Cd, Pb and Zn) removed by harvestsd biomass (81, 82, PL
and P2 clones grown in control (C) and in sewage sludge (55)
treatments) from the total contents of elements in the arable lover

fupper 25 cm of the soil)

RF Time Treatment Clones

sl g2 Pl p2
Cd% 2012 C o p4s™  p3g™™® g™
%8 027 028%™ 009t 008
2004 C D65 poa™  psstE gt
%8 0.75%  pe3®  p20tBR g
Ph% 2012 C 0.0004%  0002%% 0003 Qo000
%8 00006 0001% 00008 00005
2004 C 0.002*% 0004 g™ Qo007
%8 0004 poos™ 000 0o00st
In% 2012 C 004 014™ 03 ot
%8 009 e 003 a0z
2004 C 02648 p2g™ p23™ g
%8 0284 p3a™ 3B gt

Differences between clones and treatments were evaluated by Knskal—
Wallis tests. Clones with the same capital letter for sach treatment in each
harvest vear were not significantly different. In each clone during both
harvest vears together, treatments with the same lowercase letter were not
agnificantly different. Abbreviations of clones and treatments are given
in Tahble |

mn the C treatment ranged from 1.7 (P2) to 14.13 (P1) t
DM ha™', and yield in the S8 treatment ranged from 2.43
P2yt 15.14 (827t DM ha™'. High increases in vield of
biomass were recorded especially for Salix dones (5] and
52) in the 58 treatment. Only the P2 clone n the C treatment
kad lower biomass vield in 2014 than m 201 2. Opposite find-
mngs were presemted by Laureysens etal, [33], where clone P2
achieved in the first rotation & t DM ha™' year™' and in the
second rotation 9 t DM ha™ }'\EEI.'-I on a former waste disposal
site moderately polluted by RE. Similarly, Al Afas et al. [42]
characterised the P2 clone by high biomass production
throughout the three rotations. These discrepancies can be
explained by different conditions of the individual experi-
ments, especially by lower levels of soil pollution (only
0.8mg Cd kg™', 52 mg Pb kg™ ' and 161 mg Zn kg™') com-
pared to levels in this study. Wevertheless, for Populus clones,
the rotations longer than 2 years seem to be more effective.
Fortier et al. [43] observed the yields of the hybrid
P maximowiczii » P nigra clone NM6 (the same parentage
as P1 used in our study) reachingup to 12t DM ha™' year™ in
a G-year rotation in unpolluted soil. Also, Weger [30] found a
similar yield (11,7t DM ha™' year™ ") of the P1 clone harvested
after & years in one rotation. However, in two rotations pro-
vided every 3} years, a biomass yield of only 9.2 t
DM ha™' year™' was found, and when the P1 clone was har-
vested every year in six rotations, a biomass vield of only 5.7t
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DM ha™ year™ was found. Weger [29] observed that the
yields of Saliv (ncluding 52) and Populus clones in a third
harvest were generally higher than in the second one, but the
vields especially of some Populus clones (Populus cf.
deltoides = P trichocarpa P-NEMB-466; P trichocarpa ®
Papulus koreana Prikor-468; P of. d&elioides » P koreana
P-delkor-473) were conversely lower. For example, Tlustof
et al. [28] quoted yields of 2-5 t DM ha™' year™' for clone
52 (first rotation) in moderately contaminated soil, and Weger
[29] stated that in the ninth year of growth (third rotation),
yield of 52 clones was more than 14 t DM ha™ year™' in
unpolluted scil. Sevel et al. [25] recorded yield amounts of
the clone S1 ranging from 9to 10t DM ha™ year™' in the first
rotation and from 8.7 to 11.9 t DM ha™' year™ in the second
rotation, respectively, depending on the feriliser application
regime. Conversely, Pulford et al. [44], using clone Tora (sim-
ilar to S1), recorded only 0.09 t ha™" yield after the first year of
growth in heavily contaminated soil. Soil at our site was also
poor m plant-available P, which may contribute to low vield
and explain the favourable response of willow clones to 88
application. Obwviously, yields are highly dependent not only
on the clone bt also on the level of soil contamination, nutri-
ent and water availahilities, climate conditions, weed infesta-
tion and sequence and perod of rotation. All of these factors
were manifested in this study.

The relatively high mortality of plants (in the C treatment
from 15%; for P1 to 48 % for 81 and in the S8 treatment from
4] % for 81 to 51 % for P2) resulted probably from the high
density of planting (30,769 plants ha™ )} which caused consid-
erable self-thinning. Typical planting densities range between
G000 and 12,000 for Popufus clones and between 10,000 and
20,000 for Salix clones [23, 45]. Although Armstrong et al.
[46] and Bullard et al. [47] observed that the merease in clone
density results in the increase n biomass yield from the plot,
this relationship is not valid at the extremely high plant den-
aty. For example, the economic optimum of planting density
of Salix clones 15 15,000 cuttings [23, 47]. P nigra clones are
very strong heliophiles [48] and have a high ability of tillering
[42]. We have tested a high density of plants because of their
mutual low competition, higher positive effect on
phytoextraction, better survival of young plants under weed
pressure and regular sampling of biomass within the first years
of the experiment.

Risk Element Contents in Plants

Generally, the clones of Salix, particularly clone 81, showed
higher concentrations of Zn and Cd than Populus clones, and,
conversely, clone Pl accumulated more Pb than did other
clones. This s consistent with results from pot experiments
of Fischerova et al. [7] and how accumulation ability for dif-
ferent elements by different clones can be an inherent

property.

@ Springer

Increased contents of present RE in 58 do not result in
ncreased contents of RE in plants. Shoots showed higher
contents of RE in the C treatment than in the 88 treatment in
both harvests, Application of organic fertilisers can limit mo-
bility and availability of RE to plants [2] ] Garmdo et al. [ 16]
reported that the 35 constitutes a good source of organic mat-
er that contributes new sites for the sorption of metals, but
Shaheen and Tsadilas [19] showed that the application of 88
did not significanthy change Cd and Pb somption compared to
the C. The sorption ability seemed to be mainly affected by
soil pH, which was revealed by the significant correlations of
Cd and Pb sorption with soil pH. The lower metal biomass
content could be also explained as a relative dilution of soil
metal content in the 88 treatments due to application of
amendments with higher pH and lower Cd and Pb contents
than are present in soil. Conversely, 55 contains higher
amounts of Zn compared to soil, but higher Zn concentrations
in clones grown in the S5 treatment compared to clones of the
C treatment were not found, with the only exception of the P2
low-productive clone. Zn behaviour confirmed that immobi-
Iisation properties of applied 58 played a more important role
than did the dilution effect of amendment. Tlusto# et al. [ 18]
gpplied a significantly higher rate of 58 and found increased
s0il mobility of Zn, especially on acid Cambisol, whereas low
mobility of Pb was not increased.

The biomass Cd, Pb and Zn concentrations were mostly
lower in clones harvested in 2014 compared to clones harvest-
edin 2012, According to Tinker et al. [49], a high growth rate
of the plant may cause internal *dilution’ of trace elements.
Alsn, Hejcman et al. [50] recorded that the concentrations of
some micro and trace elements in plant biomass were nega-
trvely correlated with biomass production, probably due to the
dilution effect.

Removal of Elements from the Soil

Or results clearly showed that efficiency of phytoextraction
for RE is driven to a large extent by biomass yield, followed
by the concentrations of elements in the biomass. Similar re-
sults were also presented by Laureysens et al. [51], Lonardo
etal. [9] and Zarubova et al. [27]. The removal of Pb from the
soil in both treatments and in both harvests exhibited similar
trends and increased with higher biomass vield (except in the
S8 treatment in 2012 per plant and 35 treatment in 2014 per
hectare). Jensen et al. [%] reported annual removal of Ph
(0.4 gha™ )by & viminalis in field experiments in soil slightly
contaminated with RE (2.5 mg Cd kg™, 400 mg Zn kg™ and
170 mg Ph kg™ ) after the first vear, whereas the removal of Ph
in our experiment ranged from 3.8 g ha™' vear™' (1546 gha™")
for the $1 clone in the C treatment in 2012 to 241 gha™ year™
(42869 g ha"}l for the Pl clone in the C treatment m 2014,
especially due to high yield of biomass of 6-year-old clones
and high content of Pb in the soil.
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Cd and Zn were removed more by Salix than by Populus
clones, due to higher concentrations of these elements in shoots
of Salix clones. It seems also that application of 55 has a pos-
itive effect on high biomass production [25] and thus a high
remorval of RE for Safiv clones. Generally, the highest mean Cd
removal was done by 52 clones in all treatments, mainly due to
higher biomass yield, with the exception of 51 in 35 treatments
m 2012, where the removal was slightly higher due to higher
Cd accumulation. The highest Cd removal was done by 52
clones in C treatments in 2014 (267 g ha” '

]

134 g ha™ year™), and the lowest Cd removal was done by
P2 clones in the 55 treatment in 2012 (23.4 g ha™' :
585 gha™ year ') Laureysenset al. [12] recorded for the same
T-year-old P2 clone removal of 47 g Cd ha™ during 2 years.
Differences can be explamed agam by significantly higher bio-
mass production. However, n our experiment, P2 clones had a
much higher content of Cd but simultaneoushy lower yield of
biomass than P2 clones in experiments of Laureysens et al.
[12]. In a study by Jensen et al. [8], |-vear-old & viminalis
achieved removal of 9.5 g Cd ha™' year™ . In our experiment,
all clones had higher biomass yield and also a higher content of
Cd than those in the experiment of Jensen et al. [8].

Removal of Zn was also better performed by Salix clones
than Popuius ones in both harvests. The 58 application slighthy
mmproved Zn removal (grams per hectare) due to higher yield
compared to C treatments, with the exception of the 52 treat-
ment m the first harvest due to yield depression. Conversely,
application of 55 to Popufus clones had a rather negative effect
on biomass production and thus on shoot RE removal from the
soil. The highest Zn removal was done by 52 clones m 88
treatments in 2014 (2536 g ha™'; 1268 g ha™ year™'), and
the lowest Zn removal was done by P2 clones in 35 treatments
in 2012 (197 g ha™'; 49 g ha™ year™')\ Laureysens et al. [12]
recorded for same 7-year-old P2 clone removal of 2400 g
Zn ha™' during 2 year. Differences between our results and
results of Laureysens et al. [12] can be explained again by high
biomass production similar to the case of Cd removal. The
reason why P2 clones in the study by Laureysens et al. [12]
removed much larger amounts of Cd and Zn than i our study
could be different condiions in their field experiment, espe-
cially low levels of soil pollution, resulting m high biomass
yield and thus high removal of Zn. In a study of Jensen et al.
[8], removal of 345 g Zn ha™' year™ by l-year-old § viminalis
was achieved. Conversely, m our experiment, all clones had
higher biomass yvields and also higher contents of Zn than those
in the experiment of Jensen et al. [8]; therefore, In our exper-
mment, all clones had higher removal of Zn compared to clones
of their experiment.

Remediation Factors

RF calculated on the basis of total soil contents significantly
differed between harvests, individual elements and plant

species; only slight differences were found between clones.
The calculated Cd, Pb and Zn RF in our study were signifi-
cantly lower compared to the RF determined in pot experi-
ments with Salix and Populus clones [5, 7, 32] Vysloudlova
et al. [5] found out m ther pot expermment a very high RF for
Salix clones in moderately contaminated soil after 2 vears (RF
for Cd=22.3 % for clone 5. = smithiana 5150; RF for
fn=4.3 % for clone Salix = rubens 5-394% Also,
Fischerova et al. [7] reported very high ammual RF for Cd
and Zn in their pot expermment with three Salix clones (RF

Ph=0.005-0.012 %) and with two Populus clones (RF for
Cd=4.6-5 %; RF for Zn=1.6-1.8 %; RF for Pbh=0.024—
0.025 %), Komarek et al. [32] calculated these RF
(Cd=2.22 %, Zn=048 % and Pb=0.02 %) for 2-year-old
P nigra = P maxdmowiczi hybrnids, which were grown in
moderately RE-contaminated soil.

MNevertheless, our RF are comparable with RF from field
expenments of other authors. Jensen et al. [§] found RF of
0.13 % for Cd, 0.029 % for Zn and 0.001 % for Pb, respec-
tively, in a field study on moderately polluted soil. According
to Schmidt [£2], in field expenments, we can assume only
20 %% RF compared to controlled pot experiments. There are
several reasons for different results coming from pot and field
experiments: (1) The roots of plants in pots penetrate properly
only a limited volume of soil, but in the field, they can easily
avoid a contaminated top soil layer; (i) a portion of removed
RE is stored in the leaves that fall down and are not harvested
mn the field; and (u1) concentrations of elements are almost
ggnificantly higher in the roots than in aboveground tissues,
and the roots are not harvested until the plantation was termi=
nated [53].

RF calculations in our expenment confirmed that natural
phytoextraction of Pb from this contaminated soil i not a
suitable remediation method. According to Komarek et al.
[32], the Pb RF wvalues are very low (<0.001 %), due to the
high total concentration of Pb in the soil, its stable binding to
the oxide and organic fractions of the soil. Better results were
cbtained for Zn (up to 0.34 %) and especially for Cd (up
0.94 %) by 32 clones in the second harvest. Even though these
percentages are small, the removal by plants will most likely
reduce the amount that can be leached, representing the most
readily available fraction in the soil [§].

Conclusions

The results from the G=year experiment showed that high bio-
mass production was found in the second harvest (last 2 years)
of the experiment either in C or 85 treatments when sufficient
mots were developed. The application of 33 limited plant
growth in the first years of the experiment but significanthy
increased biomass yvield in willows in treatments, reaching up
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to 15t DM ha™' for 52 clones in the second harvest. The
biomass yield was the major driving force for the RE amount
removed by shoots. The removal was significantly higher by
the second harvest for all clones and elements, with the ex-

ception of the P2 clone, in the C treatment. The Salix clones 14.

were characterised by higher removal of Cd and Zn compared
to Populus clones. The 52 clone showed the best removal of
Cd (up to 0.94 %) and Zn (up to 0.34 %); removal of Pb was

negligible. 88 can be a suitable amendment for willow plan- 16,

tations. Very promising phytoextraction efficiency presented
in pot experiments was not confirmed in the field due to lower

density of roots per volume of soil. .
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Effects of summer and winter harvesting on element phytoextraction efficiency
of Salix and Populus clones planted on contaminated soil
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and Pavel Tlustos
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ABSTRACT

The clones of fast-growing trees (FGTs) were investigated for phytoextraction of soil contaminated with
risk elements (REs), especially Cd, Pb, and Zn. As a main experimental factor, the potential effect of
biomass harvesting time was assessed. The field experiment with two Salix clones (51 = (Salix schwerinii =
Salix viminalis) = 5 viminalis, 52 = 5. = smithiana) and two Populus clones (F1 = Populus maximowiczii =
Populus nigra, P2 = P, nigra) was established in April 2009. Shoots of all clones were first harvested in
February 2012, After two further growing seasons, the fist half of the trees was harvested in September
2013 before leaf fall (summer harvest) and the second half in February 2014 (winter harvest). Remediation
factors (RFs) for all clones and all REs (except Pb for clone 51) were higher in the summer harvest The
highest annual RFs for Cd and for Zn (1.34 and 0.67%, respectively) were found for clone 52 and were
signifim@ntly higher than other clones. Although no increased mor@lity of trees harvested in the summer
was detected in the following season, the effect of summer harvesting on the phytoextraction potential of

KEYWORDS
Cadmiurm; lead; zing;
nutrients; willow; poplar

FGTs clones should be investigated in long-tem studies.

Introduction

Soil contamination with heavy metals is 2 major environmental
ssue, For this reason, the development of cost-effective decon-
tamination technologies, such as phytoextraction, is requently
discussed (De Melo et al 2008) in comparison with physical
and chemical methods such as solidification/stabilization tech-
niques, separation, oxidization reactions etc. (Mulligan et al
2001). Such technologies have to meet several criteria, such as
sastainable arable land management, to leave the soil structur-
ally, chemically, and biologically undamaged; thev also need to
be inexpensive and provide some financial return (Maxted
et al. 2007). The important and most limiting factor to achieve
the target is the duration of phytoextraction. Phytoextraction
nethods implemented by clones of fast-growing trees (FGTs)
Fom the genera Salix spp. and Populus spp. meet these condi-
tons. In addition, FGTs provide aesthetic improvements of
mntaminated areas (Dickinson et al. 2005), reduce wind and
water erosion (Hammer et al. 2003}, positively affect the biodi-
versity (Laurevsens ot al 2005), and sequester COy the pro-
duced biomass can be a source of renewable energy (Hammer
et al. 2003, Laureysens et al. 2005).

The efficiency of phytoextraction techniques depends,
besides the location and soil type, on several characteristics of
the plant, such as the ability to accumulate and translocate met-
als to the aerial parts, a fast growth, and a dense and extended
mot system (Di Lonardo et al. 2011). Therefore, FGTs are suit-
aile plants for the phytoextraction of risk elements (REs),

according to (Bedell et al 2009), especially on medium and
slightly contaminated soils (Jensen et al. 2009), Phytoextraction
methods are generally applied over a period of many vears and
their use in the field is still limited. Thus, various effects, such
as whether to include leaves into harvest or not, need to be elu-
cidated to optimise the phytoremediation potential of FGTs
(Maxted ef al 2007, Dickinson and Pulford, 2005, Hu et al
2014},

Detailed information concerning the potential effect of
the FGTs harvest time on the phytoextraction effectivity is
still lacking. The leaves of voung trees account for the large
portion of the total biomass (Bedell e al 2009, Bereton
gt al. 2013}, but the leaves of mature trees account for less
than 25% of the total aboveground biomass (Maxted et al
2007, Laurevsens et al. 2005). The leaves accumulate a con-
siderably higher concentration of elements than trunks and
branches (Maxted et al. 2007, Bedell et al. 2009, Hu et al
2014, Fischerova et al 2006, Van Slvcken et al 2013). The
removal of RE by the leaves could substantially enhance the
phytoextraction potential: according to (Van Slycken et al
2013), about 40% for Cd, according to (Maxted et al. 2007)
about 22-5%&% for Cd, and about 35-77% for Zn and,
according to (Dickinson and Pulford, 2005), about 20-40%
for Cd. On the other hand, harvesting of FTG clones before
the end of the growing season can adversely affect tree win-
tering and their biomass vield in the following vears.

COMTACT Pavel Tlustos @ thustos@iaf. czucr g Department of Agroenvironmental Chemistry and Plant Nutrition, Faculty of Agrabiology, Foad and Matural Resour-
@, Czech University of Life Sciences, Kamyjcka 129, 185 21 Prague & = Suchdol, Crech Republic.
Color versions of ane ar more of the figures in the article can be found online at www tandfo nline.com/bijp.
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The investigated FGT clones can be characterised as follows:
i) Clone Salix schwerinii x Salix viminalis = 5 viminalis,
called Tordis or 3W 960299, presented quite high vields.

In the first harvest after three years of growth on five

different sites, this cone achieved biomass wvields

between 5.2 and 10.2 t ha™* }fear_' (Larsen et al 2014),

and (Sewvel ef al. 2014) recorded in the second harvest

vields of clone Tordis, between 87 and 119 t ha™
vear™', and (Larsen et al. 2016) reported similar results
in their study. The ability of clone Tordis to accumulate

REs (Cd, Pb and Zn) was tested in field experiments in a

study of (Zaubovd et al 2015).

it) Clone Salix = swnithiana, 3-218, is a spontaneous hybrid
of Salic viminalis and Salix caprea and is among the
clones with high biomass vields, exceeding 14 t ha™
vear”' (Weger, 2008). The ability of this clone to accu-
mulate RE has been tested in many pot experiments
(VyslouZilowd et al 2003, Tlustos et al. 2007) and under
fidd conditions (Kacdlkovd ef al. 2015, Kubdtova &f al.
2016).

iii) Clone Populus nigra x Populus maximowiczii, ]105 or
MAX 4 (NM4), is one of the most commonly grown
clones with the highest productivity, used in short rota-
tion coppice plantations in the Czech Republic (Weger,
2009). The yield of this clone ranges between 6 and 18 t
ha™! vear™ (Weger, 2009, Mrnka et al 2011}, but (Niel-
sen et al. 2014) estimated its biomass vield after 13 vears
of only 5.1 t ha™' year™ "

iv) In a study by (Laureysens & al 2004), clone Populus
nigra, called Wolterson, obtained yields of 8.2 t ha™
vear™'. The vield of clone Wolterson was tested in other
studies, eg. (Nielsen ef al 2014, Verlinden et al. 2013,
Verlinden et al 2015). The phytoextraction potential of
clone Waolterson was investigated in several trials (Lao-
revsens et al. 2005, Laureysens et al 2004 ).

The objective of our phytoextraction study was to evaluate
the advantages and disadvantages of summer (branches and
leaves) and winter (branches) harvests of four FGT clones
planted in the field conditions on a medium contaminated site
and to identify the optimum FTG cdone for this purpose.
Regarding the long-term sustainability of the phytoextraction,
the survival of the trees in the following season was assessed, as
well.

Material and methods
Study site and field experiment design

The fidd experiment was established in April 2009 on multi-RE
imostly Cd, Pb and Zn}-contaminated agricultural soil
(49°42'24'N, 13°58'32'E), near the town of Piibram, 58 km
south of Prague. The area is characterized as agricultural soil
wvered by permanent grassland before the experiment with
the long history of mining and smelting of lead ore and was
antaminated mainly by the atmospheric emissions from the
nearby smelter (Mrnka et al 2011). The altitude of the study
site is 500 m above sea level, with a mean annual precipitation
of 700 mm and a mean annual temperature of 6.5°C. On this
experimental area, there were 16 rows established, each one

oontained one clone and each row was equally split into two
experimental units, The first units of rows were harvested in
September 2013 and the second units of rows in February 2014
as the second harvest after the first one in February 2012, when
the whole site was cut uniformly. Each row was 5 » L3 m (one
experimental unit 2.5 x 1.3}, with an intra-row distance among
plants of (.25 m. The rows were arranged in a split-plot ran-
domisation. Whole plots were arranged in a completely rando-
mised design with four replications. Each plot contained four
sab-plats, coresponding to two Salix and two Populus clones.
In each half of each row, two plants were sampled (two
chserved units) = eight samples for each cdone and for each
harvest.

Two promising Salic clones, allochthonous ((Salix schwerind
x & viminalis) = & viminalis) hybrid Tordis, and autochtho-
nous 5. = smithiana clone 5218 (hereatter denoted 51 and 532,
mspectively), were selected. Among Populus clones, we selected
the most widely planted hybrid clone in the Czech Republic,
Populus maximowiczii x P nigra ]-105, also known as Max-4,
& well as the P nigra clone Wolterson (hereafter denoted P1
and F2, respectively). These clones were grown in contaminated
soil (especially Cd, Ph, and Zn) without any treatment.

The soil tvpe was a weakly acidic modal Cambisol, with a
@tion exchange capacity of 166 mmoly, l-;g_'. Corg of 4.1%,
C/W ratio of 9. Mean soil pHynn was 566 and pHyo 5.27.
Pseudo-total (Agqua regiasoluble) mean (= SE) concentrations
of elements in the soil were as follows: 7.3 = 0.22 mg Cd l-cg_',
218 = 59 mg Zn kg~ and 1368 = 33 mg Ph kg™’ (n = 50).
Hant-available concentrations of Cd, Pb and Zn in the top soil
horizon were 4.92, 705, and 37 mg kg_', respectively, and the
mncentrations of P, K, Ca, and Mg nutrients in the top horizon
were 14, 84, 4441, and 324 mg kg™, respectively. For determi-
nation of the plant-available element proportions, the Mehlich
I extraction procedure was used (Mehlich, 1984).

Plant biomass harvesting

Shoots of cuttings with leaves were harvested in September
2013 (summer harvest) and shoots of cuttings without leaves in
February 2014 (winter harvest) after two growing seasons.
Eight plants were sampled from each clone in the summer as
well as in the winter harvest. The shoots were cut 20 cm above
the soil surface. Harvested shoots were weighed as whole plants,
leaves were removed at summer harvests, weighed again for
Fesh matter, dried at 60°C and weighed as dry matter. To
investigate the influence of summer harvest on biomass vield,
FGT clones were again harvested after two vears in September
2015 ibranches and leaves) and in February 2016 (branches).
Maortality of dones after each harvest was monitored. The dry
matter yield per hectare was estimated as follows: The dry mat-
ter weight of plant was multiplied by number of plants per
hectare corresponding with real density of plants at the individ-
ual replication.

Analytical methods

Dry biomass samples were ground using a stainless steel Retsch
friction mill (Retsch, Haan, Germany; particle size 0-1 mm).
The total concentrations of elements (P, K, Ca, Mg, Cd, Cu, Fe,
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Mn, Ph, and Zn) in the biomass of leaves and branches wera
determined using inductively coupled plasma with optical
emission spectroscopy (ICP-OFE%; Agilent 720, Agilent Tech-
nologies Inc., USA), where dry ashing procedures (Mader et al
1998) were applied for sample decomposition. Aliquots of the
certified reference material (CRM) RM NCS DC 73349, Bush
branches, and leaves (Analvtika, Prague, Czech Republic), were
determined under the same conditions for quality assurance of
the analytical method. The certifiad walues of the CRM were
following: 0.38 = 0.08 mg kg™ ' for Cd; 47 = 3mg kg™ for Pb,
and 55 = 4 mg l-cg,_' for Zn. Determined values of this CRM
were (.45, 44,6, and 53.7 mg kg~ for Cd, Pb, and Zn, respec-
tively. The concentration of N in the plant samples was deter-
mined by the Kjeldahl method, using a Vapodest 50s
(Gerhardt, Konigswinter, Germany) after wet-digestion with
mneentrated Ha50,; (98%) and a Se catalyst.

Remediation factor (RF)

The phytoextraction potential of the examined clones was
expressed as relative RF (%) t, which indicates the proportion
of elements removed via harvested biomass from the total con-
tents of elements at the site. The RF was calculated as follows
De Melo et al. 2008

C:nhllr D-H"'fln.'allr

RE Ir%"l = Ckal.' '|_1r-’s:||.|

100, (1)

where (. & the concentration of an RE in the plant dry bio-
mass (g =1y, DMejar is the dry matter plant biomass vield (t),
Ciei is the total concentration of the RE in soil (g t™1, and Wy
is the amount of soil in the top horizon thickness of 26 cm and
soil bulk density of 1.35 ¢t m™ (t ha™), modified according to
(Komarek et al. 2008).

Data analysis

All statistical analvses were performed using the software pack-
mges Statistica 10.0 (www.statsoft.com) and CANOCO 5 (ter
Braak and Smilauer, 2002). All data were checked for homoge-
neity of wvariance and normality (Levene and Shapiro=Wilk
tests). Collected data did not meet assumptions for the use of
analysis of variance (ANOVA) and were thus evaluated by the
nonparametric  Kruskal-Wallis test.  Principal components
analysis (PCA), using the CANOCO 5 program, was applied to
all collected data (concentrations of elements in plants as well
as biomass vield). We used standardised “species data” because
the data of different character and units were analysed together.
The PCA was used to make visible correlations between all ana-
lvsed data and similarities of different clones. The results were
visualised in the form of a bi-plot ordination diagram using the
CanoDraw program 5.

Results and discussion
Biomass yield and mortality of FGTs

The determination of the ability to accumulate and tolerate RE
and to produce sufficdent amounts of aboveground biomass are
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important parameters for the phytoextraction technology
(Zarubova et al. 2015, Komaéarek ef al. 2008). For this reason, it
seems that the summer harvest was more advantageous than
the winter one, because the FGTs are harvested with the leaves.
Branches of clones harvested in summer reached higher vields
of dry matter than branches harvested in winter, with the
exception of the 51 clone (Table 1). These differences were not
significant in the fleld experiment, because of many factors
influencing the biomass yield like spatially different soil nutri-
ent status, sofl moisture, competing weeds etc. (Mrnka et al
2011}, Also, the differences between whole plants harvested in
summer (branches and leaves together) and between whaole
plants harvested in winter (onlv branches) for individual clones
were not significant. Leaf dry matter vield tended to have lower
levels than branches for all clones, but this difference was only
significant for clone 51 (Table 1) Leaves accounted for 15 to
26% (51 = 15%, 52 =21%, P1 = 25%, P2 = 26%) of the harvested
gboveground biomass. The influence of summer harvesting on
the phytoextraction potential was examined mostly in short-
term pot experiments, where FGTs had a high biomass vield of
leaves in relation to the whole biomass (Bedell ef al 2009). In
pot experiments with Salix alba, that leaves account for 77% of
the aboveground biomass after a growth period of 70 days,

Table 1. Mean {= SE} dry matter and concentrations of elements (M, P, K, Mg, Cd,
Pb, and Zn} in the branches and in leaves of Salix (51 — (5. schwerinii % 5. viming lic)
» 5. viminalis, 52 - 5. smithizng) and Populus [P1 - P. maximowiczii s P. nigra, P2
— P. nigro] clones harvested in September 2013 and in February 2014, Differences
betwsen the clones and harvested organs wers evaluated by Kruskal-Wallis tests.
Clones with the same capital letter for each organ in each term of harvest were
not significantly different. In each clone, the organs with the same lowercase letter
were not signihcant by different. The number of replicates (n =B).

Harvest in September 2013

Clongs Harvest in February 2014
Variable Organ Branches Leaves Branches
Dry 51 421z EeF 7igs 14 EFE = 1315
hiomass 52 1050= 462  IEI = 1097 B4 £ 137
fgplant™} P1 &31x= 114 107 = 3487 500 = 160
P2 t0e=25sM am1 =748 105 = 2284
M . 51 34920278 2542070 sE3s Q2™
gk 51 48B=004™ 357 =076% f.46= 0719
F1 409=033% 1B4=113% £51 = 0369
P2 475=036% J07=112% 466 01ENR
P 51 108=005% 413000 0.95 = Q035
fa kg~ 52 084=003% 404=015% 088 = 0085
Pl 0BS=005% 537=+035% 122 = 005
P2 100= 005 48403280 115 = Qu04™
K . S1 2620304 907 035™ 217 = 0.0
ko™t 52 252026 naz ™ sz o
PI 307=012" 1p3=zo037® 2ms= 0
F2  424=024 1332055 405 = 0.35°
Mg . ST 059 =005% 470=018" 058 = 004
gk 53 0Es=008% 331=009" 051 = 0.4
P18t =003™ 44s=z003® s = o
F2  Q97=004" 502005 092 = 008~
od C81 001817 G1E=438T 0= 1s”
fmgkg™") 32 284181 5813240 183 = 21859
Pl 136==065% IR0 185™ 106 = 1014
P2 1381084 230z 144 13.1 = 058"
Pb ST 1741724 420 452 205 = 1548
mgkg™"} 52 1621068 363307 15.1 = 1.00%
Pl 305=205% 294=2149 285+ 165~
P2 134243 3p3Lape® 200 £ 14550
In LT 1 sl b [ B U 135 = 175
mgka™} 52 237=175% nED=EeFT 175 = 228
Pl 125= 186" pEI=31 7™ 121 = 867"
P2 114957 587 334™ 111 = 834~
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while they only account for 60% after 209 days. In the experi-
ment with clone ({ Salix schweringt = 8 viminalis) = 8 vimina-
lis), after two months of growth, leaves accounted for 60% and
dter six months, for 34% of the aboveground biomass (Bereton
et al. 2013). In long-term field trials, the leaves represent a rela-
tively small proportion of the total harvested biomass. In the
field experiment with Salix dones more than four vears old, the
leaves accounted for 17=-23% of the harvested aboveground bio-
mass (Maxted et al 2007); this corresponds well with our
results. And (Laureysens et al. 2005) reported that the leaves of
seven-vear-old Populus clones accounted for 12.7=16% of the
harvested aboveground biomass, which is slightly more than in
our study.

In our experiment, the leaves from the summer harvest had
moisture contents from 56 to 65% (P1 = 65% = 51 = 52 = 58%
= P2 = 538%), while the branches had moisture contents of 45
to 47% (52 = 47% > 51 = Pl - 46% > P2 - 45%), similar to
the winter harvest. Biomass harvested in the growing season
had a higher moisture content than biomass harvested in the
dormancy, about 50-55% (Mrnka et al 2011} Moisture con-
tent is an important parameter for energy use efficiency. Calo-
riic biomass walue increases with decreasing moisture
mntents. Biomass with a moisture content of 20% had a calo-
rific value of about 16 M] l-cg_',but biomass with a content of
60% had only a value of about 6 M] l-Lg_' (Mrnka et al. 2011).

Drv biomass production of whole plants (branches and
leaves combined) harvested in summer decreased in the order
52 = P1 = 51 = P2, while dry biomass production of plants
(only branches) harvested in winter decreased in the order 52
= 51 = P1 = P2 (Tahle 1} The same trend was also found for
dry biomass production per hectare, encompassing different
numbers of trees per replication (Table 2} Clone 52 had the
highest vields in both summer and winter harvests. In the sum-
mer harvest, it achieved a vield of 24.1 tha™"' (12 tha™" vear™"),
while in the winter harvest, the vield was 17 t ha™' (8.5 t ha™!
vear™ ' Table 2), According to (Weger, 2008}, clone 52 belongs
to the most suited Salix clones in terms of biomass production,
with a vield over 14 t ha™"' vear™ and with a vield over 17 t
ha™" year™ ' in later harvests. Reason for relatively high biomass
vield in our study was high density of planting (30796 plant
ha™) and biomass vield in summer harvest also includes
leaves. We used such high density of planting because we pre-
dicted relatively high mortality of FGTs clones during first
vears after planting. Plants density after first three vears was
decreased for each clone differently and real densities in 2012
for clone 51, P1, 82, and P2 were 24600, 24200, 18800, and
17700 plant ha™ respectively. Common planting density is
about 15000 FGTs trees (Mrnka ef al 20110, In the summer
harvest, clone P1 had a vield of 17.7 t ha™' (8.85 tha™" vear™"),
while in the winter harvest, the vield was 12 t ha™' (6 t ha™*
vear™ ). Clone 81 had a vield 11.7 t ha™' (5.85 t ha™" vear™ ") in
the summer harvest and vield of 159t ha™' (7.9t ha™" vear™";
Table 2) in the winter harvest. Clones 51 and Pl achieved
results comparable to the findings of other studies. Biomass
vield of P1 clone ranged between 6 and 18 t ha™" vear™
(Weger, 2008, Mrnka et al. 2011). For clone 51 (Sevel et al.
2014) recorded a biomass vield of 8.7 to 11.9 t ha™ vear™.
Clone P2 had the lowest yields in both summer and winter har-
vests, In the summer harvest, clone P2 had a vield 0f 2.7 t ha™

(1.35tha™ vear™') and in the winter harvest, the vield was 1.9
t ha=' (095 t ha™ vear™!; Table 2} For clone P2, (Laurevsens
et al. 2004) reported a biomass vield 0f 8.2 t ha™! vear™", which
& roughly eight times higher than in our study. For the same
done, (Verlinden et al 2013) reported a biomass yield of 1.27 t
ha™' year™ after the fist growing season and of 15 t ha™'
=375 tha™' year™' &fter the fourth growing season (Verlin-
den et al. 2015} In a study by (Nielsen et al 2014}, the biomass
vield of this clone after 13 years of cultivation was estimated to
be anly 1 tha™ vear™',

The mortality of clones harvested in summer was not
increased for both willow and poplar clones compared to the
winter harvest in the following growing season. Conversely, a
slightly larger increase of mortality was for 51, 52, and P2
clones in the winter harvest than in the summer harvest.

Risk efement and nutrient contents in FGTs

Clones harvested in summer accumulated higher contents of all
dements in leaves than in branches, with the exception of Pb
for clone P1. The concentrations of the REs Zn, Cd, and Pb
were generally six, two, and two times higher, respectively, in
leaves than in branches (Table 1). This trend of higher RE con-
entrations (especially for Cd and Zn) in leaves than in
branches is in agreement with previous results obtained for
cther and also for identical clones of FGTs in pot experiments
(Bedell et al 2009, Fischerova et al 2006) and field trials
iMaxted et al. 2007, Laurevsens et al. 2005, Hu et al 2014, Van
Slycken et al 2013) A different pattern was observed for clone
P1, which accumulated more Pb than the other clones, proba-
bly due to low vield (Table 1}; the Pb content in the branches
of clone P1 was comparable to that in the leaves, According to
(3eregin and Kozhevnikova, 2008), Pb was mainly accumulated
in the lower parts of the plants, especially the roots, where it is
bound on cell walls due to its high affinity to galacturonic acid.
Our previous study (Zdrubova et al 2015) showed low concen-
trations of Pb in the voungest branches, which are located on
the top of the tree, confirming also the limited translocation of
Fb from roots to shoots.

Leaves also contained signifi@ntly more nutrients. The con-
@ntrations of the macroelements Mg, P, N, and K were gener-
ally & times, 4.5 times, 4 times, and 3.5 times higher in leaves
than in branches, respectively. The high biomass N content
presents a disadvantage to biomass combustion. While most of
the REs remain in the ash I:ijﬂ: ef al. 2012}, the high N content
in the combusted biomass could increase the production of
NOx (Fournel et al. 2015).

Branches harvested in summer had similar concentrations
of all elements compared to branches harvested in winter. Con-
centrations of Cd and Zn were slightly higher in the branches
harvested in the summer than in the branches harvested in the
winter; Pb did not show a uniform trend. The nutrients K, Mg,
and P (for Salix clones) had higher concentrations in the
branches harvested in summer; conversely, N and P (for Popu-
lus clones) had higher concentrations in branches harvested in
winter (Tahle 1), The cambium of the branches and trunks of
poplars contained higher K concentrations in summer than in
winter, as K is highly important for the transport during the
vegetation period (Wind ef al 2004, Fromm, 2010} Conversely,
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Table 2, Msan (= SE| dry matter yisld and amount of N, P, K, Cd, Pb, and Zn removed by the harvested branches and leaves biomass of plants (30755 plants ha~ " minus

betwesn the clones and harvested organs were evaluated by Kruskal-Wallis tests. The clones with the same capital letter for each organ in each term of harvest were not
significantty different. In each clone, the organs with the same lowercase letter were not significantly different. Abbreviations are defined in Table 1. The number of repli-

ates v = Bl
Harvest in September 2013
Clones Harvest in February 2014
‘ariable Organs Branches Leaves Plant * Branches (plant) = 100%

Dry biomass {t ha™") s 5.95 = 2.55° 1.75 = 044 117 = 258" 74 155 = 183
s2 19.1 = 100~ 500 = 2407 241 = 124% 142 17.0 = 4297

PI 133 = 2135 444 = Q64" 17.7 = 274% 148 120 = 3365
F2 1.99 = D4g= 071 £ 0044 170 = 053 145 1.80 £ 041542

s1 IB5 = 1854 439 = 2244 B4 = 4084 958 203 £ 2545

Femaval N kg ha~'} 52 775 = 2804 117 = 40,14 194 = BB.0 204 949 L 1535
Pl 57E £ 1334 924 = 2104 150 = 33.94 193 777 £ W

F2 938 = 2734 160 £ 4,804 154 £ 7334 208 122 + 2554

Femaval F (kg ha="} 51 10.7 = 287% TOT = 1,63 178 = 4475 115 154 = 4125
52 17.7 =948 197 = 545" 74 =175 258 140 370

Pl 114 = 198 116 = 3103%F 335 = 488% 224 15.1 £ 428

. 2 203 =05 152 = 078" 5.55 = 128" 252 212z 047"

Femaval K (kg ha ™) 51 87 =773 165 = 4445 432 =120 125 394 55
52 440 = 733 503 = 234 943 =457 299 EAE T i

Pl 415 =725 460 = 6987 B7S = 1407 239 366 = 10.3%
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devated concentrations of N in the branches during the dor-
mancy period have been found by other authors, eg. for the
genera Populus (Cooke and Weih, 2005} and Salix (Bereton
et al. 2013). At the end of the vegetation period, major internal
N transport processes from leaves to perennating organs, such
& stems and branches, occur (Cooke and Weih, 2005).

Removal of elements from the soil

Shoots of most clones removed higher amounts of risk ele-
ments from the soil in the summer harvest than in the winter
harvest, with the exception of Pb for the clone 51 (Table 2). In
the summer harvest, Cd, Pb, and Zn were removed 1.9, 1.4, and
29 times more efficiently than in the winter harvest. Qur study
confirmed the field experiment results of other authors
(Maxted ef al 2007, Hu e al 2014, Van Slycken et al 2013),
namely that for effective phytoextraction, the harvest of
branches with leaves is the most promising approach. In addi-
tion, more nutrients were removed in the summer harvest than
in the winter harvest (¥, P, K, and Mg were 1.8, 2.2, 1.3, and
2.9 times, respectively, more efficiently removed).

The removal of most elements in the summer harvest was
more affected by biomass production than by the element con-
centrations. Biomass production in the summer harvest
decreased in the order 52 = P1 = 51 = P2, The removal of N,
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F, K, Mg, and Zn decreased in the same order as biomass pro-
duction. This proved that biomass vield is a crucial parameter
for the efficiency of the phytoextraction technology (Zambova
et al. 2015, Komdrek et al 2008). Biomass production in the
winter harvest decreased in the order 52 = 51 = P1 = P2, but
only the removal of N and Cd decreased in the same order as
biomass production (Table 2). In the winter harvest, the influ-
ence of biomass production on the removal of REs was not as
distinct as in the summer harvest, probably because differences
between the biomass yields of individual clones were lower.

Principal components analysis (PCA)

For confirmation of the presented fndings, the PCA was
applied to identify the main effects of the experimental factors.
The first axis of the PCA of element concentration and DM
biomass vield in branches and in leaves explained 65.5% of the
data variability, while the fist two axes combined explained
74.48% (Fgure 1). The length and direction of the vectors indi-
cate the strength of the vector effect and the correlation
between them. A long vector for a particular variable indicates
that it greatly affects the results of the analysis. The vield of
DM biomass was clearly negatively related to the concentra-
tions of most elements, except N, as their vectors were directed
oppositely, clearly indicating a strong dilution effect for the
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Figure 1. Ordination diagram showing the results of the PCA of dry matter yield of
Eaves and of branches per plant (DM} and concentrations of elements in the
Eaves and in the branches in summer and winter harvests (based on data pro-
vided in Table 11 Clone abbreviations 1= [Salix echwerinii » S viminalic] ? 5. vim=
inalis, 52 — 5 smithiana, P1 — Populus maximowiczii = P. nigra, P2 - P. nigra.

majority of the investigated elements caused by higher biomass
wield. The concentration of Cd in branches and leaves was posi-
tively correlated with concentrations of Pb and Zn, as indicated
by the sharp angles among the vectors for Cd, Pb, and Zn.
Also, nutrients showed significant inter-correlations. Markers
for leaves (drcles) are more abundant on the right side of the
diagram and are clearly separated from the markers for
branches (squares). Leaves accumulated more elements, while
branches produced more biomass. Markers for clones 51, 52,
and P1 were located at the bottom part of the diagram, present-
ing relatively similar properties of all three clones, whereas
markers for clone P2 were located at the upper part of the dia-
gram, indicating different properties.

Remediation factor (RF)

Yalues for the RF expressed per vear for FGTs clones harvested
in summer were as follows: Cd, §1 = 0.66, 52 = 1.34, P1 = 0.55
and P2 = 0.08%; Zn, 51 = 0.37, 52 = 0,67, P1 =0.37, and P2
= (.04%. Values of RF for Pb in the summer harvest were
extremely low, ranging from 0.001% (P2} to 0.007% (P1). Most
of the RFs were higher in the summer harvest than in the win-
ter (except Pb for clone 51). Values of RF for Cd and Zn for
clone 51 in the winter harvest were only slightly lower than in
the summer harvest. Values for RF for the other clones (52, F1,
and P2) in the winter harvest were about two-fold lower for Cd
and Pb and even about three-fold lower for Zn than in the sum-
mer harvest. Expectably, the calculated RFs in our study were
lower in comparison with the RF values in pot experiments

with Salix and Populus clones on similarly contaminated soils
(i Fischerova et al. 2006, Komdrek et al. 2008) (Puschenreiter
et al. 2013}). However, a comparison with previously published
fidd experiments showed either higher RFs (0.13% for Cd and
0.29% for Zn per year) found in a field study on slightly con-
aminated soil (Jensen et al. 2009) or values similar to those of
the field experiments of our previous investigations (Zdrubova
ef al. 2015, Kubdtova ef al. 2016) where the phytoextraction by
vounger trees was presented.

Conclusions

1) Summer harvest with leaves seems to be 2 more promis-
ing approach compared to winter one because of the
higher phytoextraction effidency. The RF values for all
clones and for all REs (Cd, Pb, and Zn) were substan-
tially higher in the summer harvest than in the winter
harvest, with the exception of Pb for the clone 51. The
willow clone 52, showed the best performance, annually
extracted 1.34% of Cd and 0.67% of Zn from the total
soil content, while phytoextraction of Pb was relatively
low for all clones. The values of RFs for Cd and Zn for
52 clone are significantly higher than other clones. To
assume similar REs removal in following harvests peri-
ods the amount of Cd and Zn would be removed during
70 and 67 years for Cd and Zn respectively to reach
Czech legislation limits (0.5 mg kg_J for Cd and 120 mg
kg™' for Zn) determined by aqua regia (Anonymous
2016). Phyvtoextraction was not effective for Pb. The costs
of this method are associated with the establishment of
FGTs plantation, cultivation, and harvesting, but can be
partly compensated by biomass production as renewable
Eergy source,

2} Biomass harvested at the end of the growing season had a
higher moisture content and higher concentrations of N
and other nutrients than biomass harvested in the dor-
mancy period. Moisture reduced the energy value of the
biomass, and the high N content in the leaves could
increase the emission of NOx during biomass combus-
tion. In addition, the storage of the contaminated bio-
mass with leaves is questionable.

3) Summer harvest removed not only a greater amount of
EEs, but also greater amounts of nutrients that should
be, to some extent, supplied by fertilizers. In our field
trial, summer harvest did not have a negative impact on
clone survival, as the mortality tested in the following
season was negligible for winter and summer harvests,
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Effect of tree harvest intervals on the removal of heavy
metals from a contaminated soil in a field experiment

Pavia KUBATOVA, [ikiNa SZAKOVA, KaTeriNa BRENDOVA, StanisLava KROULIKOVA-
VONDRACKOVA, MarkiTa DRESLOVA, Paver TLUSTOS®

Depargment of Agroenvirommental Chemistry and Plant Nutrition, Faculty of Agrobiology, Food
and Natural Resources, Czech University of Life Sciences, Prague 6 — Suchdol, Czech Republic
*Corresponding author: tlustos@afczu.cz

ABSTRACT

Kubdtovd P, Szikovd |, Bfendowd K, Kroullkevd-Vondesfkovd S, Dredlovd M, Tlustod P (2018): Effect of tree harvest
intervals on the removal of heavy metals from 2 contaminated soll in 2 feld experiment, Plant Soll Environ, 64: 132=137,

Four clones of short rotatlon copploe (SRCs) were investigated for phytoextraction of soll contaminated by risk
dements (REs), especizlly Cd, Pb and Zn, As 2 main experimental factor the influence of rotation length on the
removal of REs was assessed, The field experiment with two Salix clones (51 - (Salix schwerinfl x Salix vimintalls) =
5 viminalis; §2 - 5, » gmiliiana) and two Popilus clones (P1 - Populus maximowicgll « Populus nigra; P2 - P, rigra)
was established in April 2008 on moderately contaminated soil. For the first time, all clones were harvested in
February 2012 (2012, ) after 4 years, Subsequently each plot was equally split into halves, The first half of the SRC
clones was harvested in February 2014 after 2 years (2014, Jand again It was harvested in February 2016 after fur-
ther 2 years (20 162‘_]. The second half was harvested in February 2016 after 4 years (20 lﬁlh_]. The results showed that
the biomass production for the second 4-year harvest period was significantly higher for all clones but the metal
concentration was lower in the mentioned period, 4-year rotation seems to be more advantageous for the phyto-
extraction than two 2-year rotations, The highest metal removal presented by remediation factors (RFs) per 4 years
for Cd (6.39%) and for Zn (2.55%) were found for 52 in the harvest 2016, treatment. Removal of Pk was the highest
by P1 clone with very low RF per 4 years (0.04%), Longer rotation is also economically superior,

Keywords: willow; poplar; cadmium; lead; zing contamination

Phytoextraction is an environmentally friendly
method, where the risk elements (REs) are removed
from soil by their accumulation in plant tissues
(Favas et al. 2014), Suitable plants for phytoex-
traction must accumulate REs in their tissues and
produce large amount of biomass, The biomass
production can be supported by correct selec-
tion of short rotation (5RCs) clones and habitats
(Mrnka et al, 2011) or improving soil conditions
by control of weeds (Larsen et al. 2014) or ferti-
lization (Sevel et al. 2014) but also the length of
rotation (Schweier et al. 2017).

In an experiment with ten Salix clones, most
reached a maximum mean annual increment (8 to
14 t/ha/year) after a rotation period of 4-5 years,
while extremely short rotations (1-2 years) were
unsuitable (Willebrand et al. 1993), Conversely,
Bullard et al. (2002) reported that two Salix clones
(5. % dasyclados and 8, viminalis) had higher an-
nual vields after 2 years than after 3 years, Sevel
et al. (2014) reported that the Salix clone Tordis
(51) after 2 years achieved yields of 8.7=11.9 t/
ha/vear; in the study of Larsen et al, (2014) af-
ter 3 years, the yields of 5.2-10.2 t/ha/year were

Supported by the Czech University of Life Sciences Prague, Project No. CIGA 20172023,

132

64



Flant Soil Environ.

Vol. 64, 2018, No. 3: 132-137

achieved, as dependent on the fertilization rate, In a
trial with three harvests of three-year rotations, the
Salix clones showed better biomass vield (52 clone =
14 t/ha/year) than the Populus clones; for them,
the 3-year rotations were too short (Weger 2008).
In the study of Weger (2009), clone P1 harvested
after 6 years in one rotation yielded 11.7 t/ha/vear,
9.2 t/ha/year after 3 years in two rotations and
only 5.7 t/hal/year when the harvest was done an-
nually, Schweier et al, (2017) reported the yield of
P1 clone was on average 10.4% higher in a 7-year
rotation than in a 3-year rotation, Nielsen et al.
(2014) estimated the biomass production after
% and 13 years for 36 Populus clones (include P1
and P2 clones). Generally, average biomass yield
for all clones together was higher after 13 years
(3.6 t/ha/vear; specifically P1 = 5.1 t/ha/year;
P2 = 1 t/ha/year) than after 5 years (2.3 t/ha/year;
data for P1 and P2 were not shown), According to Lin
et al, (2016), clones cultivated under a 3-year rota-
tion achieved higher mean annual vields, but lower
tissue concentrations of elements, including REs,
thanclonescultivated under 1 and 2-year rotations,

MATERIAL AND METHODS

Study site and field experiment. The field ex-
perimentwas established in April 2008 on multi-RE
(mostly Cd, Pb and Zn)-contaminated agricultur-
al soil (49°42'24"N, 13°58"32"E), near the town of
Ptibram, 58 km south of Prague, Czech Republic,
Two previously tested Salix clones 51 and 52 and
the two Populus clones P1 and P2 were grown in
contaminated weakly acidic Haplic Cambisol, For
planting, homogeneous 20-cm long cuttings of
clones were used. Pseudo-total (agqua regia-sol-
uble) mean (£ standard error) concentrations of
REs in the soil (0=20 cm) were as follows: 7.3 =
022 mg Cd/kg, 218 £ 5.9 mg Zn/kg and 1370 £
33 mg Pb/kg (n = 50). An exact description of this
place, soil and clones was published in the study
of Zarubova et al, (2015). The experimental area
comprised 32 rows (experimental units), 8 plots
eachwith 4 rows and each row containing one clone,
Each row covered the area of 7.5 » 1.3 m, and the
intra-row original planting distance among plants
was 0.2% m. Whole plots were arranged in a com-
pletely randomised design with eight replications,
Each whole plot contained four sub-plots = rows
[experimental units). The first harvest was carried

hitps://doi.org/10.17221,/755/2017-PSE

out in February 2012 {20124‘.]. when the whole site
was cut uniformly, Then each row was equally split
into two experimental units, The first units of rows
were harvested twice after two yvears, first in February
2014 (2014, ), aspublishedin the study of Kubatova
at al, (2016) and second in February 2016 [21’3162”].
The second part of rows was harvested once after
four years in February 2016 (2016, ). The shoots of
SRCs clones were cut 20 cm above the soil surface,
Each experimental unit (half of row) was harvested
and weighed for fresh matter, then subsamples (one
whaole plant from each unit) were collected, weighed,
cutted, dried at 60°C, to determine dry matter and
ground using a stainless steel Retsch friction mill
(Retsch, Haan, Germany; particle size 0=1 mm).
Mortality of clones after each harvest was monitored,
so all living plants in each row were counted. The
dry matter yield per hectare was estimated as fol-
lows: the dry matter weight of unit was multiplied
by the number of units per hectare, Dry ashing pro-
cedure (Mader et al. 1998) was applied for sample
decompoaosition. The ash was solubilized in HNO,
(65%) and adjusted by deionised water into 20 mL
flasks. The total concentrations of REs in the har-
vested biomass (stems and twigs without leaves) were
determined using the inductively coupled plasma with
optical emission spectroscopy (ICP-0ES; Agilent
720, Agilent Technologies Inc,, Torrance, USA)
Certified reference material RM NCS DC 73349 =
bush branches and leaves (Analytika, Prague, Czech
Republic), was analysed under the same conditions
for guality assurance of the analytical method,
Statistical analyses, All statistical analyses were
performed using the software packages Statistica
12,0 (www.statsoft.com). All data were checked for
homogeneity of variance and normality (Levene
and Shapiro-Wilk tests), The collected data did
not meet the assumptions for the use of analysis
of variance (ANOWVA) and were thus evaluated by
the non-parametric Kruskal-Wallis test,
Remediation factor (RF). The phytoextraction
potential of the examined clones was expressed
as relative RF (%), which indicates the proportion
of elements removed via the harvested biomass
from the pseudototal soil contents of the elements
at the site, The RF was calculated as follows (1);

C DM
_ —plant plant "
RF (%) = it Wil X1t @

Where: CF”__ - concentration of REs in the plant dry bio-
mass [g/th; DMF-”'— - dry matter plant biomass yield (t);
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C_.q — pseudototal concentration of the REs in soil [gfth
'\":-"ﬁl_ — amount of soil (t'ha) in the top horizon [(0-20 cm)
at soil bulk density of 1.35 t/m? modified according to

Komdrek et al. [2008).

RESULTS AND DISCUSSION

Biomass yield of SRCs, Generally, the annual
biomass production per plant increased non-
significantly in the order 2012, < 2014, < 2016,
< 2016, , with the exception of 51 clone. The §1
clone had higher annual biomass production in
harvest 2016, (BB4.5 g/plant = 442 g/plant/year)
than in harvest 2016, (1361 g/plant = 340 g/plant/
vear), However, if the biomass production only
after 4 vears is compared, the lowest biomass
production was in the first harvest in 2012, fol-

lowed by the combined harvests 2014, + 2016,
and the harvest 2016, (Table 1), The same trends
were also found for dry biomass production per
hectare compromising different numbers of trees
per plot (Figure 1a), Differences between the yield
of harvest 2016, and yield of harvests 2014, +
2016, were small for clone 51, but the yield of
harvest 2016, was 1,5,2 and 4 times higherthan
the yield sum of harvests 2014, + 2016, for the
clones 52,P1 and P2, respectively (Figure 1a). The
results confirm that longer harvest periods are
advantageous especially for the Populus clones,
Weih (2004) reported suitable rotation periods of
4=6 vears for Populus clones while for Salix clones
suitable rotation periods can be also 3 years, The
biomass yield also increased with the increasing
number of rotations, According to Havlickova et
al, (2010), the biomass yield of the first harvest

Table 1. The mean (+ standard ercor) dey matter and concentrations of elements (Cd, Phand Zn) in the blomass
of Salix (51 = (5. schwerinil = 5, viminalis) = 5 viminalis 52 - 5, snithiana)and Populug (Pl P maximowiczii x

P migra; P2 = P, nigra) clones

i Clone

Variable [;'erm-::l Time
\year 51 52 P1 P2

4 2012 35.77 £ A.904 132,43 + 16,038 196,90 + 43 398 101,97 £ 29 114k

2 2014 405,15 + 182, 594820 408 15 + 137,118 54093 + 104,108 7123 + 14,5542
F;‘;IT::&“ 2016  B84.51 £ 106.70%5 1604.55 + 318.62%° 112634 + 159.64%° 173,33 = 48 814
' 2+ 2 tatal 128766 + 211.754B0 2102.70 + 296.84%0° 1867.27 + 234.50%%° 244 54 + 40 49780

4 2016 1361.23 + 167.294% 384320 + 368.89%c 417181 + 539.24% 70277 + 235.0240

4 2012 5498 + 5,838 44,40 + 7,900 23,60 + 2,914 2533 + 3.364

2 2014 26.73 + 1,990 7235 + 1,518 10.96 + 0,684 14.39 + 1 g3M8
Cd [mgkg) . .

2016 25.84 + 1. 838 29.04 + 20780 15.81 + 1 3780 13.27 + 0.43%

4 2016 23747 £ 1,285 219 £ 1,718 10,65 £ 0,774 14,55 + 1,004

4 2012 I8.83 = 40240 24.53 £ 3,574 30,09 = 2,895 19.48 = 3.20%

2 2014 14.81 £ pg7he 1456 £ 12580 2754 + 2,748 16.89 £ 1.74%
Pb (mg /kg)

2016 13.00 = 1,334 14.10 £ 1.7242 15.51 = 1.444 1568 £ 1,194

4 2016 16.39 = 1,508 16,39 = 13480 17.94 = 10740 16.47 = 3.64%

4 2012 S06.26 = AA1TCT 34262 = 38.ATECY 3pa 83 £ 23495880 1Rg 39+ 31 5300

2 2014 251.34 + 23 958 186,70 + 159748 11466 + 7.81M 120.21 + 14,2848
Zn (mg'kg) . i

2 2014 248,79 £ 145980 27914 + 24 7RSI JRED3 £ 13,944 Q308 £ 57142

4 2014 285 64 £ 1A.54%0  2R7 57 + 36,1980 148 AR + §.94480 126,95 + 5,444

Differences between the clones and harvest periods were evaluated by the Kruskal-"Wallis test at F= 0.05, Clones with

the same capital letter for each harvest period were not significantly different. [n each harvest period, clones with the

same lowercase letter were not significantly different
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Figure 1. The mean (+ standard error) dry matter yield (a) and the mean amount of Cd (b), Pb (¢) and Zn (d)
removed by the harvested blomass of Salix (81 = (5 schwerinil = § viminalis) = & viminalis 82 - § smithiana)
and Populus (P1 - B maximowiczil » B nigra; P2 - B nigra) clones (30 789 plants/ha minus mortality). In each
clone, perlods of harvest with the same lowercase letter were not significantly different, Differences between the
harvest periods were evaluated by the Kruskal-Wallis test at F < 0.05; 2y - 2 years period; 4y - 4 years period

represented only ~30% of the yvield from the follow-
ing harvests, Weger (2008) reported that biomass
vield of SRC clonesin the third rotation was about
20% higher than in the second one,

Clone P1 had the highest yields in all harvests,
only with the exception of harvest 2016, . Yields
obtained with the P1 clone ranged from 1,29 t/ha/
year (5.1 t/ha) in harvest 2012, to 19.95 t/ha/year
(798 t'ha) in harvest 2{]1{-’:%. Similarly, clone 52
achieved avieldashigh as 14 55 t/ha/vear (58.2 t/ha)
in harvest E{fllﬁhl:l:igure la), Mrnka et al, (2011)
reported vields ranging between 6=18 t/ha/
vear for P1 clone, Weger (2008) found yields of
14,63 t/ha/vear for clone P1 and of 14 t/ha/year for
clone 52 in the third harvest in a 3-year rotation,
Above average biomass yvields of both Pland 52 clones
in our study can be explained by a very high density
of planting (30 769 plants/ha) at the beginning of the
experiment (real densitiesin 2016 forclones 51, P1,

52 and P2 were 15 100, 19 400, 23 700 and 21 800
plant/ha, respectively) as well as by suitability for
climate conditions. Typical SRC planting densities
for production of energy biomass range from 6000 to
12000 plants for Populus clones and 10 000-20000
for Salix clones (Havlickova et al, 2010), Clone 51
had ayield from0.17 t/ha/year (0.67 t/ha) in harvest
201 24«.- to 4.3 t/ha/yvear (8.6 t/ha) in harvest 20 lﬁh.
Clone P2 had avield from 0,65 t/ha/year (2,58 t/ha)
in harvest 2{]12% to 3.65 t/ha/year (14.6 t/ha)
in harvest 2{']164; (Figure la). These 51 and P2
clones achieved lower or comparable results to
the findings of other studies. Larsen et al. (2014)
reported yields of 5.2-10.2 t/ha/year for clone
51 in the first rotation after 3 years; Sevel et al.
(2014) ina 2-year rotation reported yields of 8.7 to
11.9 t/ha/vear. In the study by Verlinder etal. (2013)
biomass yield of the P2 clone was 1.27 t/ha/year
after one year, and in the study by Verlinder et al.
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2015) it was 3.75 t/ha/vyear after 4 years. Nielsen
et al, (2014) reported yields of only 1 t/ha/year for
clone P2 after 13 years,

Risk element concentrations in wood (twigs
and stem together) of SRCs. For all clones the
highest concentrations of all REs were foundin the
first harvest 2012, . Inthis harvest biomass yield
was the lowest (Table 1), According to Tinker et al.
(1981) a high growth rate of the plant may cause
internal ‘dilution’ of REs. Also concentrations of
REs are generally higher in the bark than in the
woodand wood/bark ratio increases with theage of
the shoots (Zarubova et al, 2015), Concentrations
of REsin other harvests did not show any uniform
trend., Generally, in all harvests Salix clones 51
and 52 accumulated considerably higher con-
centrations of Cd and Zn than Populus clones,
Populus clone P1 accumulated higher (in harvest
2014 significantly, P £ 0,05) concentrations of Ph
than other clones (Table 1), These findings are in
line with our previous research (Fischerova et al.
2006, Zarubova et al, 2015).

Removal of elements from the soil. Removal
of elements per hectare and per year from the sail
by shoots of all clones closely corresponded to
the biomass yield per hectare, Generally, annual
removal of Cd, Pb and Zn for 52, P1 and P2 clones
increased non-significantly in the order 2012, «
2014, < 2016, < 2016, ,with the exception of
Cd and Zn for P2 clone, because the Cd and Zn
removal in harvest 2012, was higher than the
removal in harvests Eﬂlxllzv'and 2016, duetolow
biomass production, Also, annual removal of Cd
by clone 51 had a similar trend, as the lowest
biomass production per hectare was found in the
first harvest and increased non-significantlyin the
order 2012, « 2014, < 2016, < 2016, . However,
annual Pb and Zn removal was slightly higher in
2016, than in 2016, (Figure 1), The comparison
of harvests after onlv 4 vears as to the removal
of metals showed a very close relationship for all
clones and for all REs, with the lowest amount of
REs being removed in harvest 2012, followed
by the combined harvests 2014, + ﬁﬂlﬁh and
harvest 2016, , with the exception of P2 clone,
Remaoval of Cd and Zn for P2 clone was higher in
the first harvest 2012, thanin the combined har-
vests 2014, + Eﬂlﬁh.Thls finding confirms that
the biomass production is vervimportant for the
phytoextraction potential proposed by Komarek
et al, (2008), The P1 clone hadthe highest biomass
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vield in all harvests, with the exception of harvest
2016, , but this clone removed only the highest
amount of Pb in all harvests (Figure 1c). The 52
clone removed the highest amount of Cd and Zn
in all harvests (Figure 1b, d), which isin line with
the results of Zarubova et al, (2015).

Remediation factor (RF). The RFs (considering
top 20 cm of the soil) after 4 vears increased in
the order 2012, < 2014, + 2016, < 2016, for all
clones and for all REs, with the exception of RFs
of Cd and Zn for clone P2 that were higher in the
first harvest 2012 thaninthe combined harvests
2014, + 2016, . The highest RFs for Cd and for
Zn in all harvest periods were found for clone 52
(REs for Cd: 0.67% in 2012, 4.53% in 2014,, +
2016, and 6.39% in 2016, ; RFs for Zn: 0.19%
in 2012, , 1.46% in 2014, + 2016, and 2,55% in
2016, ). The RF for Cd was 9.5 times higher in
harvest 2016, than the RF in harvest 2012 ;the
RF for Zn was 13 timeshigherin harvest 2016, as
compared tothe RF inthe harvest 2012, The RFs
for Pb were extremely low in all harvests and for
all clones, ranging from 0,0004% (51 in 2012, ] to
0.04% (Pl in EEIIE‘IN]. The highest RFs for Cd and
Zn in our study were slightly higher than in other
field experiments (Jensen et al, 2009, Zirubova
et al. 2015).

Rotation lasting 4 vears seems to be the most
promising approach as compared to two 2-year
harvest rotations because of the higher biomass
production, associated with higher removal of REs
as well as higher RFs,
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ABSTRACT

Despite the advantages of phytoextraction, serious risks can be caused by the produced contaminated hiomass.
Currently, there is a lack of research on the potential risk of storing and handling this biomass. The aim of our
study was to verify the losses of potential rsk elements [Cd, Cu, Fe, Mn, Ph, Zn) via leaching of short rotation
coppice hiomass in laboratory batch tests. Harvested woody and leafy biomass was chipped and/or kept com-
pact. The fresh and/or dried biomass was then leached by two types of leachate to simulate rainfalls—newutral
water and/or acidified water. Chipped wood was characterised by the highest element release in comparison 1o
whale branches. The leaves were considered maore risky from the point of view of element losses. A similar trend
of leaching was observed for all elements, except iron. More iron was leached from fresh wood biomass, whilst in
the case of the leaves, iron was leached more from dry biomass. Lead was released by 1.4-7.2% from the
hiomass. Cadmium was leached by 2% from woody biomass, but up 1o 39% from leaves. The potential losses of
these elements during storage and pre-processing should be taken into account in the development of meth-

odologies for the storage and handling of contaminated biomass before its’ processing.

1. Introduction

In sitn remedistion technologies such as phytoextraction, where
plants remowve contaminats from the environment or make pollutants
less harmful, are measures for environmentally friendly restoration of
contaminated soil [1]. For induced plant growth on a contaminated
dte, the choice of plant species is primarily based on plant properties
such as their ability to accumulate risk elements into their tissues and
the ability for high biomass production. Thus, fast-growing trees are
suitable and can be further used for energy purposes. This sustainable
process of plant cultivation for soil remediation connected with further
biomass utilisation is only possible when the contaminant recovery into
the environment is eliminated [2]. The potential of willow for risk
element phytoextraction technologies was observed, for instance, on
heavily and moderately polluted calcarecus soils [3], moderately con-
taminated Cambisol [4], and sandy atmospherically contaminated soil
[5]. Ruttens et al. [&] investigated the possibilities of growing willows
and poplars under short rotation coppice (SRC) on acid, poor and sandy
metal-contaminated soil to combine phytoextraction and production of
biomass for energy purposes.

Despite all the advantages of phytoextraction, there is a potential for
element losses between harvest and processing of the contaminated

* Corresponding authar.
Email address: dustos Faf ooz P. Tlustofl

https://dodarg/10.101 5/ biombioe 2018.02.012

biomass (including pre-treatment and storage) to the environment. In
the scientific literature, there is a lack of essentizl information on how
to handle and store this kind of biomass suitably before its use for en-
ergy purposes, to avoid the risk of element relesse back into environ-
ment. A two-phase harvest of biomass is usually provided on small
plantations. Biomass is firstly cut and then left to dry to moisture of
20-30% at the edge of the plantation. After drying, the biomass is
chipped. Biomass is sufficiently dried (30% moist] and has a higher
energy value [7,8]. For one-phase harvest, special technology is used,
eg. a modified corn cutter providing a stern cut and immediate chip-
ping. The drawback of this procedure is a possible problem with the
gorage of moist chips (up to 50%), but this material is more suitable for
manipulation and transportation [7,8]. Moreover, Kofman and Spinelli
[9] confirm that the storage of willow biomass from short rotation
wppice is very difficult. They observed loosing of large amount of
goring fine chips dry matter and their heavy colonisation of micro-
Organisms.

Leaching tests are commeon tools for assessing constituent release
upon contact with water and usually two types are performed: static
and dynamic extraction tests. In static extraction protocols (batch tests),
leaching takes place with a single volume of leachant. In dynamic ex-
traction protocols, the leaching fluid is renewed throughout the test

Bacsived 7 December 2018; Beo=ived in revissd form 5 February 2018; Accepted 15 Februany 2018
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[10]. In our study, we chose the batch extraction according to £5M EN
12457-1 (B38B005): Waste characterisation - Leaching - Verification of
leach ability of granular waste and sludge, because of absence of other
suitable test sccording to the Czech legislative.,

The leaching of varicus elements from element-loaded biomass is
discussed in the context of potential phytomining of the elements [11].
The methods available for the recovery of the contaminated biomass
processing were reviewed by Kikucha and Tanaka [12]. For biomass
that has no ‘ore value', the disposal in landfills or hazardous waste
landfills is recommended with volume reduction by processes such as
mompaosting and anserobic digestion [13].

There is insuffident knowledge on the storing of biomass from
phytoremediztion technology. Thus, two main questions considering
the handling and storage of contaminated biomass were posed: i} is it
maore suitable to make chips of larger branches after harvesting? i is it
more suitzble to store fresh or dried biomass from the point of view of
element release? The aim of our study was to provide a laboratory test
to verify the potential loss of elements (Cd, Cu, Fe, Mn, Pb, Zn] via
lezching during the storage of short rotation coppice biomass, The main
target was to simulate the conditions of biomass storage and observe
their influence on elemental leaching. Harvested woody and lesf bio-
mass was chipped and/or kept compact. Different conditions of simu-
lated storing were set, these were: i} biomass was kept fresh and/or
dried, and ii] two types of leachate were chosen to simulste rain-
falls—neutral water and/or acidified water.

2. Materials and methods
2 1. Plont biomass

Plant binmass originating from a phytoextraction plantation was
chosen for the experiment. One clone of willow and one clone of poplar,
were tested, these were: Solix x smithiona (5) and Populus nigra x Fopulus
maximowiczil (F). The fidd phytoextraction experiment was established
on multi-heavy metal (predominantly Cd, Ph, and Zn) contaminated
soil near the village of Podlesi (49°427247N, 13°587327E] close to the
town of Piibram, 58 km south of Prague, Czech Republic. This area has
been described 2s one of the most polluted sites in the Czech Republic
[14]. The soil type is a modal Cambisol, weakly acidic (pHuao is 5.66
and pHyge is 5.27) with a CEC of 166 mmol kg ™', Pseudototal content
[extracted by ogua regia) of cedmium in an arable layer is 83mg kg ™7,
lead 1214 mg kg~ and zinc 218 mg kg ™"

22 Leoching experiment and analyticol methods

The leaves and branches of willows (5) and poplars (P; both fast
growing trees] were leached as a fresh biomass immedistely after
harvest and as a dry biomass. Mote that after drying at 65 °C, the tested
biomass was not affected by any biological transformation during sto-
mge. Both fresh and dry biomass of branches was leached as: i) 20cm
long branches, and ii] as 2 cm chips. The branches were sealed with wax
at their cut ends to simulate storage of whole branches and to observe
the risk elements release just through the bark. The chips were not
treated, therefore, and the storage of fresh and dry wood chips was

Table 1
Total element cantents in tested leaves and branches of willows {5) and paplars {F).
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simulated. The branches were leached in 1LFE laboratory bottles
[round, wide-mouth bottles, Kartell, Germany], the chips in 250 mL FE
laboratory bottles (round, wide-mouth bottles, Kartell, Germany). Fresh
and dried lesves were leached both whole and cut into small pieces, The
extraction  agents were: i} deionised water (pH =7} and, ii)
0.5mmol L™ H80, (pH = 3) simulating extremely acid rainfall.
Water was boiled before the experiment, to avoid CO; in the agent and
to keep deionised water at pH 7. The ratio was 1:2: 1 kg of dry matter
equivalent was treated with 2 L of leaching. The mixtures were agitated
on a reciprocating shaker for 24 h (160 rpm) and filtered (filtered paper
for gqualitative analyse, Macherey-Nagel, MN 815 70 gm™2). The tem-
perature was kept at 25 °C during the whole process. The leaching test
performed in our study did not include the control of pH. Each tested
treastment was conducted in 3 replicates,

For the determination of the total element content in the wood of
plants, the dry biomass samples were ground using a stainless steel mill.
A dry ashing procedure [15] was applied for sample decomposition. An
nductively Coupled Plasma-Atomic Emission Spectrometer (ICP-OES,
Agilent 720, Agilent Technologies Inc. USA) equipped with a two-
channel peristaltic pump, a Struman-Masters spray chamber, and a V-
groove pneumatic nebuliser made of inert material was applied for the
determination of Cd, Cu, Fe, Mn, Pb, and Zn in the plant leachates and
digest. The experiment used a power of 1.2kW, plasma flow of 15.0L/
min, auxiliary flow of 0.75L/min and nebuliser flow of 0.9 L/min.
Certified reference material, NCS DC 73348 Bush Branches and Leaves,
was applied for quality assurance of the analytical data. This material
was certified to contzin the following: Zn: 206 = 22mgkg™"; Cd:
014 = 0.06mgks™" md Fbe7.1 = 1.1kg™' was determined: Zn:
194 = 21mgkg™'; Cd: 015 = 0.08mgkg™' =and PhES =
L4 mgkg~

23. Dom onolysis

All of the statistical analyses were performed using the Statistica
10,0 (www.statsoft.com) and CANOCO 4.5 programmes, All data were
checked for homogeneity of variance and normality (Levene and
Shapiro-Wilk tests). Collected data were evaluated by ANOVAL
Frincipal Component Analysis (PCA) was applied to all collected data
[concentrations of elements in the wood and bark as well 2 biomass
yield] using the CANOCO 4.5 programme. We used standardised ‘spe-
cies data’ because data of a different character and units were analysed
together. The PCA was used to make visible correlations between all
enalysed data and similarities of different clones. The results were vi-
sualised in the form of a bi-plot ordination disgram using the CanoDraw
programme.

3. Results
A1, Elements concentrotion in plants

Total element contents in dry above-ground biomass of willows and
poplars in the individual parts of plants are given in Table 1. Higher

concentrations of observed elements were determined in the leaves in
comparison to branches in zll cases, except the content of lead in

Flant part Type of tr=e= d Cu Fe Nin Ph Zn
mg kg™t
Lea vesg 3 5369 = 0.7 537 = 0.1 878 = 23 343 = 10.7 510 = 14 725 = 74
P 281 = 02 44 = 0.1 114 = 8.1 927 = 31 462 = 10 T 70
Branches 3 A5 x 10.1 43 = 0.9 155 = 3.1 133 = 12 252 x 6.5 137 = 5.1
P 153 = 0.55 a0 = 0.1 241 = 22 111 = 51 604 = 3.0 132 = 42

Dixta are means = standand ermor; caloulated from thres replicates.
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Table 2
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Hement concentrations in leachates of biomass as affe-ted by differsnt pH of the l=aching agente=chips and branches.

Variable Flant Extracting Branches Chips
Agent Fresh Dry Frash Diry
Alfmg 1% g M7 119 = 015 014 = 002 236 + 020 020 = 0034t
fia 106 = 00440 013 = goa e 226 = 041 ™ 031 = 0064
P M7 1.14 = 006 0325 = 007 279 = 035 ™ 020 = 003t
M3 100 = 035 033 = 008 ™ 173 = g3z ™ 0328 = 007"
€d {mg1-1) 3 ;7 002 + 001 A= <001 = <001 4= Q05 = Q.01 A= 029 * 0.07 =
M3 003 = <001* 002 = 001 ™ Q03 = 901 ™ 0327 = 0.04 7=
P 7 002 =+ <001 ™ <001 £ <001 007 = <001 ™ 010 = <001™
i3 003 + <001 A= 001 £ <0014 006 + 0.01 ™= 011 * 001
Cufmg 174 g M7 005 = 001 4" 004 = <0014 004 = 001 aF 0.12 + 0.02%=
fia 005 = 0014 007 = 002 % @03 = 001" 018 = 004
P M7 005 = <001 4= 004 = 001 008 = <001 ™ 006 = 001 4™
i3 004 = 001 M 003 = 001 006 = 0.01 = 008 = < 001™"
Fe (mg1-4 3 M7 081 = 008 008 = 0.01 %= 181 = Q.17 = 0.17 = 0.01 4=
M3 072 = Q02" 005 = 002 170 = 033 ™ 0.18 = 005"
P 7 078 = 04" 011 = 004 275 = 931 ™ 012 = 001"
i3 062 = 018 4= 011 + 0.05* 140 = 023 %= 013 = 0044
Mn (mg 1753 g 7 023 = Q08" 012 = 005 ™ 039 = 010 3465 = 050
M3 038 = 001 4" 032 = 008 026 + 005 236 = 040 %
P M7 022 = 006" 011 = 004 029 = Q02 1.06 = 0.08™
i3 025 = g2t 0.18 = go3 ™ 036 = 002 ™ 115 = 004
Pb {mg 1= 1) 3 M7 034 = 0024 008 = 0.01 %= 063 = 011 %= 046 * 0.09%
M3 037 = gl = 0.15 = 005 ™ 054 = .14 ™ 039 = 005%™
P M7 053 = 007" 014 = 004 ™ 160 = Q.28 = 030 = 002"
P i 043 = Q174 015 + 0.02* Q81 * Q.25 %= 029 = 0.01*
Inimgl™ g 7 071 = gap*® 079 = 0.14 093 = 028 1328 = 1.58™
M3 097 = g0ate 131 = 063 % 049 = 015 1226 = 0.84
P M7 043 = 011" 035 = 011 477 = 007 "™ 205 = 0.15™
i3 042 = 008" 039 = 004 085 = 011 ™ 2320 = 010

Me=an £ {SE}, n = 3; Onevway ANOWVA, Tukey HED, Upper case » differencss » branches fresh x branches dry, chips fresh x chips dry; loweer case = differencss betwesn = Sdemi x Sacid, P

demi x Paacid.

poplars. The most conspicuous differences of element contents in leaves
and branches were determined for manganese and iron. On the other
hand, the lowest difference was found for copper, followed by cadminm
and zinc, Generally the willows sccumulated higher amounts of ele-
ments than the poplars (Cd: by 35.1mgkg™"; Cw: by 2.6 mgkg™", Mn:
by 253 mg kg™, and Zn: by 230 mg kg™ '} only iron (by 34.8mg kg™ 1)
znd lead (by 30,4 mg kg~ ") were accumulated in larger amounts by the
poplars,

32 Leoched elements

The influence of contaminated biomass particle size on the leach-
ability of elements appears as one of the most important factors causing
the concentration of risk elements in leachate, Table 2 displays ele-
mental concentrations in leachate of the branches and chips. The data
are compared by size of the leached biomass (branches and chips],
freshness of the biomass and type of leachate, The relative leached
amount of elements was determined from the total concentration in
biomass samples (Tzble 1) to compare more clearly the leachable
proportions of the individual elements in Figs. 1 and 2 Generally, more
aluminium was leached from fresh chips. High Al concentration in
water leachate was observed within the fresh poplar chips and it is
comparable to the lesched amount of Al from fresh willow chips. There
was no influence found for the type of plant or type of leachate on the
amount of leached Al.

Unlike Al lesching, the highest concentration of leached Cd was
determined in leachate of dry chips. In contrast, dry willow chips sta-
tistically relessed the highest concentration of Cd; ten-fold higher than
the fresh branches and six-fold higher than from fresh chips. Moreover,
the influence of biomass was observed; thus the highest amount of Cd
was determined in leachate of willows chips. No influence of an ex-
tracting agent was found for willows and poplars, probably because we

13

did not use leachates of extremely high or low pH values. The highest
smount of Cd leached from poplars was determined in dry chips
[1-2%). Cadmium leached from branches to 2 lesser extent in com-
parison to leaves (Table 3).

Similarly, the highest amount of Cu was leached from dry chips.
Observing this element, the influence of leachate was found to be im-
portant when dry chips were leached; the highest amount of Cu was
leached by arcid from dry chips. Concerning dry chips, the lowest
smount of Cu was leached from poplars by water. A different pattern
was observed for Fe. The highest amount of this element was leached
from fresh biomass, The highest percentage was leached from willows,
dthough the total Fe content in poplar branches was higher by 36%.
The influence of the type of fast growing tree or type of leachate was
not observed.

Lead was significantly less leached from dry willow branches. The
percentage of released lead was higher (5.3-1.4%) from fresh than from
dry branches and chips. The highest concentration of lead was cbserved
in leachate from poplars compared to willows., Mn was leached from
dry chips; statistically more manganese was leached from willows. Zine
was leached in greater extend from dry chips of both poplar and willow.,
The influence of the type of biomass and leachate on higher Zn release
was recorded for dry willow biomass,

Similar to the elements released from branches and chips, the re-
lease of the same elements was observed from whole leaves and for leaf
fragments. These data, slong with the values for fresh and dry biomass,
gre given in Teble 3. The influence of biomass freshness on the alu-
minium relezse was observed for poplar, where the highest Al con-
centration was determined in scidic leschate from fragments of fresh
leaves. However, the results were not signifimnt. We observed Al
leaching from fresh willow leaves (both whole and crushed) that was
34-35% higher than from dry leaves biomass. The effect of the type of
biomass and type of leachate was observed in the case of fresh leaves
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Fig. 1. The percentage of lesched elements from poplar (P) and willow (S) branches and chips.

and dry leaf fragments. Significantly lower Al concentrations were de-
termined in neutral and acidic leachate from fresh leaves and dry leaves
fragments, respectively.

In the case of cadmium release, the main factor was the biomass
moisture, Poplar leaves were characterised by approximately half the
tal Cd content; Cd was leached significantly more from them, except
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in the case of dry crushed leaves of willows where any influence of the
leachate type was not found. Copper release from leaves had a very
similar trend as cadmium, and the moisture of leaves was the strongest
influencing factor. The highest amounts of Cu were determined in
leachate of dry willow leaves and in their fragments.

Iron behaviour was specific there was neither the influence of the
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Fig. 2. The percentage of lesched elements from poplar and willow leaves and fragments of leaves.
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Table 3

Biomass and Binenergy 112 [(2018) 11=18

Hement concentrations in leachates of biomass 2 affected by diffeent pH of the leaching agentesleaves and l=af fragments.

Variahl= Flant Extracting Lz Leaf fragments
agent Fresh Dy Fresh DTy
Alfmg 17 3 pH 7 065 = 015" 040 = 0.044° 051 = 024 0.43 = gpa =
pH 3 058 = 004 054 = 0.04 4 085 £ 035 060 £ 003 %
P pH7 035 = 011 056 = 01440 072 = 935 043 = 006 =
pH3 061 = Q01 *= 034 = Q044" 103 = 006 = 040 = 003 ™
cd {mg1-%) E] pH7 073 £ 027 % 263 = 028% 077 £ 026 % 457 £ 032 ™
pH3 107 = 003t 271 = Q08™ 077 = 023 ™ 345 = 013
P pH 7 233 + Q85 51§ = 057 267 = 052 520 = 040 ™
pl 3 311 = 0754 355 = 035 A= 301 = 0323 % 455 = 08318
Cufmg 1™ 3 pH 7 006 = 003t 028 + 0.01 %= 007 = 001" 050 = 001 ™
pH 3 0.08 = 901t 028 + 001 = 004 = 002 047 = 001 ™
P pH 7 025 £ 0.03** 024 = 0024 023 = 002 % 040 = 004 ™
pH3 029 = 004" 034 = 003 4F 026 = 001 035 = 006 ™
Fe (mg 14 3 pH 7 102 = 021 %= 040 + 0.04 4= 033 = 015 % 033 = =00l
pH 3 117 = g™ 055 = 004" 136 = Q.65 ™ 038 = 003 ™
P pH7 088 = 013 1450 = 028" 117 = g23™ 122 = 011 ™%
pH3 104 = 0174 075 = 0.04 4= 130 = 003 *= 117 = 015 %
Mn fmg 173 3 pH 7 245 = 374 FLET = 7.33 % 2379 = 29740 13273 = 2437
pH3 MEl = 113 FLAs = 0.9 2242 = 4304 13379 = 4557
P pH 7 2558 = .54 4460 = 333 2617 = 230" 3533 = 370
pH 3 2953 = 4527 373 = 2557 2701 = 144" 3545 = 351"
P fmg 1= 5 3 pH 7 185 = 027 %= 130 = (.06 A== 143 = 030 = 085 = Q.02 %=
pH3 1461 = 0.10™ 156 = 006 152 = 912 ™ 105 = 006 ™
P pH7 1.12 = g20** 129 = 0164 092 = 0.10 ™ 103 = 905 ™
pl 3 137 = 005%™ 091 = 0.01** 101 = Q.03 *= 052 = 007 ™
Inf{mgl™Y ] pH7 4458 = 318 % 11633 £ 913 ™ 4224 = 357 19232 = 3427
pH3 4383 = 133 11524 = 474 > 4200 = 7A1** 0757 = 4.16%
P pH 7 4874 = 1333 13459 = 1451 ™ 5083 = 1304 4% 14082 = 373%™
pH3 4833 = gag ™ 9837 = 5.87° 6526 = 078" 14070 = 1257 ™

Mean = (SE} n = 3; Omeaway ANOYVA, Tukey HED, Upper case « differences « leaves fresh x leayes dry, fragments of l=aves fresh x fragments of leaves dry; lower case = diffsrences

betwesn = Sdemi x Seacid, Pedemd x Peacid,

sate of biomass nor particle size. Fe concentration in leachates was
highest within dry poplar biomass. Iron was not leached from leaf
biomass to the same extent as from the branches. On the contrary, Fe
release from leaves was the lowest compared to other observed ele-
ments, although the total concentration was five to six times higher
than in branches of both willows and poplars.

Dry leaf fragments and willow biomass were characterised by the
highest values of Mn rel ease. Opposite to manganese, lead was released
from the dry leaves fragment of willows in the lowest amount. The
influence of the type of plant and leachate was observed for fresh leaf
biomass, and the values for Fb release were the lowest, ranging from
1.3 to 7.2%. These values are therefore higher than those reported for
the branches. Generally, zinc was relessed significantly more from dry
leaves than from fresh ones, whilst dry leaves and fragments of willows
released the highest amounts of zine, The influence of plant type and
leachate wes observed only for dry leaf fragments; willows were char-
arcterised with higher amounts of released zinc,

43, PCA analysis

Figs. 3 and 4 document the inter-relationship of the elements during
the leaching procedure. In the case of branches and chips (Fig. 1) the
first axis of the PCA of element concentrations and DM biomass yield
explained 57% of the data variability, while the fist two axes together
explained $3%. The length and direction of the vectors indicate the
grength of the vector effect and the correlation between vectors. A long
vector for & particular variable indicates greastly affected analytical
results, Thus, leached amounts of Al, Fe and Pb were clearly negatively
related to concentrations of other leached elements; their vectors were
directed to opposite sides of the disgram. The released amounts of Cu,
Cd, Mn and Zn were positively correlated between each other, as in-
dicated by the angles smaller than %0° between their vectors. The
markers for fresh biomass (coloured green) are concentrated on the left

S, dry chips, pH 3

i @ P, drychipgs, pH 3
%, dry chips, pH 7

@P, dry chips, pH 7
5, dlry twigs, pH 3 ©P, dry bwigs, pH 3
5, dry bwigs, pHT  @F, dry Daigs, p 7
%, fresh chips, pH 8 OP, fresh chips, pH 3
£, frash chips, pH 7 OF, Fresh chips, pH 7
5, frash bwigs, pH 3 @ P, Fresh twigs, pH 3
5, Presh bwigs, pH 7 B P, Prech bwips, pH 7

=]

[ | [slafuis] | |

Cu € I"'I.

o
o

-0.8 1.0

Fig. 3. Ordination diagram showing results of PCA of slement content of leached hig.
s af branches and chips in leachais of diffsrent pH.

upper side of the diagram and are clearly separated from markers for
dry biomass (coloured red and orange), which are located on the
bottom right side of the diagram. This indicates a higher release of Al
Fe and Pb from fresh biomass, especially from chips (green circles),
whereas Cu, Cd, Mn and Zn were relessed mainly from dry chips (red
squares). The lowest amounts of elements were leached from dry
branches (orange squares and circles).

For leaves and fragments of leaves (Fig. 2], the first axis of the PCA
of element concentrations and DM biomass yield explained 54% of the
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Fig. 4. Ordination diagram showing results of PCA of elements content of leached bigs
mass of lemess and fragments of leaves in leachate of different pld

data wariability, while the first two axes together explained 81%. The
grength and angle of vectors again indicated a negative correlation
between the released amounts of Pb, Al and Fe in comparison to the rest
af the observed elements, which were correlated between each other.
The length of vectors is similar, thus the effect on the results is the same
for individual elements. The fresh and dry biomasses are again sepa-
rated (coloured green for fresh; red and orange for dry). The fresh
willow leaf fragments were characterised by the lowest release of ele-
ments.

4, Discussicn
4.1, Element concentration in plants

Higher elemental sccumulation was determined in the leaves, as
detailed in previously published data (e.g. Mertens et 2l. [16], Fuksova
et al. [17] and Meers et al. [5]). Willows are known as a suitable risk
element phytoextractor due to their high element sccumulation, high
element transport to their shoots and high biomass production [18]
Tested willow plants contained higher emounts of observed elements
than the poplars in our experiment. In whole plants of Salix spp. that
were planted on moderately contaminsted soil originating from the
same location, values of 41 mgkg ™" of Cd were reported by Fuksova
et al. [17]. Contents twice these were observed in our study, sub-
stantially exceeding sversge concentrations (typically in the range of
0.005-0.4mg kg ™" [19]). The zinc defidency threshold is spproxi-
mately 20 mg kg =1 end the toxic level ranges from 300 to 400 mg kg -1
in plants [19]. Ordinarily lead mass fractions in plant dry matter varies
in the range of 0.2-3.8mgkg™! [19]. Fuksové et al. [17] determined
10:9 and 591 mghkg ™" of lead and zinc respectively in Salix plants
planted on moderately contaminated soil. Thus, high concentrations of
these elements were also accumulated in both plants in our experiment.
The following concentrations of other elements were typically ob-
wrved: Cu 3-Bmgkg™ ', Fe: 246mg kg ™" end Mn: 30mgkg™' [19].
In comparison, Voutsa et al. [20] recorded values of 48-196mg kg -1
for Fe and 3-62mgkg ™" for Mn. These values were considered by
Voutsa et al. [20] as normal in comparison with those from previous
papers. Thus, the willows and poplars tested in this study contained
averzge amounts of these three elements.

42 Leached elements

Mulligan et al. [21] identified cadmium, lead, copper and zinc as the
most hezardous elements on the US Environmental Protection Agency's
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[EFA] list of priority pollutants, Phytoextraction is one of the methods
by which these elements can be removed from contaminated soils.
However, the risk posed by manipulation and processing of the har-
vested contaminated biomass is still unknown. E:ﬁ: et al. [22] noted the
danger of heavy metal recovery back into the environment by the
processing of contaminated wood biomass. When the concentrations
are compared to the limits given by a Czech legislative standard (947
20165b.], we can conclude that leachates from branches from phytor-
emediation technologies are below the limits for dangerous waste for
Cd, Pb and Zn (limits: Cd 0.5 mg L™!, Pb: SmgL™! and Zn: 20mg L™ 1)
However, leaves are considered as dangerous waste for Cd and Zn ac-
cording to this standard. Pulford and Watson [23] reviewed the willow
hiomass production for 15tha™? :,'_]. Based on the contents of heavy
metals in branches (Table 1), we calculated that 8 g of Cd, 11 g of Fb
end 36%g of Zn could be hypothetically be washed out from dried
willow branches per hectare. Zarubova et al. [24] reported removal of
cadmium (67 gha™"'), lead (2% g ha™ ') and zine (568 g ha ™'} after four
years of plantation on the same site as tested plants of cur experiment
were harvested. Comparing our hypothetical values and determined
real values of mentioned study, the potential risk of heavy metal release
back into the environment is high.

Among the available literature it has been noted that metal con-
centrations in leachate of waste or biomass are strongly dependant on
pH of extractant [25,28]. E:ﬁ: et al. [22] simulated the environmental
wonditions by different pH values represented by minerzl and organic
arids and by hydroxides with pH control during leaching test. At low
pH values (pH = 2] 30% of Cd was released, whilst at acidic pH values
[pH = 5] up to 30% of Zn was released from the tissues of fast growing
trees. Compared with our results, the released element contents did not
rezch such amounts, Moreover, the influence of leachant beginning pH
had no influence on element leaching.

Fecorini et al. [10] tested ambient conditions of leaching from dif-
ferent hazardous materials (fly ash, bottom ash, sludge ete.). This study
found that in most cases, the presence of an acid environment
[pH = 4.5) accelerated the leaching process, resulting in a higher cu-
mulative gquantity of pollutants (e.g. Cr, Ni and Zn). Stals et al. [26]
investigated willow branches, leaves and pyrolysis char derived from
the biomass in leaching tests to observe heavy metals release. They
found that metal concentrations in leschate are strongly dependent on
solution pH. Tests using purified water indicated a sample pH between
& and 7 after 24 h of shaking, indicating no severe pH change. However,
the nitric acid solutions (performed using a low concentration of acid)
changed pH from 4.0-4.5 to 4.5-6.5 after extraction. However, there
are also studies describing no influence of leschant pH on released
elements, For instance, Zhao et al. [27] simulated acid rain for leaching
of heavy metals from road-deposited sediments and found this process
pH-independent above pH 3.

However, the effect of temperature and mechanical constraints
seemed to have no effect on the process of leaching sccording to study
of Pecorini et al. [10]. These factors should be considered and tested in
long-term tests of contaminated biomass storage. Another important
fector that could influence biomass storage is microorganism sctivity
[%]. Leaching tests usuzally do not observe this aspect. However, this
factor should be considered if the assumption of longer storage of fresh
biomass on the heaps is planned. Furthermore, this could be tested in
future studies of contaminated biomass storage.

Compacting contaminated biomass by drying was noted as ad-
vantageous by Gosh and Singh [28]. According to our results, this ad-
vantage can be devalued, because of the potential risk of element re-
lease.

Freviously, the leaching of elements from leaves was only discussed
in terms of plant nutrition. For example, the effect of rainfzll on nuo-
trient leaching from lesves was described in Marschner [29]. The au-
thor also described the effect of low pH of acid rain on higher leaching
of cations from the surface of leaves [30]. When the leaching of fresh
leaves was studied in term of nutrient losses, it was found that leaching
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of cations hardly ever exceeded 1% from the total content in leaves
[31]. Tukey [32] observed lower leaching of Fe and Zn in comparison
to K, Mg from the leaf surface of growing plants. Zn was leached in
highest amounts in comparison to Al, Cd, Cu, Fe, Mo and Pb, in our
experiment.

The importance of element bounds in the biomass was described by
Krueger et al. [33] where water extractable Fb proportions in Brossico
mpo biomass were investigated. They applied different chelates for
enhancement Pb mobility and plant availability in soil. However, they
found high leachability of Pb (up to 92%) from the dried biomass,
mmplexed as Fh-EDTA, whereas only &7% of Pb was extracted from
the dried biomass from soils amended with EDDS. In our experiment,
the Fb binding onto the cell wall and complexing into Pha(PO4)s
Pb—malic, and Pb-GSH [34] most probably occurred, but the leaching
efficiency was negligible compared to the EDTA-chelated Phb.

Syc et al. [22] observed the highest percentzge leachsbility of Zn
ompared to Cu and Cd, but it is not clear whether the biomass was
fresh or dry and the size was also not clearly described. In our study,
this trend was confirmed only for dry chips regardless of leachate pH.
They also observed the leaching of studied elements that did not exceed
10% of the totzal content, which is similar to our results of branches
leaching test.

The potential removal of risk elements from the contaminated bio-
mass of Pendonus amaryllifolius was investigated by Abdullsh and Loo
[35]. They found the desorption of Fb (up to 70%) and Cu (even up to
90%) was effective by using the low pH extracting agents such as HCI at
pH 2 and 3.0mM EDTA at pH 4.58. High extractability of the risk
elements was reported for hypersccumulating plants, For instance,
Barbaroux et al. [36] demonstrated that the leaching of crushed seeds
of Ni hyperaccumulator Alyssum murale in a2 0.5 MH;50, slution re-
sulted in the relesse of 7% of the total Ni. Nidfez-Lopez et al. [37]
wmpared lesching of Pb from Ph-accumulating aguatic plant Sabvinio
minima biomass where water, several aqueous ammonium salts, and
EDTA solution extractants were used with the concentration 0.3 molkg
=!. The extraction effectiveness of the leachants followed the
order: EDTA > ammonium oxalate > water-ammonium nitrate =
ammonium acetate, This achieved Pb extraction efficiencies of 99%,
T0%, 7.2%, 6.9% and 1.3%, respectively. Similarly, Yang et al. [38]
tested leaching of heavy metals from Zn hyperaccumulator Sedum al-
fedii with an ammonia-ammonium chloride solution (molar ratio
NH4CI to NH3 of 0.6, leaching time of 2h and solid /liquid of 5:1) as the
leaching agent. They reported excellent leaching effidency for Zn (up to
98%). In this context, our results significently showed lower leach-
ahility (for Pb 5.3-1.4% from branches; for Zn up to 2% from branches)
because of the applied mild extraction agents. The reason for this was
the main aim of our study: to simulate real, common conditions of
biomass storage. Although willows and poplars showed excellent ac-
cumulztion ability especizally for Cd and Zn, they cannot be considered
g5 hyperaccumulators. Thus, lower extractability of elements compared
to the hypersccumulating plants was to be expected. Moreover, the
higher extractzbility of elements from leaves compared to branches
documented the importance of the leaf harvest and removal from the
experimental field at the end of the vegetation season. Considering the
approximate yield of lesves (for willows dtha™ 'y~ for poplars
3tha~"y™") the element recovery to feld for cedmium s
16gha~'y " and 11 gha™" vy~ 'for poplars and willows respectively,
For lead, values of 6.9 gha~"y~" and 132 gha™" =" are reported for
poplars and willows, whilst for zine values of 348 gha™!y~! and
M8gha” y™" are reported (again, for poplars and willows respec-
tively ). Similarly, Mertens et al. [16] considered the sutumn litter as the
disadvantage of phytoextraction technology in terms of Cd and Zn ‘re-
release’ into the ecosystem.

To summarise previous data, we conclude that the observed element
release was highly influenced by both the freshness of the biomass and
dze of the biomass, and that elemental leaching had similar trends for
wood and lesves in zll cases except iron. Iron was leached more from
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fresh wood biomass, but considering leaves, iron was leached more
from dry biomass.

Whereas handling rules of contaminated biomass have not been set
yet in available literature, our study is opening an approach for the
research of contaminated biomass storage. We determined short-term
release of Cd, Cu, Fe, Mn and Zn from different parts of willows and
poplars with different moisture content, sccording to the methodology
for waste materials, Freshness, chipping and/or cutting of biomass were
determined as crucizl factors in terms of risk elements release and
overall biomass safe storage. The mischievous contents of elements in
leaves have been already described in our previous literature. Our re-
sults confirmed the unsolved problem of the risks connected with the
gorage of harvested leaves and branches, The study poses questions for
development of the methodology of contaminated biomass storage, for
instance the influence of different temperature of environment or ac-
tivity of microorganisms,

Appendix A, Supplementary data

Supplementary data related to this article can be found at httpesfds
doi.org/10.1016/j. biombioe. 2018.02.012,
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5 Sumarni diskuze

V prvni €asti sumarni diskuse (podkapitola 5.1) jsou shrnuty poznatky z védeckych
¢lanku (detaily viz podkapitoly 4.1, 4.2, 4.3 a 4.4), které jsou zaméfeny na fytoextrakéni
potencial rychle rostoucich dfevin (RRD), jejich schopnost akumulovat rizikové prvky (RP)
a zaroven produkovat pomérné velké mnozstvi biomasy. Dva klony z rodu Salix spp.
znacené jako S1 a S2 (S1 = klon TORDIS (S. schwerinii x S. viminalis) x S. viminalis); S2
= klon S-218 (S. x smithiana)) a dva klony z rodu Populus spp. zna¢ené jako P1 a P2 (P1
= klon J-105 (P. nigra x P. maximowiczii); P2 = klon WOLTERSON (P. nigra)) byly
péstovany na pokusné plantazi v Podlesi, nedaleko mésta Pfibram, na stfedné
kontaminované pudé RP, pfedevSim Cd, Pb a Zn. Pokusna plocha byla osazena v dubnu
2008. Cast vysazenych klond byla ponechana bez zasahu a &ast byla hnojena
Cistirenskym kalem. V roce 2009 pokracovala dalSi vysadba klonu. Na poc¢atku roku 2012
byly odebrany vzorky klond RRD z obou vysadeb a nasledné byly tyto vysadby sklizeny.
V kontrolni varianté vysadeb 2008 byly, za ucelem chovani distribuce prvkd, odebrané
vzorky nadzemnich €asti klonl rozdéleny roziezanim podle svého stafi na Ctyfi skupiny
vyhonu. Stejné staré vyhony totoznych klona byly nejprve dale rozdéleny na kuru a dfevo,
poté vysuSeny pfi 60 °C, zvazeny a pak dale analyzovany na obsah prvkl (podkapitola
4.1). Vedle vyzkumu distribuce prvkd v klonech RRD, byl také posuzovan vliv hnojeni
Cistirenskym kalem na fytoextrakéni potencial téchto klond (podkapitola 4.2). Nasledné
po sklizni vroce 2012 byly vSechny experimentalni bloky (8 blokd) kontrolni varianty
vysadeb 2008 rozdéleny na polovinu, kdy jedna polovina kloni z kazdého bloku byla
sklizena po dvou letech (poprvé v unoru 2014 a podruhé v unoru 2016) a druha polovina
byla sklizena az po Ctyifletém obdobi v unoru 2016. Sklizena biomasa z obou sklizni
i zobou polovin blokd byla kvantitativné hodnocena a analyzovana na obsah RP
za uCelem zjisténi vlivu délky c¢asového intervalu mezi skliznémi na akumulaci RP
v klonech a na dlouhodobou produkci biomasy (podkapitola 4.4). Stejné tak byly rozdéleny
na polovinu vSechny 4 pokusné bloky kontrolni varianty vysadeb z roku 2009, kde
na jedné poloviné byly klony sklizeny ve vegetatnim obdobi i s listem (v zafi 2013)
a na druhé poloviné bloku byly sklizeny v obdobi vegetacniho klidu bez listi (v unoru 2014)
za ucCelem posouzeni vlivu terminu sklizné na jejich fytoextrakéni potencial (podkapitola
4.3). V8echny rostlinné vzorky byly rozlozeny suchou cestou. Obsahy v nich pfitomnych
RP byly stanoveny optickou emisni spektrometrii s indukCné vazanym plazmatem
(ICP-OES) a obsahy Zzivin byly stanoveny plamenovou atomovou absorpéni spektrometrii

(FAAS).
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Druha cast diskuse (podkapitola 5.2) je vénovana problematice mozného
uvolnovani RP ze sklizené biomasy RRD zpét do prostifedi. Tato problematika je feSena
v poslednim pfilozeném védeckém ¢lanku (detaily viz podkapitola 4.5). Sklizena biomasa
klond RRD byla vyluhovana v laboratornich podminkach za u¢elem posouzeni, v jaké mife
se budou potencionalné rizikové prvky (Cd, Cu, Fe, Mn, Pb, Zn) uvolfiovat z této biomasy.
Biomasa vétvi a listd u klonu S2 (klon S-218 (S. x smithiana)) a klonu P1 (klon J-105
(P. nigra x P. maximowiczii)), Cerstva nebo vysu$ena byla ponechana kompaktni nebo
Stépkovana, vyluhovana dvéma typy vyluhl, které simulovaly neutralni (deonizovana
voda; pH = 7) nebo kyselé (0,5 mmol-L™" H,SO., pH = 3) destové srazky. Sledované prvky
v biomase i ve vyluzich byly stanoveny optickou emisni spektrometrii s indukéné vazanym
plazmatem (ICP-OES).

5.1 Fytoextrakéni potencial rychle rostoucich drevin

Mnozstvi odstranénych RP z pady pfi pouziti fytoextrakéni metody je soucCinem
dvou parametr(: vynosu sklizené nadzemni biomasy rostlin, pouZitych k fytoextrakci

a obsahu RP v pletivech téchto rostlin (Antoniadis et al., 2017).

5.1.1 Vynos biomasy a mortalita klonit RRD

Vynos biomasy kloni RRD zalezi na mnoha aspektech. Nejen na konkrétnim klonu
RRD (Mrnka et al., 2011; Larsen et al., 2014; Mleczek et al, 2017), ale také na vybéru
stanovisté (Larsen et al., 2014) a jeho pudnich a klimatickych podminkach (Mrnka et al.,
2011; Larsen et al.,, 2014). DalSi vliv na vynos biomasy RRD maji mikroklimatické
a ekologické podminky, pfedevSim intenzita zapleveleni v prvnich letech po vysadbé
(Larsen et al., 2014), vyskyt houbovych chorob a hmyzich Skidci (Mrnka et al., 2011)
a samoziejmé& mira kontaminace puady (Vyslouzilova et al., 2003a). Nemalou mérou
mohou vynos biomasy a tim i fytoextrakéni potencial RRD ovlivnit rizné agronomické
zasahy, jako je aplikace hnojiv (Sevel et al., 2014; Larsen et al., 2016) Ci délka obmyti
(Welih et al., 2004; Weger et al., 2013; Nielsen et al., 2014).

Ve vSech nasich zde uvedenych védeckych publikacich byly hodnoceny C&tyfi stejné
klony (S1, S2, P1 a P2) na stejném stanovisti, pfesto se pfi riznych oSetfenich nepatrné
ménilo pofadi klont podle zavislosti na vysi vynosu biomasy. V prvni sklizni vysadeb 2008
provedené v unoru 2012 po Ctyfech letech rastu bylo dosazeno jen velmi malych vynosu,
které se v zavislosti na klonu pohybovaly v rozmezi od 0,25 do 1,5 t suiny-ha™-rok™ (viz
tabulka 4 podkapitola 4.1 a 4.2; obrazek 1a podkapitola 4.4). NejvysSiho vynosu dosahl

klon P1. Vynosy dalSich klonl klesaly v pofadi S2 > P2 > S1. Ve varianté hnojené
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Cistirenskym kalem, obecné klony RRD dosahly jesté nizSich vynosU (v rozsahu 0,26-0,65
t susiny-ha™®rok*) nez v kontrolni varianté s vyjimkou klonu S1 a jejich vynos klesal
v pofadi S2 > S1 > P1 > P2 (viz tabulka 4 v podkapitole 4.2). Snizeni vynosu, a to
predevsim u topolovych klonu P1 a P2, bylo pravdépodobné zpusobeno vysSim vyskytem
plevell na varianté oSetfené Cistirenskym kalem. Podle Benetky (2009) jsou kfiZzenci
P. nigra velmi silné heliofyty. V dusledku nadmérného rozSifeni plevell na blocich
hnojenych kalem mohlo dojit k jejich intenzivnimu zastinéni a naslednému poklesu vynosu
a zvySené mortalité. Naopak klon S1, ve studii Sevel et al. (2014) pozitivné reagoval
na davky hnojiv obsahujicich N, v€etné Cistirenskych kalli, podobné jako v na$i studii.
Podle Havlickoveé et al. (2010) vynos biomasy z prvni sklizné byva pfiblizné asi 30 % oproti
vynostim biomasy z nasledujicich sklizni. To odpovida i nasim vysledkim, nebot’ ro¢ni
vynosy V nasledujici sklizni provedené v unoru 2014 v kontrolni varianté i ve varianté
hnojené Cistirenskym kalem byly u vSech klont vy3Si nez v prvni sklizni (viz tabulka 4
v podkapitole 4.2). Ve druhé sklizni se u vétsiny klonu, obzvlasté u vrb, projevil pozitivni
vliv aplikace Cistirenského kalu na vynos biomasy, avSak to neplatilo pro klon P1. Vynos
biomasy v kontrolni varianté se pohyboval v zavislosti na klonu v rozmezi od 0,85 do 7
t sudiny-ha™ -rok™* a klesal v pofadi P1 > S2 > S1 > P2. V hnojené varianté byl obecné
rozsah vynosu podobny jako v kontrolni varianté (1,2-7,5 t susiny-ha™-rok™), ale klesal
v zcela jiném pofadi S2 > S1 > P1 > P2. Ve tfeti sklizni provedené v unoru 2016
po dalSich dvou letech ro¢ni vynos klon opét stoupl (viz obrazek 1a v podkapitole 4.4).
Weger (2008) ve svych pokusech zjistil, Ze vynos biomasy klond RRD byl ve tfetim obmyti
0 20 % vyS8Si nez vdruhém obmyti. Podle Mrnky et al. (2011) klony RRD dosahuji
maximalniho vynosu zpravidla pfi 3.—4. sklizni, tj. ve stafi 9-16 let (v zavislosti na délce
obmyti).

Vynos biomasy v naSich pokusech nebyl ovlivnén pouze hnojenim, Ci pofadim
obmyti, ale také délkou obmyti. V dal§im z naSich pokusl byl porovnavan vynos biomasy
ze dvou sklizni provedenych po dvou letech a jedné sklizné provedené po &tyfech letech
(detaily viz podkapitola 4.4). Souhrnny vynos biomasy ze dvou dvouletych sklizni z let
2014 a 2016 byl nizSi nez vynos z jedné sklizné provedené v unoru 2016 po 4 letech.
Pokud porovname ro¢ni vynos v jednotlivych skliznich oddélené pro kazdou sklizen zvlast,
pak u v8ech klonu, s vyjimkou klonu S1, ro¢ni vynos klesal v pofadi 2016 (po 4 letech) >
2016 (po 2 letech) > 2014 (po 2 letech) > 2012 (po 4 letech). Klon S1 mél vySsi roéni
vynos biomasy ve sklizni 2016 po dvou letech rastu, nez ve sklizni 2016 provedené po

Ctyfech letech ristu. Pokud porovname vynos mezi jednotlivymi klony podle délky obmyti,
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zjistime, ze klon vrby S1 pfekona vynosem klon topolu P2 ve dvouletych obmytich,
zatimco ve Ctyfletych obmytich je tomu opacné. Vynos biomasy ve ¢tyfletych obmytich ve
sklizni 2012 a 2016 klesal v poradi P1 > S2 > P2 > S1, zatimco ve dvouletych obmytich ve
sklizni 2014 a 2016 klesal v porfadi P1 > S2 > S1 > P2 (viz obrazek 1a podkapitola 4.4).
Vysledky polnich pokusu s klony vrb a topoll, které provedli Weih et al. (2004) a Weger
(2008) také naznacuji, ze velmi kratké obmyti snaseji Iépe klony vrb nez klony topolu. |
dal$i autofi, ktefi se ve svych studiich zabyvali vynosem klonul topoll, doSli k zavérim, ze
topoly upfednostiuji delSi obmyti oproti kratSim obmytim. Ve studiich Weger (2009) a
Weger et al. (2013) dosahl klon P1 vynosu 11,7 t susiny-ha*rok® vjednom obmyti
dlouhém 6 let, zatimco ve dvou obmytich dlouhych 3 roky mél tento klon vynos jen 9,2 t
susiny-ha™-rok* a pokud byl sklizen kazdoro&né& po dobu 6 let, mél vynos uz jen 5,7 t
susiny-ha™-rok™. V nasem pokusu v prvnim ¢&tyfletém obmyti dosahl klon P1 pouze 1,5 t
sudiny-ha-rok™®, av8ak v druhém &tyfletém obmyti mél vynos 20 t suSiny-ha™ -rok™,
zatimco pokud byl sklizen po dvou letech, tak v druhém a tfetim obmyti dosahl
pramé&rného vynosu jen 8,5 t susiny-ha™-rok™ (viz obrazek 1a podkapitola 4.4). Schweier
et al. (2017) uvadi, ze vytézek klonu P1 po 21 letech byl v priméru o 10,4 % vysSi
v sedmiletém obmyti nez ve tfiletém obmyti. Zaroven hodnoti, Ze sedmileté obmyti je
ekonomicky vyhodnéjSi a je i menSi zatézi pro zivotni prostfedi. Nielsen et al. (2014)
odhadoval ve své studii produkci biomasy 36 klont z rodu Populus (v€etné klonu P1 a P2)
po 5 a 13 letech a zjistil, Ze obecné byl vytéZzek biomasy pro vSechny klony celkové vysSi
po 13 letech (P1 - 5,1 t susiny-ha*rok™; P2 - 1 t suiny-ha™-rok™) nez po 5 letech (Udaje
nebyly uvedeny). Také v naSem experimentu klon P2 dosahoval nizkych vynosu a to
prfedevsim v kratkych dvouletych obmytich. V prvni sklizni po ¢tyfech letech péstovani
dosahl vynosu 0,7 t susiny-ha™*rok™. V druhé sklizni po dal$ich &tyfech letech se vynos
zvysil (3,7 t susiny-ha™-rok™), ale pokud byl klon P2 sklizen v kratkych intervalech po dvou
letech, dosahoval prdmérny vynos v druhé a treti sklizni jen 1 t suiny-ha™-rok® (viz
obrazek 1a podkapitola 4.4). Bullard et al. (2002) uvadi, ze dva klony vrb (S. x dasyclados
a S. viminalis) pouZité v jeho studii, mély vy$Si vynos ve dvouletém obmyti nez ve tfiletém,
avSak téchto vysledkl bylo dosazeno v prvnim obmyti pfi extrémné vysoké hustoté
vysadby. Naopak Willebrand et al. (1993) povazuje obmyti 1-2 roky za nevhodné
i pro klony vrb. To potvrzuji i nade vysledky, kdy oba klony vrb S1 a S2 dosahly vysSich
vynosu v jednom Ctyfletém obmyti nez ve dvou dvouletych, av8ak rozdily nebyly tak velké
jako u topol(. Klon S1 dosahl v prvnim &tyfletém obmyti vynosu 0,25 t susiny-ha™*-rok™,

ve druhém é&tyfletém obmyti 3,6 t susiny-ha™*-rok™ a ve druhém a tfetim dvouletém obmyti
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3,2 t susiny-ha-rok™. Klon S2 dosahl v prvnim &tyfletém obmyti vynosu 1,2 t sudiny-ha™
-rok™, ve druhém &tyfletém obmyti 14,5 t susiny-ha*-rok™ a ve druhém a tfetim dvouletém
obmyti 8,5 t susiny-ha™*-rok™ (viz obrazek 1a podkapitola 4.4).

Dal8i moznosti, jak zvySit vynos biomasy kloni RRD a tim odbér RP je jejich sklizen
ve vegetacnim obdobi i s listy. V naSem polnim pokusu byly klony RRD ve druhém obmyti
sklizeny z jedné poloviny pokusnych parcel po dvou vegetacnich obdobich v zafi 2013
i s listy a z druhé poloviny parcel v unoru 2014 bez listi. Vynos suché biomasy listl byl
nizSi nez vynos biomasy vétvi. Listy pfedstavovaly 15-26 % (S1 — 15 %, S2 — 21 %, P1 —
25 %, P2 — 26 %) sklizené nadzemni biomasy (detaily viz podkapitola 4.3). Ve vétSiné
studii byly zkoumany RRD a jejich sklizen i s listy v kratkodobych nadobovych pokusech,
kde byl zjistén pomérné vysoky vynos biomasy listd z celkové nadzemni biomasy.
Ve studii Bedell et al. (2009) biomasa listd klonu vrby Salix alba po 70 dnech rastu
zaujimala 77 % nadzemni biomasy, zatimco po 209 dnech jiz jen 60 %. V experimentu
s klonem S1 se po dvou mésicich ristu listy podilely na tvorb& nadzemni biomasy z 60 %
a po Sesti mésicich jen z 34 % (Brereton et al., 2013). V dlouhodobych polnich pokusech
listy pfedstavuji pomérné maly podil z celkové sklizené biomasy, podobné jako v naSi
studii. V polnim pokusu s vrbovymi klony, star§imi vice nez ¢tyfi roky, listy pfedstavovaly
jen 17-23 % sklizené nadzemni biomasy (Maxted et al., 2007a). Laurensys et al. (2005)
uvadéji, ze listy sedmiletych klonu topoll predstavovaly 12,7-16 % sklizené nadzemni
biomasy. Pomér biomasy listd k celkové nadzemni biomase svékem a s celkovym
zvySujicim se narustem biomasy klesa podobné jako pomér biomasy kary k celkové
biomase vétvi (viz podkapitola 4.1).

Velky narust mortality klond RRD v naSich polnich pokusech byl zaznamenan
v prvnim obmyti. U vysadeb z roku 2008 pfi prvni sklizni v unoru 2012 v kontrolni varianté
stoupala mortalita kloni RRD v nasledujicim poradi P1(15 %) < S2 (23 %) < P2 (24 %)
< S1 (42 %), zatimco v hnojené varianté byla mortalita obecné vysSi a rostla v poradi S2
(40 %) < S1 (41 %) < P1 (50 %) < P2 (51 %). Ve varianté hnojené kalem mély klony topolu
nejen nizsi vynos nez v kontrolni varianté, ale i vySSi mortalitu. V nasledujicich letech
mortalita stoupala jen zanedbatelné (detaily podkapitola 4.2). V kontrolni varianté vysadeb
2009 mortalita rostla v odliSném poradi S1 (20 %) < P1 (21 %) < S2 (39 %) < P2 (43 %).
Pomérné vysoka umrtnost u obou vysadeb byla pravdépodobné vysledkem zapleveleni
(Larsen et al., 2014) a také vysoké hustoty vysadby (30 769 rostlin-ha™), ¢imz doslo
k samozfedéni. NyngjSi realna hustota vysadeb se pohybuje zhruba v rozmezi od 15 000

do 20000 rostlin-ha™ v zavislosti na klonu, varianté o$etfeni a roku vysadby. Typicka
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hustota vysadby na hektar se u kloni RRD pro energetické ucely pohybuje mezi 6 000
a 12 000 pro klony topoll a mezi 10 000 az 20 000 pro klony vrb (Van de Walle et al.,
2007; Havlickova et al., 2010). Podle rozdili v mortalitt mezi obéma vysadbami, Ize
usuzovat, Ze velky vyznam na ujmuti a rlst fizkd maji pfedevsim klimatické a ekologické

podminky v prvnim roce po vysadbé (Mrnka et al., 2011; Larsen et al., 2014).

5.1.2 Obsah rizikovych prvka v nadzemni biomase

Obsah RP v biomase kloni RRD také muze byt, stejné jako vynos biomasy,
ovlivnén mnoha vngjSimi i vnitfnimi faktory. Prvky se mohou rlznou mérou akumulovat
v jednotlivych klonech RRD, ale také v jednotlivych &astech téhoz klonu v zavislosti
na druhu a stafi sledovaného pletiva (Laurensys et al.,, 2005; Maxted et al., 2007a;
Mayerova et al., 2017). Ve vSech realizovanych experimentech klony vrb (S1 a S2)
obsahovaly ve svych pletivech vysSi obsahy Cd a Zn nez klony topolu. Naopak klon P1
akumuloval vice Pb nez ostatni klony. To je v souladu s nadobovymi pokusy Fischerové
et al. (2006) nebo Mayerové et al. (2017) a naznacuje to vyznamnou variabilitu mezi klony
(Stolarski et al., 2017).

Aplikace Cistirenskych kall na akumulaci RP neméla pfili§ velky vliv. Obecné RP
byly vice akumulovany v kontrolni varianté nez ve varianté hnojené Cistirenskym kalem,
ale ne statisticky vyznamné a bylo zde i nékolik vyjimek (detaily viz tabulka 2 v podkapitole
4.2). Provedené polni pokusy Placek et al. (2016) ukazaly, Ze pfidani Cistirenského kalu
do pudy zvysilo sorpci RP v padé, zejména v organické hmoté a snizilo tim akumulaci Cd,
Pb a Zn v rostlinach. Také Garrido et al. (2012) uvedli, ze Cistirensky kal pfedstavuje zdroj
organické hmoty a tim pfispiva k novym sorp&nim mistim pro RP.

Pokud porovname obsahy RP mezi jednotlivymi skliznémi (2012, 2014 a 2016)
jednoznacné nejvyssi obsahy Cd, Pb a Zn byly naméfeny v prvni sklizni (viz tabulka 2
v podkapitole 4.2 a tabulka 1 v podkapitole 4.4). Divodem mUze byt zfedovaci efekt,
nebot’ v prvni sklizni mély vSechny klony nejnizsi vynos biomasy a zaroven nejdelSi dobu
(4 roky) pro akumulaci prvka. Podle studie Tinker et al. (1981) vysoka mira rastu rostlin
muze zpusobit vnitfni "zfedéni" stopovych prvki. Také Hejcman et al. (2010) uvadéji,
Ze obsahy nékterych prvk( v rostlinné biomase mély negativni korelaci s produkci
biomasy, pravdépodobné kvili zfedovacimu efektu. V nasledujicich skliznich byly obsahy
RP ve vyhonech klond RRD vyznamné nizSi oproti prvni sklizni, ale doslo k vyraznému
zvySeni vynosu biomasy a zkraceni doby akumulace na dva roky. Obsahy RP naméfené
v biomase ze sklizni 2014 (po 2 letech), 2016 (po 2 letech) a 2016 (po 4 letech) jsou nizSi

oproti obsahim zjisténym v biomase ze sklizné 2012 pravdépodobné v dasledku
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kombinace dvou faktor(: intenzita produkce biomasy a délka expozice. Podle studie
Tézsér et al. (2017) se mira akumulace Cd a Zn u klonu vrb vyrazné zvysSila s prodluzujici
se dobou expozice, ktera by méla trvat nejméné ftfi roky.

U klond, sklizenych v zimé jsme nasli u vyhonu vyznamné rozdily mezi obsahy RP
akumulovanych ve dfevé a v kufe. Obsahy vSech analyzovanych prvka byly v kife obecné
vysSi nez ve dfevé (viz tabulka 1 podkapitola 4.1), coZ je v souladu s pfedchozim
vyzkumem (Laureysens et al., 2005, Maxted a kol., 2007). Dale jsme zjistili, Ze obsahy
vétsiny prvkd (P, K, Mg, Cd, Cu, Fe, Mn a Zn) ve dievé i v klfe klesaly s narustajicim
vékem vyhonu (viz tabulka 1 podkapitola 4.1). VysSi obsah prvk( u mladSich (mensich)
vyhonku v porovnani se starSimi (vétSimi) vyhony lze také vysvétlit zfedovacim efektem;
fedéni prvkd v mladSich vyhoncich je nizSi nez u starSich vyhonu, protoze mladsi vyhonky
maji mnohem niz8i mnozstvi biomasy. K podobnym vysledkim dosli Stolarski et al.
(2017), ktefi uvadeéji, ze obsah vSech sledovanych prvka se vyrazné snizil s prodlouzenim
obmyti. Obsahy RP u tfiletych vyhonu oproti jednoletym vyhonum poklesly o 11 az 20 %.
Také podle Liu et al. (2016) dosahly klony péstované v tfiletém obmyti vysSich
prumérnych ro¢nich vynosu, ale nizSich obsahu prvkl v pletivech, véetné RP, nez klony
péstované v jedno- az dvouletém obmyti. V pfipadé Pb nebyl tento trend jednoznacny.
Ve dfevé byl zaznamenan maly narust obsahu Pb se zvySujicim vékem, ale u klry tomu
bylo opacné (viz tabulka 1 podkapitola 4.1). To muze souviset s nizkou mobilitou Pb
v rostliné, kde se hromadi pfedevSim v kofenech a ve spodnich, tedy vétSinou starSich,
castech rostlin (Pole¢-Pawlak et al. 2007).

VétSina klona sklizenych v lété akumulovala vy$Si obsah vSech prvkld véetné RP
v listech nez ve vétvich, s vyjimkou Pb u klonu P1. Tento trend vysSich obsahl RP
(zejména Cd a Zn) v listech nez ve vétvich odpovida pfredchozim vysledkim
z nadobovych (Fischerova et al., 2006; Bedell et al., 2009) i polnich pokusu (Laureysens
et al., 2005; Maxted et al., 2007; Van Slycken et al., 2013; Hu et al., 2014). Naopak
u klonu P1 byl obsah Pb ve vétvich srovnatelny a dokonce i nepatrné vyssi nez v listech.
Listy obsahovaly také podstatné vice zivin. Obsahy Mg, P, N a K byly obecné 6krat,
4 ,5krat, 4krat a 3,5krat vyssi v listech nez ve vétvich (viz tabulka 1, podkapitola 4.3).
Pokud je nadzemni biomasa RRD sklizena i s listy, odstrani se z pady vice RP, ale také
mnohonasobné vice zZivin. Zaroven vysoky obsah N v biomase pfedstavuje nevyhodu
pro jeji spalovani. Zatimco vétsina RP zUstava podle studie Syc et al. (2012) v popelu,
vysoky obsah N ve spalované biomase by mohl zvySit produkci NOx (Fournel et al., 2015).
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Zaroven se zvysuje riziko zpétného uvolnéni RP z listl zpét do prostfedi pfi manipulaci

a skladovani kontaminované biomasy, coz bude podrobnéji feSeno v podkapitole 5.2.

5.1.3 Odbér rizikovych prvku z piudy a fytoremediacni faktor

Odbér RP z pady je dan soucinem obsahu RP v pletivech rostlin a vynosu biomasy
téchto rostlin (Antoniadis et al., 2017). Oba klony vrb (S1 a S2) akumulovaly vysoka
mnozstvi Cd a Zn. Zaroven klon S2 dosahoval velmi vysokych vynosua, i kdyz vétSinou
nepatrné nizSich nez klon P1. Klon S2 dosahl nejvysSich odbérd Cd a Zn ze vSech
sledovanych klonu ve vSech realizovanych experimentech. Celkem klon S2 po 8 letech
ristu ve dvou &tyfletych obmytich (sklizefi 2012 + 2016), odebral z ptdy 1,4 kg-ha™ Cd,
1 kg-ha™ Pb a 16 kg-ha™ Zn. Klon S1, ktery sice akumuloval velmi vysoka mnozstvi Cd
a Zn, ale mél nizky vynos biomasy, odebral 0,44 kg-ha™ Cd, 0,24 kg-ha™ Pb a 4,3 kg-ha™
Zn (viz obrazek 1b, 1c, 1d v podkapitole 4.4). Také ve dvouletém pokusu Kacalkové et al.
(2015) se dvéma klony vrb a se dvéma klony topolti dosahl klon S2 nejvysSich odbéri Cd
a Zn (33,6 mg-m™ Cd; 3956 mg-m™ Zn). Nejvyssi odbér Pb byl zaznamenan u klonu P1,
ktery mél obecné nejvysSi vynos a zarovern akumuloval nejvice Pb. Po osmi letech rustu
(sklizefi 2012 + 2016) klon P1 naakumuloval 0,95 kg-ha™ Cd, 1,6 kg-ha™ Pb a 12,5 kg-ha™
Zn (viz obrazek 1b, 1c, 1d v podkapitole 4.4). Ve tfiletém polnim pokusu Mayerové et al.
(2017) se sedmnacti rostlinnymi druhy, odebral klon P1 také nejvyssi mnozstvi Pb (0,08
kg-ha™) a druhé nejvy$si mnozstvi Cd (0,07 kg-ha™) a Zn (2,8 kg-ha™). Klon P2 odebral
b&hem 8 sledovanych let (sklizefi 2012 + 2016) 0,27 kg-ha™ Cd, 0,28 kg-ha™ Pb a 2,3
kg-ha™ Zn (viz obrazek 1b, 1c, 1d v podkapitole 4.4). V polnim pokusu Laureysens et al.
(2005) na mirné& kontaminované pidé (celkovy obsah: 0,8 mg-kg™ Cd a 161,7 mg-kg™ Zn)
Sestilety klon P2 odebral béhem dvou let 0,047 kg-ha™ Cd a 2,4 kg-ha™ Zn. Pfi porovnani
odbéri RP mezi jednotlivymi skliznémi (2012 po 4 letech, 2014 a 2016 po 2 letech a 2016
po 4 letech) byly nejnizSi odbéry zjistény u Ctyfletych rostlin sklizenych v prvni sklizni
v roce 2012. Odbéry se v této sklizni pohybovaly v zavislosti na klonu v rozmezi 0,03-0,13
kg-ha® pro Cd; 0,02-0,14 kg-ha™ pro Pb a 0,29-1,09 kg-ha™ pro Zn (viz tabulka 4.
v podkapitole 4.2). Ve sklizni 2012 byly vrostlinnych pletivech naméfeny nejvysSi
koncentrace RP, avSak zaroven v této sklizni mély sledované klony RRD nejnizSi vynos.
V dalSich skliznich byly obsahy RP nizSi nez v prvni sklizni, ale vynos biomasy byl vysSi
a obecné stoupal v poradi 2014 (po 2 letech) > 2016 (po 2 letech) > 2016 (po 4 letech).
Obecné ve stejném poradi jako vynos biomasy stoupal i odbér RP. Zaroven odbéry

zjisténé ve sklizni 2016 provedené po Ctyfech letech byly vy$Si nez soucCet odbérd
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zjisSténych ve dvouletych skliznich provedenych v roce 2014 a 2016 (viz obrazek 1a, 1b a
1c v podkapitole 4.4). U Ctyfletych klonu sklizenych v prvni sklizni byly nalezeny vyznamné
vyS$Si obsahy RP v kife nez ve dfevé, ale vySSi odbéry RP byly vypocteny pro dfevo
(tabulka 4 v podkapitole 4.1), nebot’ kura zaujimala mnohem méné biomasy nez dfevo.
K podobnym zavérim dosli také Laureysens et al. (2005) a Maxted et al. (2007a). Zaroveni
byly naméfeny vysSi obsahy RP v jednoletych a dvouletych vyhonech oproti tfiletym
a Ctyfletym vyhonum, avSak 60-70 % RP bylo odebrano tfiletymi a Ctyfletymi vyhony,
které predstavovaly 61-80 % celkové biomasy (tabulka 5 v podkapitole 4.1). Podobné
tomu bylo i u pétiletych klonl vysadeb 2009, které byly sklizeny po dvou letech ve druhém
obmyti na konci vegetacniho obdobi i s listy. Vyznamné vysSi obsahy RP byly naméreny
v listech oproti vétvim, ale vy$Si odbér RP (s vyjimkou Zn) byl zji§tén u vétvi (viz tabulka 2
v podkapitole 4.3), které mély vySSi vynos biomasy nez listy. Klony RRD neakumuluji tak
vysoké obsahy RP jako hyperakumulatory, ale produkuji velké mnozZstvi biomasy
(Fischerova et al., 2006). Z vySe uvedeného vyplyva, Ze v pfipadé RRD je odbér RP
ovlivnén predevSim vynosem biomasy (Komarek et al., 2008; Lonardo et al., 2011;
Mayerova et al., 2017).

Fytoextrakéni potencial zkoumanych klona Ize vyjadfit pomoci remedia¢niho faktoru
(RF), coz je podil prvku odstranéného biomasou z celkového mnozstvi prvku na dané
lokalité (detaily v podkapitolach 4.1, 4.2, 4.3 a 4.4). Ve vS8ech skliznich byly nejvy$si RF
pro Cd a Zn nalezeny u klonu S2 a pro Pb u klonu P1 (viz podkapitoly 4.1, 4.2, 4.3 a 4.4)
V prvni sklizni &tyfletych klonu, provedené v unoru 2012, byly nejvysSi dosazené hodnoty
nasledujici: RF Cd = 0,85 % (0,21 % za rok), Pb = 0,005 % (0,001 % za rok) a Zn =
0,15 % (0,04 % za rok; viz podkapitola 4.1). Hodnoty RF vypoctené v prvni sklizni byly
nejniz8i v porovnani s nasledujicimi skliznémi a byly zcela nesrovnatelné sRF
dosazenymi v nadobovych pokusech (Vyslouzilova et al., 2003a; Komarek a kol., 2008),
ale byly srovnatelné s RF (0,13 % pro Cd a 0,29 % pro Zn) z polnich pokusu (Jensen
et al.,, 2009). Schmidt (2003) a Antoniadis et al. (2017) uvadéji, ze rostliny péstované
v nadobovych pokusech akumuluji vys$Si mnozstvi RP nez rostliny péstované v polnich
podminkach, nebot kofeny rostlin se snazi vyhnout ohniskim kontaminace a ¢ast RP je
uloZena v listech a kofenech, které se vétSinou nesklizeji (Dickinson a Pulford, 2005).
Podobné, jako se v dalSich skliznich zvySoval odbér RP, zvySovaly se i RF. Pomérné
vysoké RF byly nalezeny ve druhé sklizni, provedené v zafi 2014, ktera se realizovala
po dalSich dvou vegetacnich sezénach u pétiletych klond vysadeb 2009 (tzv. letni sklizen),
kdy byla nadzemni biomasa sklizena i s listem: Cd = 1,34 % (0,67 % za rok), Pb = 0,007
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% (0,0035 % za rok) a Zn = 0,67 % (0,34 % za rok; viz podkapitole 4.3). NejvysSi RF byly
vSak zjistény u osmiletych klonl vysadeb 2008 sklizenych v anoru 2016 ve druhém
Ctyfletém obmyti: Cd = 6,39 % (1,6 % za rok), Pb = 0,04 % (0,01 % za rok) a Zn = 2,55 %
(0,64 % za rok; viz podkapitola 4.4). Ani v této sklizni nedosahly klony RRD v nasem
experimentu, tak vysokych hodnot RF, jako byly publikované ve studii VyslouZilova et al.
(2003a) po dvou letech péstovani: celkové RF pro Cd = 22,3 %; celkové RF pro Zn = 4,3
%, ale jiz se pfiblizuji k vysledkim z jinych nadobovych pokusu, alespon v pfipadé Pb
a Zn. Fischerova et al. (2006) uvedli vysoky ro¢ni RF pro Cd (3,4-8,1 % u vrb; 4,6-5 %
u topoll), ale hodnoty RF pro Zn (1,2-2,2 % u vrb; 1,6-1,8 % u topoll) a pro Pb
(0,005-0,012 % u vrb; 0,024-0,025 % u topoll) jsou srovnatelné s naSimi vysledky.
Podobné jsou i RF (Cd = 2,22 %, Zn = 0,48 % a Pb = 0,02 %) z nadobového pokusu
na mirné kontaminované pudé ve studii Komarek et al. (2008). Hodnoty RF vypoctené
v nasich pokusech pro Cd a Zn ukazuji, ze klony RRD, pfedevSim vrby, jsou vhodné
fytoextrakéni rostliny na stfedné kontaminované pidé pro tyto prvky (Vyslouzilova et al.,
2003a; Mayerova et al., 2017), avSak hodnoty RF pro Pb zjisténé v naSem experimentu,
podobné jako v jinych studiich (Fischerova et al., 2006; Komarek et al., 2008; Mayerova
etal.,, 2017), jsou velmi nizké a naznacuji, ze fytoextrakce neni vhodnou metodou
pro remediaci Pb na této lokalité. Pfi€inou nizkych hodnot RF pro Pb na sledované lokalité
je pravdépodobné vysoky celkovy obsah tohoto prvku v pldé a jeho stabilni vazba

na oxidy a organické frakce pudy (Komarek et al., 2008).

5.2 Riziko zpétného uvolnéni rizikovych prvka z kontaminované
biomasy do prostredi

Fytoextrakéni metody remediace pld jsou povazovany za velmi pfiznivé pro zivotni
prostfedi na rozdil od fyzikalnich a chemickych metod. AvSak jsou zde jista rizika zpétného
uvolnéni RP do prostfedi z vyprodukované kontaminované biomasy. Biomasa vétvi a listl
u klonu S2 a klonu P1, Cerstva nebo vysuSena, ponechana kompaktni nebo Stépkovana
byla extrahovana dvéma typy c&inidel, které simulovaly neutralni (deonizovana voda; pH =
7) nebo kyselé (0,5 mmol.L™" H,SO,, pH = 3) destové srazky. Zda se, Ze hlavni viiv
na uvolnéni RP z biomasy vétvi klonlt RRD do vyluhu, méla pfedevsSim velikost Castic
biomasy. Obecné vS8echny prvky byly vice vyluhovany z nastépkované biomasy,
nez z biomasy ponechané vcelku a vfezu izolované. Dale se ukazal vliv Cerstvosti
biomasy Al, Fe a Pb byly vice vyluhovany z €erstvé biomasy, zatimco Cd, Cu, Mn a Zn
byly vice vyluhovany ze suché biomasy (viz tabulka 2 v podkapitole 4.5). Podle Goshe
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a Singh (2005) je vyhodné skladovat kontaminovanou biomasu kompaktni a vysusSenou,
av8ak podle naSich vysledkd, je i zde potencialni riziko uvolnéni RP (Cd, Cu, Mg a Zn).
Naopak, pokud by byla skladovana Cerstva kompaktni biomasa, mohla by byt ovlivhéna
aktivitou mikroorganismd (Kofman a Spinelli, 1997). V na$i studii nebyl prokazan vliv
hodnoty pH extrakéniho Ccinidla, na rozdil od nékterych studii, z nichz je patrné,
Ze koncentrace RP ve vyluhu z odpadu nebo z biomasy jsou silné zavislé na pH
extrakéniho cinidla (Di Gianfilippo et al., 2016; Pecorini et al., 2017). Nicméné existuji
studie, které uvadéji, Zze hodnota pH extrakéniho Cinidla nema Zadny vliv na uvolnéni
prvkd do roztoku. Napfiklad Zhao et al. (2017) ve svych pokusech, kde simulovali kysely
dést (pH = 3) pro vyluhovani RP ze silni¢nich sedimentu, zjistili, Zze tento proces je
nezavisly na hodnoté pH. Pokud nami zjisténé koncentrace RP uvolnéné do roztoku
porovname s limity danymi €eskou legislativni normou (94/2016Sb.), MizZzeme konstatovat,
Ze koncentrace RP ve vyluhu z vétvi pouZitych pro fytoextrakéni technologii jsou pod limity
koncentraci RP vyluhovanych z nebezpe¢ného odpadu pro Cd, Pb a Zn (mezni hodnoty:
Cd 0,5 mg-L™%, Pb 5 mg-L™* a Zn 20 mg-L™). Listy jsou v8ak z tohoto hlediska povaZzovany
za nebezpelny odpad, nebot extrahované koncentrace Cd a Zn ve vyluhu pfesahly
stanovené limity (Tabulka 2 a 3 v podkapitole 4.5). Zatimco malo pohyblivé Pb bylo
uvolnéno z biomasy do roztoku v rozmezi 1,4-7,2 %, Cd bylo extrahovano do roztoku

v mnozstvi 2 % z dfevni biomasy a az 39 % z lista.
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6 Zaver

V8echny zkoumané klony RRD byly schopny rdst na stanovisti se stfedné
kontaminovanou pudou RP. Podle riznych oSetfeni (aplikace Cistirenskych kald, rok
vysadby, délka a pofadi obmyti) se nepatrné ménilo poradi klonl ve vztahu k vySi vynosu
biomasy. Presto Ize za nejproduktivnéjsi klony povazovat klon topolu P1 a klon vrby S2.
V prvni sklizni 2012 byl vynos biomasy ctyfletych klona velmi nizky (P1 — 1,5; S2 — 1,2;
P2 - 0,7 a S1 - 0,25 t susiny-ha*-rok™), ale v nasledujicich skliznich se obecné zvy$oval
se zvysSujicim se poradim obmyti a vyznamny vliv na produkci biomasy méla také délka
obmyti. NejvysSiho vynosu biomasy bylo dosaZzeno u osmiletych klond ve druhém
Styfletém obmyti (P1 — 20; S2 — 14,5; P2 — 3,7 a S1 — 3,6 t susiny-ha*rok™), ve kterém
byla produkce biomasy znatelné vySSi nez ve dvou dvouletych obmytich dohromady (P1 —
8,5: S2 — 8,5; S1 — 3,2 a P2 — 1 t sudiny-ha™-rok™). Znaéné rozdily v produkci biomasy
mezi dvouletym a Ctyfletym obmytim byly zaznamenany predevSim u topolld. Pfi druhé
sklizni pétiletych klonu, ktera byla provedena ve vegetacnim obdobi, kdy byly klony RRD
sklizeny i s listy, se vynos biomasy navysil o biomasu listl, ktera zaujimala 15 az 26 %
z celkové nadzemni biomasy v zavislosti na klonu. Pomér vétve/list se zvySoval s vékem
rostliny a tim s celkovym vynosem nadzemni biomasy, podobné jako pomér dfevo/kura,
ktery byl sledovan v prvni sklizni v obdobi vegetacniho klidu. Aplikace Cistirenského kalu
do pudy, omezila v prvnich letech rist vétSiny klond RRD, s vyjimkou klonu S1. Ve druhé
sklizni vS8ak doSlo k vyznamnému zvySeni vynosu biomasy, predevS§im u klonl vrb,
péstovanych na varianté hnojené Cistirenskym kalem.

U klonG vrb byly nalezeny vy$§i obsahy Cd (55 mgkg?) a Zn (506 mg-kg™)
ve vétvich nez u topolt. Naopak klon topolu P1 akumuloval vice Pb (az 30 mg-kg™)
nez ostatni zkoumané klony. Obsahy RP byly v biomase vétvi nejvyssi v prvni sklizni
provedené v unoru 2012. V nasledujicich skliznich byly obsahy RP oproti prvni sklizni
nizZsi, zatimco vynos biomasy byl vysSi. V prvni sklizni provedené v unoru 2012, byly také
zjistény vyznamné rozdily mezi obsahem RP v kiife (S1 - 171 mg-kg™ Cd; P1 az 129
mg-kg? Pb a S2 aZ 1389 mgkg’ Zn) a ve drevé. Obsahy v8ech analyzovanych prvk
v€etné Cd, Pb a Zn byly vysSi v kufe nez ve dfevé a v obou téchto pletivech klesaly
obsahy vétSiny prvk( s naristem stafi vyhonu. VétSina klont sklizenych v lété
akumulovala vy$§i obsah v8ech prvkd véetné RP v listech (S1 az 62 mg-kg™ Cd, 36
mg-kg™ Pb a 1710 mg-kg™’ Zn) nez ve vétvich, s vyjimkou Pb u klonu P1.

Odbér RP klony vrb a topoltd byl ovlivnén predevs§im produkci biomasy. Nejnizsi
odbéry RP byly zjistény u &tyfletych klonu v prvni sklizni 2012 a nejvyssi odbéry RP byly
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vypocteny u osmiletych klonu v druhé sklizni 2016 po dalSich &tyfech letech. V delSim
Ctyfletém obmyti byl vynos biomasy a tim i odbéry RP u vSech klonu vy3Si nez ve dvou
dvouletych obmytich. Kratka dvouleta obmyti se zdaji byt zcela nevhodna predevsim
pro klony topold. Ve vSech realizovanych pokusech odebral nejvice Pb klon topolu P1
a nejvice Cd a Zn klon vrby S2. Tyto klony byly zaroven nejvykonnéjsi v produkci biomasy.
Béhem sledovaného osmiletého obdobi ve dvou ctyfletych obmytich klon P1 odstranil 1,6
kg-ha™® Pb a klon S2 1,4 kg-ha™ Cd a 16 kg-ha™ Zn.

Nejvyssi rocni RF byly také zjistény ve sklizni 2016 (druhé Ctyfleté obmyti)
u osmiletych klona S2 (Cd = 1,6 %, Zn = 0,64 %) a P1 (Pb = 0,01 %). Uvedené roc¢ni RF
jsou témér srovnatelné s hodnotami z nékterych nadobovych pokusut. Nejvy$Si kumulativni
RF za celé sledované obdobi osmi let jsou nasledujici: Cd = 7,24 % (klon S2), Pb 0,04 %
(klon P1) a Zn 2,70 % (klon S2). Z téchto hodnot Ize usuzovat, Ze fytoextrakce je slibnou
metodou na této lokalité pro Cd a Zn, ale nezda se byt na této lokalité ucinna
pro remediaci Pb.

V laboratornich vyluhovacich testech, se jako hlavni faktor, ovliviujici zpétné
uvolnéni RP do prostfedi z kontaminované biomasy vétvi ukazala velikost ¢astic biomasy.
VSechny RP byly vice extrahovany z nastépované biomasy, nez z biomasy ponechané
veelku. Z &erstvé biomasy vétvi byl vice vyluhovan Al (2,79 mg-L™"), Fe (2,29 mg-L™") a Pb
(1,6 mg-L™") zatimco ze suché biomasy Cd (0,11 mg-L?), Cu (0,18 mg-L?), Mn (3,65
mg-LY) a Zn (13,28 mg-L™"). Koncentrace vyluhované z listd byly v mnoha pfipadech
mnohonasobné vy$si nez u vétvi Al (0,98 mg-L™), Cd (5,46 mg-L™%), Cu (0,50 mg-L™Y), Fe
(1,60 mg-L™), Mn (139,8 mg.L™), Pb (1,85 mg-L™) a Zn (207 mg-L™). Koncentrace Cd a Zn
extrahované z listi presahly limity stanovené pro nebezpeény odpad. Z tohoto hlediska
muZze byt kontaminovana biomasa sklizena i s listy velmi rizikova.

Vysledky prace naznaduji, Ze tento vyzkum je velmi dulezity pFedevsim
z dlouhodobého hlediska. Vysledky osmiletého sledovani ukazaly, Ze testované klony
RRD ukazuji stale vySsi a vysSi potencial odbéru RP z kontaminované pldy. Je otazkou,
zda v nasledujicich letech vynos biomasy a s nim spojeny odbér RP jesté stoupne
nebo dojde k brzkému vyc€erpani kloni RRD, obzvlasté pfi pouziti velmi kratkych obmytich
Ci sklizni ve vegetacnim obdobi. DalSi vyzkum by mél ovéfit, zda dlouhodobé péstovani
RRD na tomto stanovisti vede ke zménam obsahu pfistupného podilu RP v pudé a zamérit

se na zlep$eni zpusobl skladovani a vyuziti sklizené kontaminované biomasy.
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